
Contents lists available at ScienceDirect

Marine Genomics

journal homepage: www.elsevier.com/locate/margen

Method paper

How to boost marine fungal research: A first step towards a
multidisciplinary approach by combining molecular fungal ecology and
natural products chemistry

Marlis Reicha,⁎, Antje Labesb

a University of Bremen, BreMarE, NW2 B3320, Leobener Str. 5, D-28359 Bremen, Germany
b Flensburg University of Applied Sciences, Kanzleistr. 91-93, D-24943 Flensburg, Germany

A R T I C L E I N F O

Keywords:
“Omic” techniques
Taxonomy
Metabolomics
Molecular marker
Phylogeny
Fungi
Barcoding

A B S T R A C T

Marine fungi have attracted attention in recent years due to increased appreciation of their functional role in
ecosystems and as important sources of new natural products. The concomitant development of various “omic”
technologies has boosted fungal research in the fields of biodiversity, physiological ecology and natural product
biosynthesis. Each of these research areas has its own research agenda, scientific language and quality standards,
which have so far hindered an interdisciplinary exchange. Inter- and transdisciplinary interactions are, however,
vital for: (i) a detailed understanding of the ecological role of marine fungi, (ii) unlocking their hidden potential
for natural product discovery, and (iii) designing access routes for biotechnological production. In this review
and opinion paper, we describe the two different “worlds” of marine fungal natural product chemists and marine
fungal molecular ecologists. The individual scientific approaches and tools employed are summarised and ex-
plained, and enriched with a first common glossary. We propose a strategy to find a multidisciplinary approach
towards a comprehensive view on marine fungi and their chemical potential.

1. Introduction

Marine fungi have a broad diversity in terms of species richness,
phylogenetic distribution, and their natural products (NPs). Compared
to other marine organisms, the diversity of marine fungi and their NPs
had been largely neglected and only recent research has started to
provide in-depth data on this understudied organism group (Bhadury
et al., 2006; Richards et al., 2015; Imhoff, 2016; Rämä et al., 2016;
Taylor and Cunliffe, 2016).

Cultivation-dependent and molecular studies demonstrate that
marine macroorganisms, such as sponges and algae, are a rich source
for fungi (Debbab et al., 2010). In consequence of this recognition, an
increasing number of new NPs from marine fungi have recently been
characterised and reported. There is no doubt that these organisms
produce a large number of interesting secondary metabolites, which
often show pharmaceutically relevant bioactivities and may be candi-
dates for the development of new drugs. The last few years have seen an
explosion of research interest in marine fungi and their NPs, as reflected
in the formation of the MaFNap consortium (http://mfnpc.vre3.upei.
ca/, a network of research groups with interests in the diversity of
marine fungi and investigation of their NPs in the context of drug

discovery). When reviewing these recent developments (Bhadury et al.,
2006; Saleem et al., 2007; Imhoff, 2016; Silber et al., 2016), it became
obvious that current research has some limitations: The diversity of
marine fungi is not adequately represented in investigations on their
secondary metabolites; most of the published work on secondary me-
tabolites of marine fungi has focused on just a few genera, mainly Pe-
nicillium, Aspergillus, Fusarium and Cladosporium (Imhoff, 2016). Al-
though next-generation DNA sequencing (NGS) methods are now
standard approaches for the detection of multiple genes of interest
(Culligan et al., 2014) and provision of genomewide information is
largely employed for several fungi (Grigoriev et al., 2014), genome and
genetic data on marine fungi and especially secondary metabolite bio-
synthesis genes are poorly represented in the current databases.

Another drawback for marine fungal research is that data collected
for the single taxa are far from being comprehensive and often not
publicly available. However, the data would be of utmost importance
for ecological, taxonomic and biotechnological research. Furthermore,
many studies use either culture-dependent or culture-independent ap-
proaches and available datasets are not interlinked. The availability of
data and tools is additionally imbalanced between the two “worlds” of
NP research and marine fungal molecular ecology: several tools and
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Box I
How to name a fungal taxon according to the Code?

For many situations in the daily work of a fungal researcher, knowledge of nomenclature is essential for producing comparable research
results. Examples are the literature research, BLASTn output with several best hits or phylogenetic analysis, where a clade can be comprised by
several different named fungal taxa. In all these cases, different taxon names could be the consequence of dual naming rather than standing for
different taxa or bad marker gene resolution. Further, the taxon names of the lab's own culture collections should follow the rules of the
International Code of Nomenclature for algae, fungi, and plants (McNeill et al., 2012) to ensure good communication among scientists. Basic
knowledge on the rules of the Code is thus critical.

