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I. Introduction

The diversity in the fungal tree of live and their
manifold ecological functionalities are not yet
reflected in the applied variety of taxonomic
groups and the diversity of products on the
market. Recently, new ecological niches and
habitats including the oceans came into focus
to increase the diversity of fungi available for
biotechnology (Manohar and Raghukumar
2013). Marine fungi have been neglected for a

long time and therefore the knowledge of them
is still quite rare. But early screening campaigns
revealed that marine fungi are an excellent
source for new natural products, indicating
their potential for biotechnological applica-
tion. Especially fungi from unique and extreme
marine environments, such as the deep sea, are
potentially a promising source for rare and
unusual compounds (Fenical and Jensen 1993;
Vignesh et al. 2011).

The latest large review on marine fungi and
their biotechnological potential was published
in 2015 (Bonugli-Santos et al. 2015), reflecting
on the findings from basic research. This
knowledge is rarely transferred into the scien-
tific and bioengineering community working
with terrestrial fungi and their biotechnological
application.

Here, we aim to illustrate the marine fungal
diversity and its potential for biotechnology,
describe the current stage of technological real-
ization, and highlight special challenges in
working with marine fungi. We hope to provide
access to this amazing source to the fungal
biotech and scientific community.

II. Marine Fungi: A Disputed Group
with High Diversity

A. Taxonomic and Phylogenetic
Considerations

Within the marine microorganisms, fungi are
still a poorly investigated group. For many
years, the presence of fungi in marine habitats
was negated, mainly as a consequence of their
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cell biology and feeding strategies and partly
because of the bias of research (Richards et al.
2012). However, the number of isolated fungal
strains from the marine environment illustrates
the presence of marine fungi. They have been
found in association with algae (Raghukumar
2006), sponges (Wiese et al. 2011), and corals
(Golubic et al. 2005), as well as in deep-sea mud
(Takami et al. 1997, Nagahama 2003) and sedi-
ments (Damare et al. 2006), even in anoxic
(Stoeck et al. 2003) and methane hydrate-
bearing deep-sea sediments (Lai et al. 2007).
Living fungi were isolated from marine sedi-
ments with an estimated age from 0.18 to 0.43
million years (Gupta 2002, Raghukumar et al.
2004b). In 1979, Kohlmeyer and Kohlmeyer
distinguished between two groups of marine
fungi, i.e., the obligate and the facultative
marine fungi (Kohlmeyer and Kohlmeyer
1979). Due to the fact that many taxa isolated
from marine habitats are already known from
terrestrial habitats, Hyde et al. stated marine
fungi to be rather a physiological and ecologi-
cal group, but certainly not a systematical and
taxonomical one (Hyde et al. 2000).

Recent molecular studies on marine mycol-
ogy revealed the formation of environmental
clusters within the major fungal phyla and
showed that marine fungi occupy a central
position in a large number of marine habitats
(Manohar and Raghukumar 2013). The rising
acceptance of the significance of marine fungi is
reflected by the increasing number of publica-
tions over the last 60 years. To enhance the
currently incomplete understanding of fungal
evolutionary diversity (Hawksworth 2001;
Jones 2011; Jones et al. 2011), the investigation
of the fungal evolution in marine habitats, espe-
cially in the deep sea, is essential. These habi-
tats are considered to be hot spots of early
evolution (Manohar and Raghukumar 2013).

In the past, the identification of novel
strains from marine habitats was impeded by
fungal taxonomy based on the morphological
description of cultivable strains from terrestrial
origin (Richards et al. 2012). Nowadays, the use
of additional molecular identification techni-
ques has led to a renewal within the fungal
tree of life. Holomorphic relationships were

disclosed, as for the genus Aspergillus and
eight related teleomorph genera (Pitt and Sam-
son 2007), illustrating the obscurity of the
nomenclature of fungi.

In 2011, the eighteenth International Botan-
ical Congress in Melbourne, Australia, released
the International Code of Nomenclature for
algae, fungi and plants, the so-called Melbourne
Code (Hawksworth 2011). The code favors the
one-fungus-one-name-rule, with respect to the
teleomorph forms. Besides the deficient
nomenclature within the group of fungi, the
reconstruction of the tree of life refuted the
formerly assumed close relationship of fungi
and plants. Fungi are an independent group
equal to plants and animals, to the latter of
which they are more closely related (Hedges
et al. 2004) as both groups belonging to the
Opisthokonta (Adl et al. 2012). The last com-
mon ancestor was a unicellular organism living
in the ocean, equipped with a flagellum (Buck-
ley 2008). Molecular data revealed that fungi
colonized the land up to 1 billion years ago
(Parfrey et al. 2011).