In general, a name must have been validly published and the denomination has to follow the rules of the Code to become the correct name.
In the case that several names for the same taxon fulfil the demand of being validly published and legitimate, the correct name is the one,
which was published earliest (“priority”). However, several exceptions exist. To understand the Code, the most important vocabularies should
be known:

Basionym: The original (legitimate and previously published) name on which a new name at new rank is based. This can be a helpful
starting point for solving nomenclatural problems.

Conserved
name:

(nomen conservandum) A name that has become the correct and legitimate name although it might have been illegitimate or
lack priority. Only names on species, genus and family level can become conserved.

Correct name: The name that has to be used for a taxon in accordance with the rules.
Legitimate

name:
A validly published name that is in accordance to the rules (opposite: illegitimate).

Replacement
name:

(nomen novum) A name created to replace another scientific name, but only when this other name cannot be used for
technical, nomenclatural reasons.

Rejected name: (nomen rejiciendum) A name ruled out for use. This can be the consequence of a formal action (over a proposal), where the
rejection is in favor of a conserved name or it does simply not follow the Code.

Suppressed
name:

(nomen utique rejiciendum) A name that has been ruled out for use. Such an outright rejection can be done for names of any
rank.

Synonyms: Validly published names other than the correct name.
Validly

published:
The name has correctly been published and the minimal required information on the taxon is provided with the publication.

The Code offers different options how to name a fungal taxon. Here, we provide examples of the two most frequently occurring cases:

1. Example: Priority rule

In general, if several validly published names exist for the same taxon and all the names are legitimate, the rule of priority is applied, thus
the oldest published name will supersede the other names.

Example: The family Ophiocordycipitaceae comprises several genera; among them are Tolypocladium, Chaunopycnis and Elaphocordyceps.
Elaphocordyceps taxa are mainly described as teleomorphic forms and the few described asexual morphs showed similarity to Tolypocladium
taxa (Sung et al., 2007). For most of the Tolypocladium taxa, no sexual morphs have been identified. However, a high similarity of the
conidiogenesis between Tolypocladium and the asexually typified genus Chaunopycnis was recongised (Gams, 1980). The results of a multiple-
locus phylogenetic tree indicated that these three genera form one monophyletic clade (Quandt et al., 2014). As all names were validly
published and followed the Code, they are synonyms and the rule of priority has to be applied.

The entries ofMycobank (Crous et al., 2004) can help to find the correct name (discussion of pros and cons of nomenclatural repositories see
section 2.1). Under “summary”, the name and the publication, which introduced the name, is listed. “Remarks” indicate possible changes to the
name. The row “synonyms” lists all possible synonyms to the taxon name indicated under “summary”.

Chaunopycnis W. Gams, Persoonia 11 (1): 75 (1979); Remarks: Listed as synonym of Tolypocladium in Quandt et al. (2014).
Elaphocordyceps G.H. Sung & Spatafora, Studies in Mycology 57: 36 (2007); Remarks: Listed as synonym of Tolypocladium in Quandt et al.
(2014).
Tolypocladium W. Gams, Persoone 6 (2): 185 (1975); Synonyms: Chaunopycnis and Elaphocordyceps.

Conclusion: Tolypocladium is the oldest name among the three validly published and legitimated names. Thus, it has priority over the two
other names and taxa have to be named accordingly. The other names have been proposed to become a nomen utique rejiciendum (Quandt et al.,
2014), a name not to be used any longer. Such an outright rejection is possible for a name at any rank.

2. Example: Conservation over rejection rule

The purpose of conserving a name is “to avoid disadvantageous nomenclatural changes entailed by the strict application of the rules, and
especially of the principle of priority [...]” (Art. 14.1) (McNeill et al., 2012). Conservation is possible only for names at the rank of family,
genus or species.

Penicillium chrysogenum belongs to the most important penicillin producing filamentous taxa. Phylogenetic analysis showed that its tax-
onomy can be subdivided by four clades including isolates of other related taxa (Scott et al., 2004) and some of them were identified to be
conspecific.