Metagenomics approaches identified a
diverse collection of marine fungi, including
sequences branching close to chytrids (flagel-
lated protozoa related to fungi), filamentous
hypha-forming fungi, and multicellular fungi.
The majority of the sequences branched with
ascomycete and basidiomycete yeasts
(Richards et al. 2012).

With respect to the cultivated diversity, the
availability of novel marine genera is still lim-
ited. From a total of approximately 30 studies
on secondary metabolites from fungi of the
deep sea, one-third of the production strains
were identified as belonging to Penicillium
and one-third to Aspergillus, and the remainder
was distributed to different other genera (Wang
et al. 2015). The high proportion of members of
the genera Penicillium and Aspergillus may
reflect the high abundance of representatives
of these two genera in the samples. Alterna-
tively, the commonly used isolation media
favor the growth of these fast-growing groups,
reducing the probability to isolate fungi present
in low abundance and with other nutrient
requirements.
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B. Fungal Role in the Marine Environment

Fungi are widely distributed in marine environ-
ments from the deep sea to polar ice covers.
They occur in sediments and are found in all
kinds of living and dead organic matter (Hyde
et al. 2000; Jones 2011). Their numbers in the
water column of the oceans are low compared
to bacteria, and most of the studies on marine
fungi have been made with those associated
with marine sediments, specific substrates like
driftwood or with living macroorganisms such
as algae, corals, and sponges (Imhoff 2016).

Cultivation-based data and molecular func-
tional studies demonstrated that fungi in the
ocean cover a variety of ecological roles. As
known for the terrestrial habitats, many marine
fungi act as saprophytes, especially degrading
macromolecular material as the starter for the
microbial food chain (Scheu 2002). Fungi,
besides directly serving as nutrient source,
also help in removing hardly digestible com-
pounds present in plant parts (Raghukumar
et al. 2004b). The fibrous lignocellulose tissues
may be softened by the lignocellulose-
degrading enzymes of the saprophytic fungi.
Fungi might also supply essential nutrients to
detritivores. Thereby, fungi play a crucial role
in the chemical cycling of carbon and nitrogen
in the sea sediments (Karthikeyan et al. 2014).
Especially deep-sea fungi were postulated to
significantly contribute to aggregate formation
and carbon contribution (Raghukumar et al.
2004b).

Despite the rise of metagenome studies
especially focusing on the marine environment,
metagenome data specifically targeting fungi
are missing. The use of NGS techniques opened
a new era for marine fungal biodiversity
research, tapping an unexpected fungal diver-
sity and richness in the marine realm (e.g.,
Amend et al. 2012; Redou et al. 2014; Richards
et al. 2012; Hassett and Gradinger 2016; Rämä
et al. 2014). Generally, the fungal abundance in
marine systems can vary greatly. The available
studies suggest fungi to be represented in sedi-
ments and associated to macroorganisms with
up to 30% of the obtained sequences but also
show high abundances in the open water col-

umn. The fungal sequences found do illustrate
the gap between molecular and cultural
approaches; especially the deep lineages of
fungi are not well represented in the cultural
collections, and the overlap of the described
diversity is still limited. However, the molecular
studies underline the untapped potential of
fungal diversity in the oceans.

Marine fungi can be repeatedly isolated
from living organisms. Both plants and animals
harbor a number of fungi, often with represen-
tatives of Acremonium, Aspergillus, Fusarium,
Penicillium, Phoma, and Trichoderma (Wang
2006). Due to their accumulation within the
animal or plant, usually a large number of fun-
gal species can be isolated, which increases the
probability to find representatives of less com-
mon taxa. For example, fungi belonging to the
less common genera Beauveria, Botryo-
sphaeria, Epicoccum, Tritirachium, and Para-
phaeosphaeria have been obtained from
marine sponges (Zhang et al. 2009). The fungi
do occur on surfaces but also in specialized
parts of macroorganisms. For instance, it was
shown that the sponge Tethia aurantia harbors
different fungal communities in its different
tissue layers (Wiese et al. 2011; Thiel et al.
2007).