The entries in Mycobank indicate the following: P. chrysogenum is the conserved name (nomen conservandum) and thus, naming has not

M. Reich, A. Labes Marine Genomics 36 (2017) 57–75

58

https://en.wikipedia.org/wiki/Family_%28biology%29
https://en.wikipedia.org/wiki/Genus
https://en.wikipedia.org/wiki/Species


datasets for fungal classification have been developed that allow rela-
tively straightforward classification in a user-friendly manner. In con-
trast, data of NP research that have the potential to stimulate ecological
studies are rarely processed and accessible in a way that they can be
directly used. All these points significantly limit potential outcomes of
marine fungal research. To improve the situation, the two “worlds” of
NP researchers and ecologists, currently two very different scientific
communities with their own languages and priorities, have to be
brought together.

We compiled this review to address these imbalances with the aim
of providing the necessary guidelines for using the tools, explaining the
approaches and to open the roads for future information exchange and
collaboration. Based on the existing data and tools, we have developed
a first roadmap with the aim to share language, resources and knowl-
edge.

2. The “world” of molecular fungal ecology

2.1. Obstacles for fungal identification

Marine fungal research faced some limitations in its earliest phase
due to morphology-based approaches in taxonomy, which are limited
by the scarcity and plasticity of discriminatory morphological char-
acteristics. Morphological plasticity can be caused by environmental
stimuli (Rayner and Coates, 1987) including substrate type, tempera-
ture or light cycle (Slepecky and Starmer, 2009). Some Candida species
exhibit more than seven different morphotypes in culture comprising
yeast forms, chlamydospores and (pseudo-)mycelium (Andrews, 1992).
Morphological plasticity can also be the consequence of a di- or pleio-
morphic life cycle including diverse anamorphic (asexual) and tele-
omorphic (sexual) stages. A prominent example is the marine yeast

Fig. 1. Workflow schemes for the different classification
strategies for community surveys and isolated taxa (e.g.
from culture collections). In most cases, a phylogeny-based
approach should be favoured except when monitoring
known communities/isolates. Phylogenetic classification of
undescribed taxa is obligatory. Note: not all marker genes
are suitable for phylogenetic analysis. Orange, sequence
similarity based approach; blue, phylogenetic analysis.
Graphic of sequence similarity based approach taken from
the output of the BLASTn program (Altschul et al., 1990) of
the NCBI webpage. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)

followed the priority rule. The name P. chrysogenum has been introduced to a later timepoint (1910) than the other species names. During the
action of conservation, the other synonyms were proposed to be rejected (Kozakiewicz et al., 1992). The current names of P. brunneorubrum
and P. griseoroseum are thus P. chrysogenum.

Penicillium brunneorubrum Dierckx, Annales de la Société Scientifique de Bruxelles 25 (1): 88 (1901); Current name: P. chrysogenum.
Penicillium chrysogenum Thom, U.S.D.A. Bureau of Animal Industry Bulletin 118: 58 (1910); Synonyms: P. brunneorubrum, P. griseoroseum,
among others; Name status: nomen conservandum.
Penicillium griseoroseum Dierckx, Annales de la Société Scientifique de Bruxelles 25 (1): 86 (1901); Current name: P. chrysogenum.

Helpful links:
Trying to find the appropriate rule/name for a special case is very difficult. As one rule is normally regulated by several paragraphs in the

Code, help is needed. First orientations can be found at the following websites:

• Basics on botanical nomenclature: https://botany.si.edu/references/botlinks/dhntyp.htm (accessed Dec. 2016)

• Access to the appendices of the Code including:
Appendix IIA, conserved and rejected names of families of fungi
Appendix III, conserved and rejected names of genera of fungi
Appendix IV, conserved and rejected names of species and infraspecific taxa
Appendix V, suppressed names http://botany.si.edu/references/codes/props/index.cfm (accessed Dec. 2016)

• To check, which names are under revision for conservation or rejection: http://botany.si.edu/references/codes/props/index.cfm (accessed
Dec. 2016)

• Glossary of the Code: http://www.iapt-taxon.org/nomen/main.php?page=glo (accessed Dec. 2016)
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Rhodotorula, reported from marine sediments, surface water and det-
ritus (Lai et al., 2007; Krause et al., 2013; Panzer et al., 2015b; Richards
et al., 2015) and used for industrial purposes (Zhao et al., 2010; Wang
et al., 2016a). Initially described as one genus, DNA-based studies
phylogenetically classified Rhodotorula as the anamorphic stage of di-
verse fungal species belonging to two different basidiomycete subphyla,
three classes and at least six different orders (Kurtzman et al., 2011).

Molecular biology, thus, revolutionised marine fungal identification, but
also underpinned the necessity to revise the International Code of Nomenclature
for algae, fungi, and plants (simply called the “Code”) ending the modus that
one taxon can have several names. Hawksworth (2012b) assumed that up to
10,000–20,000 fungal species are affected by a dual nomenclature, including
several marine fungi, like Alternaria (synonym Lewia) or Cladosporium (Da-
vidiella) within the Dothideomycetes (Wijayawardene et al., 2014) and Chae-
tomium (Botryotrichum/Trichocladium/Humicola) and Corollospora (Var-
icosporina/Halosigmoidea) within the Sordariomycetes (Reblova et al., 2016).
Consequently, when revising redundant fungal names, also higher taxonomic
levels will be affected: Dothideomycetes have been described to comprise 23
orders and 110 families. From those, only 75 families are supported by
molecular data, while 35 families lack molecular support (Wijayawardene
et al., 2014).

Since the 1st of January 2013, the Code prescribes that one fungus
has just one name regardless of the number of stages in its life cycle.
Now, the correct name is typically the earliest name validly published –
i.e. following the rules laid down in the Code (McNeill et al., 2012).
Such a name is “legitimate”. Several exceptions exist, as “illegitimate”
names can be proposed to be included in the “Lists of accepted names”;

for example commonly used names, which were introduced at a later
time point (Hawksworth, 2012b). Further changes to the Code are ex-
pected in 2017 and will, for example, be related to conditions for the
citation of sanctioned (adopted) names, the treatment of conspecific
names with the same epithet (second part of the two-part name for a
species) or the ending preference for sexually typified names. Ex-
planations and the detailed proposals were summarised by Hawksworth
(2015). (For more detailed explanation on the Code, we refer to Box I.)

In this situation, it is very difficult for a non-taxonomist to imple-
ment the Code in daily life, for instance by adjusting the designation of
the taxa in the lab-owned culture collections. The correct denomination
of fungal species is a prerequisite for all kinds of comparative research
and to facilitate fruitful exchange between researchers independent of
their research focus. Accordingly, the proper and consequent use of
taxonomy is a key for secondary metabolite chemistry. Taxonomy is
used as an indicator during chemical dereplication, the basis for che-
modiversity studies and for intellectual property protection. Several
tools exist guiding the way to a correct naming of a fungal taxon: The
two most common ones are Mycobank (Crous et al., 2004) and Index
Fungorum (www.indexfungorum.org, accessed May 2017) with the first
one currently providing most of the names published in “non-main-
stream” publications and “grey” literature. When querying a name for
example in Mycobank, several items of taxonomic information are dis-
played such as synonyms, the basionym (original name with a useful
description), the status of the name (validly published and conforming
to the Code), but also information on morphology, physiology and
ecology (Robert et al., 2016). (See further explanation in Box I). Users

Box II
The variable regions of the fungal 18S rRNA gene sequence.

The 18S rRNA gene sequence is a very important marker gene in fungal research. In total, eight variable regions span the sequence and some of
them are important targets for barcoding. Although the sequence is widely used and some intensive studies have been done on its primary and
secondary structure (Kappe et al., 1996; Wuyts et al., 2002), the positions and variability of the different regions have never been described
and linked to an accession number of a publicly available sequence.

Here, we defined the variable positions in our manually curated fungal nearly full length 18S rRNA gene sequence alignment containing
13,501 non-redundant fungal sequences and spanning over a wide range of phyla and subphyla. The sequences were downloaded from the
release 111 of the SILVA SSU Ref database (Quast et al., 2013) and aligned using the ARB software (Ludwig et al., 2004). Positions of the
variable regions were manually fixed using alignment and primary and secondary structure information (Kappe et al., 1996, Wuyts et al.,
2002). Indicated positions refer to the aligned Saccharomyces cerevisiae 18S rRNA gene sequence (acc. No. J01353). The variability of the
diverse regions was defined by using the positional variability filter calculated on the curated alignment and visualised in the ARB editor
window.

Table
Description of the variable regions of the fungal 18S rRNA gene sequences using the S. cerevisiae sequence acc. No. J01353 as the reference sequence. The eukaryotic V6 is a conserved
region in fungi. A highly variable region is defined by a sequence of at least ten continuous bases with non-conserved positions.