It is assumed that associations to macroor-
ganisms are based on different ecological roles
including mutual or even symbiotic beneficial
interaction, saprophytic activity on injured
parts of the host and pathogenicity (Richards
et al. 2012; Yarden 2014). Aspergillosis in
marine animals is a well-studied example of
fungal pathogenicity. Aspergillus sydowii is a
pathogen, e.g., of the Caribbean sea fan (Gorgo-
nia spp.) as well as other gorgonian corals. The
impact of disease ranges from local mass
impact to partial tissue loss and eventual recov-
ery. A. sydowii is known as a common terres-
trial soil fungus but was shown to prosper in
both terrestrial and marine environments.
Although A. sydowii is common and cosmopol-
itan, it had not previously been recognized
causing disease in terrestrial plants or animals.
It was concluded that isolates taken from dis-
eased corals have acquired specific pathogenic
potential not seen in isolates from other
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sources, because non-marine strains of A. sydo-
wii did not cause disease in sea fans (Kim and
Rypien 2015).

A wide number of fungi were described in
association with marine plants, including man-
groves. On the one hand, endophytic lifestyle
seems to be quite common (Rashmi et al. 2019).
On the other hand, pathogenic, e.g., oomycetes
and chytrids frequently occurred and induced
prevalence of disease in algal aquacultures.
These infections can destroy the populations
of host plants to a great extent (Li et al. 2010),
mainly known from Asian countries cultivating
a number of algal species since long time. Fre-
quent re-isolation of fungi and specific occur-
rence of fungal species in association with
specific macroorganisms point toward a num-
ber of host-microbe interactions beyond path-
ogenicity and opportunistic commensalism.
Cultured fungi isolated from sessile marine ani-
mals and algae have been demonstrated to be
capable of producing novel chemicals, which
have the potential to affect the marine hosts
and their microbiome (as reviewed in Imhoff
et al. 2011; Rateb and Ebel 2011; Raghukumar
2008). Also, the determination of abundant bio-
active compounds of fungal origin in the holo-
biont indicates their roles in host-fungal and
fungal-microbe interactions.

In any case, a thorough understanding of
the roles marine fungi do have in the ecosystem
will help to prospect for novel genes and pro-
ducts and facilitate realization of biotechnolog-
ical application of marine fungi, their enzymes,
and metabolites.

III. Biotechnology of Marine Fungi:
Challenges and Opportunities

A. Cultivation of Marine Fungi: Same But
Different?

Any biotechnological production depends on
the fungal physiology, as well as on culture
medium composition. Carbon and nitrogen
sources play an important role in biotechnolog-
ical production. This is well established for
numerous fungi from terrestrial environments

and was confirmed for marine fungi. Complex
substrates, such as starch, casein, pectin, malt
extract, wheat bran, olive oil, xylan, and sugar-
cane bagasse, were used for the cultivation of
marine fungi from a variety of marine sources.
The optimum temperature and pH of most of
these fungi (and subsequently their enzymes)
ranges from 20 to 70 �C and from 3 to 9, respec-
tively (Kjer et al. 2010; Golubic et al. 2005; Imh-
off 2016).

Marine fungal strains of genera also
described from terrestrial habitats have
approximately the same optimum conditions
for growth and use the same primary pathways
for energy and biomass production. However,
the demand of salt during cultivation can be
crucial as a consequence of adaptation to ocean
salinity (e.g., D’Souza-Ticlo et al. 2009; Chen
et al. 2011 for enzymes from marine fungi).
Salt demand means not only presence of
sodium chloride in the appropriate concentra-
tion. Sulfate, one of the major constituents of
sea water but also minor elements including
heavy metals, is equally important for proper
growth media composition of many, especially
the obligate marine fungi. Accordingly, many
researchers use “artificial sea water” for culti-
vation of these strains (Kjer et al. 2010; Jones
and Jennings 1964).

The diversity of marine fungi is not ade-
quately represented in the cultured diversity.
Many studies have focused on just a few genera,
mainly Penicillium, Aspergillus, Fusarium, and
Cladosporium. This might be due to the rela-
tively easiness of isolation of these groups,
which also dominate isolation campaigns from
terrestrial habitats. But still, even when com-
paring marine strains of these groups to terres-
trial relatives, different secondary metabolite
biosynthesis pathways can be found (Imhoff
2016). The high diversity seen at the genus
level extends further to the subgenus level. For
example, representatives of Penicillium are
among the most studied fungi and represent
important drug producers. Nevertheless, many
new secondary metabolites are continuously
found within strains of marine origin of this
genus as shown in reviews by Rateb and Ebel
(2011) and Blunt et al. (2015). However, many
of the novel and unknown environmental fun-
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gal taxa identified in molecular studies are
likely to be difficult to propagate in culture,
either because they are outcompeted by spores
of (terrestrial) fungi also contained in the envi-
ronmental samples, or alternatively their life
cycle is dependent on a symbiotic interaction
(Del Campo et al. 2014).

B. Availability of Strain Collections

For the optimal and sustainable use of the
marine fungal sources, it is essential to store
the microbial cultures. Culture collections keep
strains available for further investigations and
production processes. Conservation of living
cells while reducing metabolism, e.g., by cryo-
conservation, is crucial in order to prevent
genetic and phenotypic changes induced by
repeated passaging of the cultures. Culture col-
lections thus play a vital role in the conserva-
tion and sustainable use of microbial resources
including fungi (Daniel and Prasad 2010). They
also provide the authentic biological material
needed for research in the form of reference
strains (Fig. 16.1). Until now, only a limited
number of marine fungi are deposited in cul-
ture collections with public access. As a conse-
quence, only a few voucher sequences are
available although they are a prerequisite for
an accurate sequence-based identification of

marine fungi. Bearing in mind the huge number
of so far undescribed taxa and strains, there is a
strong need for further extension of culture
collections with marine fungal specimen and
adopted software to store the different kinds
of data related to a cultured taxon (Pena and
Malm 2012). Nevertheless, some small specific
collections of marine fungi exist (Table 16.1).

C. Genetic Background as a Prerequisite for
Biotechnological Application

The overall potential of marine fungi for bio-
technological application can only be esti-
mated. A better description of the
phylogenetic diversity of marine fungi, the bio-
synthetic potential of strains, and the phylog-
eny of natural products biosynthesis are
needed. Therefore, much emphasis has to be
given to determine the phylogenetic position
of the fungal strains in order to enable correla-
tion of the phylogenetic relationship to the
desired product or, alternatively, to the genetic
potential. Accordingly, an increasing number
of genome sequences of fungi are currently
completed demonstrating an overall tremen-
dous biosynthetic capacity of fungi. High num-
bers of biosynthetic gene clusters are coding for
secondary metabolites in a single genome (e.g.,
Kumar et al. 2018). For the majority of these

Fig. 16.1 Examples of unclassified strains from a marine fungal strain collection at Flensburg University of
Applied Sciences, Flensburg, Germany, illustrating the morphological diversity of marine fungi
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gene clusters, the corresponding natural pro-
ducts remain to be identified, but the ever-
improving analytical tools will certainly help
to elucidate new compounds. Combination of
molecular methods and genomic approaches
will also contribute to solve the problems
related to taxonomy and species identification
of marine fungi (Reich and Labes 2017; Kramer
et al. 2016).

IV. Biotechnological Products and
Processes: From Potential to
Application

A. Bioactive Natural Products: Secondary
Metabolites

Communication with the host and within asso-
ciated microbial communities was demon-

Table 16.1 Strain collections comprising a significant number of marine fungal strains

Collection Focus organisms Web contacta Description

American type culture
collection (ATCC)

Filamentous fungi and
yeasts, representing
over 7600 fungal
species

www.lgcstandards-atcc.org/en/
Products/
Cells_and_Microorganisms/
Fungi_and_Yeast.aspx

Offers storage and
management of
biomaterials

Biological Resource
Center, NITE
(NBRC)

Filamentous fungi and
yeasts

www.nite.go.jp/en/nbrc/ General deposit possible

Canadian Collection
of Fungal Cultures
(CCFC)

Over 350,000 fungal and
fungal plant disease
specimens

https://www5.agr.gc.ca/eng/
scientific-collaboration-and-
research-in-agriculture/
agriculture-and-agri-food-
research-centres-and-
collections/canadian-
collection-of-fungal-cultures-
daomc/?id¼1503505359059