Variable region Position (bp) Length (bp) Comments on variability
V1 69–80 11 Highly variable region
V2 126–292 166 Three subareas with high variability: 126–136, 177–203, 227–242
V3 478–510 32 Conserved area, except region 490–497
V4 643–850 207 Highly variable region 643–742
V5 1048–1070 22 Highly variable region 1052–1063
V7 1350–1400 50 Variable region 1350–1375, rest is conserved
V8 1480–1531 51 Conserved area, except 1489–1504
V9 1674–1730 56 Highly variable region

Fig. A. Schematic representation of the primary structure of the 18S rRNA gene sequence of S. cerevisiae (acc. No. J01353). Numbers indicate start and stop positions (nt) of variable
regions (in orange).
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have to keep in mind that the quality of these repositories relies on
curators, who need time to verify and include changes in the database.
Therefore, double-checking and comparing the entries with other re-
positories or recently published primary literature is highly re-
commended. Unfortunately, some journals in the NP field still do not
have rules for taxonomic description and thereby allow publications
without or with incomplete taxonomic classification. Best practice ex-
amples, such as the Journal of Natural Products (ACS Publications,
guide for authors, http://pubs.acs.org/paragonplus/submission/
jnprdf/jnprdf_authguide.pdf), which ask for detailed information, col-
lection permits etc., will help to increase the pressure to comply with
taxonomic requirements.

2.2. The toolkit for fungal taxon identification

Current estimates of global species numbers for Fungi suggest up to
5.1 million (Hawksworth, 2012a) but only about 100,000 are described
(Kirk et al., 2008). Thus, whenever isolating or describing fungal taxa
from environmental samples, the probability of dealing with one of
those undescribed taxa is very high. This point is very critical for the
classification process: it is highly recommendable to try to get a robust
and reliable classification even if it is only to a higher taxonomic level
rather than forcing classification down to (an erroneous) genus or
species level. Many of the undescribed taxa actually belong to un-
described taxon groups on a higher taxonomic level: prominent ex-
amples are sequences clustering in the newly discovered groups of
Cryptomycota (Jones et al., 2011) or Archaeorhizomycetes (Rosling et al.,
2011).

Marker gene sequencing is nowadays the standard for fungal taxon
identification. This technique is based on finding a genetic region which
is easily extractable and amplifiable, therefore allowing sequencing
with low DNA/tissue amount. The intertaxa sequence variation of a
marker gene should exceed intrataxa variation and - under optimal
conditions - the sequence is constant and unique to one taxon (group). If
the aim is a fungal community survey, the variable sites of the marker
gene should be flanked by highly conserved regions offering binding
sites for primers shared by all fungal groups. In some cases, a poly-
phasic taxonomic approach can be advantageous as it exploits both
phenotypic and sequence-based identification techniques simulta-
neously (Das et al., 2014). Currently, only a few databases offer such a
service such as the webpage of the Westerdijk Fungal Biodiversity In-
stitute (Utrecht, Netherlands, www.westerdijkinstitute.nl, accessed
May 2017) including fungal genera regularly detected from marine
realms like Penicillium, Aspergillus or Fusarium.

2.2.1. Fungal marker genes
An array of diverse fungal marker genes exist: they all differ in

length, resolution (Aguileta et al., 2008; Schoch et al., 2012), phylo-
genetic power and number of publicly available sequences (Panzer
et al., 2015b). Thus, the decision on a marker gene depends on the
fungal target group and the research question (Fig. 1) and no true
standard exists. The marker genes in current use can be separated into
two groups: (i) genetic regions of the nuclear ribosomal DNA (nuc
rDNA) cluster and (ii) protein-coding regions. In general, the PCR
amplification of sequences in the nuc rDNA cluster seems to be more
reliable than the protein-coding markers (Schoch et al., 2012). Ad-
ditionally, the nuc rDNA cluster exists as tandem repeats in fungal
genomes making the sequences easy to extract and amplify.