Small subset of national
culture collection
comprises marine isolates

mFSC Flensburg strain
collection of
marine fungi

Unclassified marine
fungal isolates

https://hs-flensburg.de/
forschung/fue/
forschungsinstitute/zait

Collection from different
marine habitats, in
preparation for storage
in public collection

Kiel collection of
marine microbes

Marine fungi www.geomar.de Collection of marine fungi
at Helmholtz Centre for
Ocean Research,
GEOMAR, not public

Marbank Marine organisms from
Norwegian waters

https://en.uit.no/forskning/
forskningsgrupper/gruppe?
p_document_id¼405720

Offers storage of samples,
marine products and
customized sampling

National Center for
Genetic
Engineering and
Biotechnology
(BIOTEC)

2486 fungal speciesb www.thai2bio.net Small subset of marine
isolates

United Kingdom
National Culture
Collection

Central access point for a
variety of collections:
fungi, yeast,
pathogenic fungi

www.ukncc.co.uk Small subset of national
culture collection
comprising also marine
isolates

Westerdijk Fungal
Biodiversity
Institute

More than 50,000 fungal
strains

www.westerdijkinstitute.nl/ Small subset of national
culture collection
comprising also marine
isolates

Adapted from Reich and Labes (2017)
aAccessed 12th February 2020
bNumber obtained 12th February 2020
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strated to be mediated by secondary metabo-
lites. Therefore, associations of fungi and
macroorganisms are of special interest with
respect to the discovery of bioactive natural
products (Rashmi et al. 2019). Accordingly,
many screening campaigns led to the discovery
and subsequent identification of new com-
pounds with interesting bioactivities, including
antibiotic, antiviral, antitumoral, etc. Marine
fungi produce structurally unique bioactive
natural products that are not found in terres-
trial counterparts. Kong et al. showed that large
portions of marine scaffolds are novel (Kong
et al. 2010). Auranomides A and B, quinazolin-
4-ones substituted with a pyrrolidin-2-iminium
moiety from the marine-derived fungus Peni-
cillium aurantiogriseum, or aspergillols A and
B with a C–C fusion of an anthraquinone and
orcinol unit from a deep-sea Aspergillus versi-
color represent new scaffolds frommarine habi-
tats (Song et al. 2012; Wu et al. 2016). Probably,
these compounds constitute only a small por-
tion of the possible repertoire, as drug discov-
ery efforts often involve a specific focus, either
on disease target, taxonomic groups or on habi-
tats, but do not aim to describe the full genetic
biosynthetic potential.

Today, only a few compounds made their
way to the pharmaceutical market. Marine fun-
gal compounds do face the same challenges in
drug discovery and drug development as any
other fungal compounds. However, in the
1950s, cephalosporin C, a b-lactam type natu-
ral antibiotic, was discovered from a Cephalos-
porium (later reclassified as Acremonium)
strain obtained at the Sardinian coast (Newton
and Abraham 1955; Abraham et al. 1953). Glio-
toxin was identified as a new type of the antibi-
otic diketopiperazine produced by a marine
deep-sea sediment Aspergillus sp. strain (Oku-
tani 1977).

Marine fungi did also prove to be effective
producers of natural products with antitumoral
activity (Pejin and Karaman 2017). However,
halamid, an anticancer compound of marine
fungal origin (trade name plinabulin) is the
only one already being in clinical testing
phase 2 and 3 for different indications (for
review see Pereira et al. 2019). Nevertheless,
the current chemotherapeutic clinical pipeline

will be fed with marine-derived fungal agents,
which are in preclinical stage at the moment.

A steadily increasing number of new, active
fungal natural products have been identified
from the marine environment, proving them
to be a prolific source for bioactive compounds:
Blunt et al. listed over 200 natural products
from marine-sourced fungi (excluding those
from mangroves) in the year 2013 (Blunt et al.
2015). Cosmetic and cosmeceutical applica-
tions might also be taken into account for
marine fungal secondary metabolites (Agrawal
et al. 2018). Here, biotechnological approaches
can help to close the developmental gap
between discovery and production in order to
solve compound availability issues in drug
development (as reviewed for antibiotics in Sil-
ber et al. 2016).

B. Enzymes

Marine fungi can be used for the biotechnologi-
cal production of salt- and osmostable enzyme
variants but do also provide new enzymatic
activities. Fungi foster, e.g., the detrital pro-
cesses by production of extracellular degrada-
tive enzymes (Sikes et al. 2009). These fungal
enzymes from marine origin can be used in
biotechnological applications. Extracellular deg-
radative enzymes such as cellulases, xylanases,
and ligninases of several terrestrial fungi already
have found biotechnological applications in
paper and pulp industries, food production,
and clothing industry. Fungi isolated from living
and decaying marine plant material are capable
of degrading “classical” plant macromolecules,
like cellulose, cellobiose, lipids, pectin, starch,
xylan, and tannic acid (Gessner 1980). In addi-
tion, marine fungi can degrade the special car-
bohydrates found in marine plants, such as
alginates, sulfated polysaccharides, laminarin,
fucoidan, etc. (as early described as in Schau-
mann and Weide 1990). These enzymes can be
applied in transforming these sugars for ener-
getic use of algal remaining’s (e.g., for biogas
production) especially from aquacultures. Also,
fungal polygalacturonases are useful enzymes
for clarification of fruit juices in the food indus-
try (Sandri et al. 2011).
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The removal of color residues is a major
challenge in paper and textile industries. Efflu-
ents from such plants can possess alkaline pH
and high salt content. Marine fungi may be
ideally suited for the bioremediation of such
effluents (Verma et al. 2010): White-rot fungi
containing laccase and other enzymes capable
of decolorization were isolated from man-
groves. Laccase production was shown in sev-
eral marine fungi in the presence of sea water
(D’Souza-Ticlo et al. 2009). However, salt-
tolerant lignin-degrading enzymes have not
been sufficiently explored for their biotechno-
logical applications.

Marine fungi have also been discussed as
source for enzymes or for whole cell application
in the degradation of polycyclic aromatic
hydrocarbons (PAHs). PAHs are widely
distributed in the environment and may persist
for extended periods of time with toxic, muta-
genic, and carcinogenic effects (for review see
Bonugli-Santos et al. 2015). The ligninolytic
and the monooxygenase system of cytochrome
P-450 may be involved in PAH degradation by
filamentous fungi (Haritash and Kaushik 2009).
The use of marine-derived fungi for the biore-
mediation of polluted saline environments will
be facilitated by their tolerance to saline condi-
tions.

Additionally, deep-sea fungi growing under
extreme conditions are a good source for indus-
trially useful enzymes with novel properties
(Synnes 2007). Proteases constitute one group
of the several extracellular enzymes being pro-
duced by these fungi; elevated pressure resis-
tance, high pH stability and activity in the
presence of several commercial detergents and
high salt content were shown for fungal pro-
teases from deep-sea sediments. These features
are desirable for commercial application, e.g.,
as detergents additive for cold wash (Raghuku-
mar 2008).

C. Compatible Solutes

All organisms in marine environments have to
adapt to the high salinity of seawater causing
significant osmotic pressure. Seawater organ-
isms therefore need to maintain water poten-

tials lower than that of their environment in
their cells to enable water uptake. Cells devel-
oped a number of strategies to deal with salts:
effective efflux machineries, antiporter pro-
teins, and the production of compatible solutes
(Forsyth et al. 1971; Ahmadi et al. 2016). The
latter strategy is frequently observed in marine
fungi. They accumulate osmolytes such as glyc-
erol, mannitol, polyol, and trehalose (Blom-
berg and Adler 1992). These compounds are
of technological interest due to their stabilizing
effects, stress-protective and therapeutic activ-
ities in cosmeceuticals and pharmaceuticals but
also as cryoprotectants (Jadhav et al. 2018).

D. “Detox” Activities

Deep-sea hot vent systems are often character-
ized by high heavy metal concentration. Fungi
thriving in these habitats need to cope with
these conditions by producing detoxification
compounds, often extracellular sugars such as
chitosan-like molecules. These can be applied
in cosmetic industry (Brown et al. 2016). Also,
enzymes from these fungi show high resistance
against heavy-metal intoxication. For instance,
deep sea Cryptococcus strain was tolerant to
CuSO4 up to a concentration of 50 mM and
showed high activity of superoxide dismutase,
an enzyme responsible for scavenging superox-
ide radicals (Miura et al. 2002).