2.2.1.1. Nuclear ribosomal DNA cluster
2.2.1.1.1. The Internal Transcribed Spacer (ITS). The Internal

Transcribed Spacer (ITS) is spliced during the post-transcriptional
process of the nuc rRNA cistron. Two ITS regions exist in eukaryotes:
the ITS1 located between the 18S and 5.8S rRNA gene sequence and the
ITS2 located between the 5.8S and the 28S rRNA gene sequence. The
segment of the two ITS regions together is roughly between 400 to

600 bp in length but can be up to 1000 bp as reported for some
Dothideomycetes taxa (Seifert, 2009). The ITS has been proposed as the
primary fungal DNA barcode for two main reasons: the interspecies
variability exceeds that of intraspecies variability in a broad range of
fungi and the PCR success rate is high (Schoch et al., 2012). However,
the power of resolution differs between fungal groups and many
environmental sequences can only be identified to the level of
phylum or kingdom (Nilsson et al., 2016). Thus, the ITS successfully
discriminates between many Basidiomycota and ascomycete
Pezizomycotina species (Bruns and Gardes, 1993; Eberhardt et al.,
1999; Tedersoo et al., 2006; Reich et al., 2009) allowing the
detection of new species (Vralstad et al., 2000) and potentially
cryptic species (Koljalg et al., 2002). In contrast, species resolution
power is low within Saccharomycotina (Schoch et al., 2012) and
ascomycete genera that possess a short ITS sequence (ca. 400 bp)
including the marine fungi Cladosporium, Penicillium or Fusarium
(O'Donnell and Cigelnik, 1997; Skouboe et al., 1999; Schubert et al.,
2007). Also for basal fungal lineages, the ITS variation is often
insufficient for unequivocal species identification. This has critical
consequences as basal fungal lineages are a prominent part of marine
fungal communities (Panzer et al., 2015b; Gutierrez et al., 2016; Taylor
and Cunliffe, 2016) and can dominate communities of ocean surface
water (Richards et al., 2015).

As well as the regularly observed intraspecific ITS variation (Smith
et al., 2007; Simon and Weiss, 2008) a further obstacle for ecological
studies is the very low phylogenetic power of the ITS: although the ITS
can resolve the phylogeny for some closely related fungal species (Pryor
and Gilbertson, 2000; Koljalg et al., 2002; den Bakker et al., 2004), ITS-
based alignments of distantly related fungal taxa are not reliable due to
high sequence and length variability. In contrast, the secondary struc-
ture of the ITS2 has a certain phylogenetic power (Schultz et al., 2006)
but has so far been not applied for marine fungal taxon classification.

2.2.1.1.2. The 28S rRNA gene sequence. The fungal 28S rRNA gene
sequence is ~2900 bp in length and contains two hypervariable
regions, D1 (~130 bp) and D2 (~210 bp). Both are flanked by
relatively conserved sequence regions highlighting the 28S rRNA gene
sequence as a very suitable candidate for phylogenetic analysis. This
marker gene has also DNA barcoding capacity when targeting the D1 or
D2 region. The average accuracies across the two hypervariable regions
have been reported to be 78% (D1) and 80% (D2) at genus level using a
barcode length of 400 bp (Liu et al., 2012). The probability of correct
classification is highest for basal fungal lineages and Basidiomycota,
while the ascomycete Pezizomycotina and especially Saccharomycotina
are less well resolved (Schoch et al., 2012).

The 28S rRNA gene sequence became the standard marker for ba-
sidiomycete yeasts (Kurtzman et al., 2011). For example, 28S–based
phylogenetic analysis resolved the marine yeast genera Cryptococcus,
Rhodotorula and Bullera, Filobasidium, Leucosporidium as poly- and
monophyletic groups, respectively (Fell et al., 2000). However, for
marine fungal research, the 28S rRNA gene sequence is a less used
marker with the lowest number of publicly available reference se-
quences for marine fungi (Panzer et al., 2015b), though its successful
application led to the classification of fungal isolates from the brown
algae Fucus serratus (Zuccaro et al., 2003), the tropical seagrass Enhalus
acoroides (Sakayaroj et al., 2010), or from wooden substrate (Rämä
et al., 2014).

2.2.1.1.3. The 18S rRNA gene sequence. The 18S rRNA gene
sequence is ~1900 bp and displays different variability levels with
highly conserved to relatively variable regions. While the bacterial
homologue (16S) possesses nine hypervariable regions, the eukaryotic
18S consists of eight variable regions as the region homologous to the
bacterial V6 does not vary between eukaryotes (Kappe et al., 1996)
(Box II).