V. How to Design Biotechnological
Processes for True Marine Fungi

Bonugli-Santos et al. (2015) reviewed the bio-
technological production of marine enzymes
including bioprocess strategies adopted for the
cultivation of marine organisms for enzyme
production. Large-scale production (e.g., in
bioreactors) of glucoamylase, superoxide dis-
mutase, lignin peroxidase, chitinase, protease,
and glutaminase by marine fungal strains
including, e.g., Aureobasidium pullulans, Peni-
cillium janthinellum, and others, has been
reported in the literature (Sarkar et al. 2010).
These enzymes are produced in bioreactors
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largely through submerged-state fermentation,
and the conditions related to bioreactor pro-
duction are quite comparable to processes
using terrestrial strains. Specific studies for
establishing strategies of marine enzyme purifi-
cation are scarce; the same holds true for pro-
cesses of secondary metabolite production.

The approach to bring marine fungi into
biotechnological application is similar to other
microbial processes: After the optimum culture
conditions are defined on a small scale (in gen-
eral, Erlenmeyer flasks in shaking conditions
are used), the cultivation has to be transferred
to bioreactor-based systems and subsequent
scale-up must be performed. Substrate con-
sumption, product formation, and cellular bio-
mass are important factors, which should be
considered, and quantified, for appropriate
scale-up studies. Special attention in fungal
production processes has to be given to pellet
formation (Krull et al. 2013).

Generally, the unique features of marine
environment do have relevance to marine fun-
gal biotechnology. A consideration of the
unique properties of the marine environment
is important for marine biotechnology: Bio-
technological production processes are influ-
enced by the special adaptations of organisms
to their environment. The physical factors rele-
vant for cultivation that influence the growth of
marine fungi most are salinity (including low
water potential, high concentrations of sodium
ions and high osmotic pressure), slightly alka-
line pH, partly oligotrophic nutrient condi-
tions (especially in the water column), and
high hydrostatic pressure in combination
with low temperature, especially in the deep-
sea environments (Richards et al. 2012;
Bonugli-Santos et al. 2015). Sea water in aver-
age has a salinity of 33–35 ppt. Freshwater in
comparison contains less than 0.5 ppt salts. Sea
waters in estuaries and brackish areas, like in
the Baltic Sea or in river deltas, can show wide
salinity gradients, requiring special adaptation
of the inhabiting organisms. Also, hypersaline
waters occur, e.g., in the Dead Sea with sali-
nities of 50–100 ppt. The presence of high levels
of salt in seawater are challenging with respect
to classical performance of biotechnological
processes in stainless steel vessels, as corrosion

becomes a severe issue. Even more, early
experiments demonstrated that salinity optima
for growth in some marine fungi show upward
shifts with increasing incubation temperature
(Damare and Raghukumar 2008). This interac-
tion of salinity and temperature is termed
Phoma pattern since it was first described in
the marine species of Phoma (Lorenz and Moli-
toris 1990). Interestingly, only few reports have
investigated the impact of varying salt concen-
trations on production of marine fungal meta-
bolites. Initial findings show that some marine
fungal species exhibit increased growth with
increasing seawater concentration in the
medium (Masuma et al. 2001). In addition to
the osmotic effects on the cell, secondary
metabolite production might be sensitive to
the seawater composition, i.e., concentration
of specific salts, which could have implications
for tank reactor cultivation of marine fungi.

In contrast to terrestrial fungi, which gen-
erally grow best at pH 4.5–6.0, marine fungi
were demonstrated to grow and produce vari-
ous extracellular enzymes at pH 7–8 (Damare
et al. 2006; Raghukumar et al. 2004a). Accord-
ingly, the pH-control in biotechnological pro-
cesses will need adaptations, when marine
strains of a well-known terrestrial species are
cultivated. Pressurized conditions are of impor-
tance for the cultivation of deep-sea fungi. Low
temperature optima in combination with high
pressures are of interest, as the catalytic proper-
ties of enzymes may be altered (Eisenmenger
and Reyes-De-Corcuera 2009).

Bioprocess engineering in marine biotech-
nology follows the path from discovery to com-
mercialization with a variety of possible
starting points, but a full value chain remains
mainly theoretical, as quantitative biotechno-
logical engineering studies on marine fungi
are virtually non-existing in the literature. Sil-
ber et al. (2016) reviewed the biotechnological
realization of marine fungal antibiotics and
demonstrated that biotechnology has a vast
potential for sustainable production of antibio-
tics. Biotechnology, as studied and developed
with terrestrial representatives, may help to
expand and understand the chemical space in
a targeted manner, provide classical full fer-
mentative and semi-synthetic processes, and
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may include metabolic engineering manipulat-
ing the genetic background as a basis for gen-
eration of “biological” derivatives (Silber et al.
2016). For terrestrial fungi, the technical and
economic feasibility of large-scale processes
has been proven many times. Successful trans-
fer into stirred-tank-reactor-system for antibi-
otic production from marine fungi has been
demonstrated, e.g., for the biosynthesis of the
tetramic acid compounds ascosetin and lindgo-
mycin by an Arctic marine fungus of the Lind-
gomycetaceae family (Wu et al. 2015)
exhibiting a novel chemical composition.

Sarkar et al. (2010) provided bioprocess
data for fermentations of marine fungi for
enzyme production. Based on their analysis,
there is a demand for further adaptations of
scale and inclusion of knowledge on the biology
of the fungi into the design of the production
processes (e.g., salinity adaptations or pressure
for deep-sea organisms). Development of full
fermentative processes is required (Sarkar et al.
2010). The increasing knowledge gained on all
regulatory levels by means of “omics” techni-
ques will provide the necessary insights.
Knowledge on the regulatory genes can be
applied in genetic approaches to activate natu-
ral product production. Due to the lack of
model organisms upon marine fungi, genetic
tools for heterologous expression and for
homologous manipulation of marine fungi are
still in their infancy. The recently successful
overexpression of genes leading to synthesis of
enniatins, cyclodepsipeptides originally
isolated from Halosarpheia sp., in Aspergillus
niger demonstrated reprogramming and trans-
planting of biosynthetic pathways into estab-
lished models as a further tool for such
approaches (Zobel et al. 2016).

Inclusion of new methods into process
development will significantly contribute to
further improvements. The use of immobilized
cells in a repeated batch tower reactor led to a
significant increase of yield in the production of
cephalosporin (Ozcengiz and Demain 2013).
Niche-mimic bioreactors might be one oppor-
tunity to enhance productivity as well as the
development of specialized reactors in indus-
trial scale.

VI. Conclusions

A majority of culture-dependent and culture-
independent fungi recovered from marine
resources show homology to terrestrial species,
which obfuscated the ecological role of marine
fungi. The presence of novel fungal sequences
with less than 97% similarity to previously
identified fungal sequences in public databases
and culture studies demonstrating obligate
marine culture conditions has proven the mul-
tiphyletic ecological group of marine fungi.

These fungi show unique cultivation prop-
erties and features. In nature, they fulfill a num-
ber of ecological functions, comparable to
terrestrial fungi. Their unique features may be
applied in biotechnology for new products but
also for redesign of existing biotechnological
processes with more robust culture conditions,
as marine fungi did adapt to harsh conditions
including high pressure, high osmolarity, cold,
toxic heavy metal concentrations, etc.

Only few examples of industrial processes
using marine fungi as production organisms
are available, but the number of studies high-
lighting the potential is impressive for enzymes,
secondary metabolites, and other possible pro-
ducts. Industrial-scale biotechnological pro-
cesses should be feasible from scientific,
technical, and economic perspectives. This via-
bility needs to be demonstrated through the
development of process concepts based on fer-
mentation including metabolic engineering,
purification, molecular design, and synthesis
data. Some obstacles remain, which need to be
solved. Especially, the reduction of the salinity
in culture media is a technological challenge.

To realize the potential, we suggest to:

1. Apply products of marine fungi but also
establish new and robust workhorses in
biotechnology. The biodiversity of filamen-
tous fungi from marine sources is mostly
untapped for these applications.

2. Bring together the different scientific com-
munities working on marine and terrestrial
fungi and learn from existing processes.
Interdisciplinarity between technologists,
ecologists, and marine scientist will help
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to close gaps in the knowledge of marine
fungi relevant for biotechnological produc-
tions.

In summary, marine fungal biotechnology
can deliver new production strains, enzymes,
and products for a sustainable use of marine
resources and deeper insights into technologi-
cal and ecological questions.
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