A big advantage of the 18S rRNA gene sequence is its possible use
both for phylogenetic analysis and DNA barcoding. The barcode should
at least cover one of the variable regions (V1, V4, V5 and V9, Box II).
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The longest one is V4 with ~200 bp in length (Box II) and this is the
main target region for marine eukaryotic community assessments
(Stoeck et al., 2010; Orsi et al., 2013; Tanabe et al., 2016). However, its
application as a fungal barcode is contradictory: while it resolves Pe-
zizomyoctina and Basidiomycota to species level only poorly, it performs
very well for Saccharomycotina and basal fungal lineages compared to
other commonly used fungal barcodes (Schoch et al., 2012). Thus, it has
mainly been applied as a barcode for freshwater fungal community
surveys due to its good resolution for basal fungal lineages (Lefevre
et al., 2007; Monchy et al., 2011) and is gaining attention for general
marine community surveys (Arfi et al., 2012; Redou et al., 2014; Reich
et al., 2017). Currently, it is the prevalent marker gene in public da-
tabases for marine fungi (Panzer et al., 2015b) and the only marker
gene for which phylogenetic reference trees exist (Panzer et al., 2015a;
Yarza et al., 2017).

For phylogenetic analysis, the 18S rRNA gene sequence is a very
robust marker. It was thus used to resolve the phylogeny around Rozella
and the LKM11 clade (Lara et al., 2010), to identify yeasts as the
dominant morphological group in the deep ocean (Bass et al., 2007),
and to explore marine fungal diversity in general (Richards et al., 2012;
Panzer et al., 2015b). Phylogenetic analyses become more reliable
when (nearly) full-length sequences are taken. The sequence alignment
can be improved by consulting the secondary structure organised as
loops and stems. Such a secondary structure model exists so far only for
Saccharomyces cerevisiae and Coprinus cinereus and these are super-
imposed with the overall eukaryotic variabilities (Wuyts et al., 2000)
(http://bioinformatics.psb.ugent.be/webtools/rRNA/secmodel/index.
html, accessed May 2017).

2.2.1.2. Protein-coding sequences. A variety of protein-coding sequences
have been used in marine fungal research but not for DNA barcoding
purpose with the exception of the RPB1 and RPB2 gene (Stockinger
et al., 2014; Vetrovsky et al., 2016). All these genes exist in most of the
fungal groups as single-copy genes, which sometimes causes problems
in their extraction and amplification but avoids problems with
paralogues. An advantage of protein-coding genes in phylogenetic
analysis is the possibility of using the respective amino acid sequence
as backbone for correction of sequencing errors. The necessary
sequence variability among taxa is mainly found in intron sequences
and at the third codon position allowing certain variability on the DNA
level.

2.2.1.2.1. RPB1: the gene encoding for the largest subunit of RNA
polymerase II. RNA polymerase II is the enzyme that transcribes
protein-coding genes into pre-mRNA transcripts and consists of
several subunits. The RPB1 gene codes for the largest subunit and
possesses an exon-intron structure with several variable and nine more
conserved regions (Matheny et al., 2002). RPB1 has the most significant
barcoding gap compared to other fungal marker genes, which means
that in terms of genetic distance nearly no overlap of intra- and
interspecific sequence variation can be observed. It outperforms even
the ITS in reliable species identification. For Glomeromycotina, it has
been shown that the barcode gap of RPB1 separates almost all
morphospecies correctly (Stockinger et al., 2014). RPB1 has low
performance on basal fungal lineages (Schoch et al., 2012).

Another drawback, beside a reliable PCR amplification, is the cur-
rent lack of primers targeting a wide range of fungal groups. Primers
exist for Agaricales (Matheny et al., 2002), Lecanoromycetidae and Pel-
tigerales (Hofstetter et al., 2007), and Verrucariaceae (Gueidan et al.,
2007). Consequently, the selective studies on a small number of fungal
groups are responsible for the bias of publicly available sequences to-
wards mainly ascomycete species. However, RPB1 is nowadays a
standard in multiple-locus phylogenetic studies (Lutzoni et al., 2004;
James et al., 2006) independent of its low performance compared to
other single-copy genes (Aguileta et al., 2008).

2.2.1.3. RPB2: the gene encoding for the second largest subunit of the RNA

polymerase II. The RPB2 gene encodes the second largest subunit of the
RNA polymerase II. As for RPB1, it is widely used for improving the
phylogenetic inference on lower and higher taxonomic levels (Matheny,
2005; James et al., 2006; Matheny et al., 2006). Even shorter sequence
reads with a barcode length (400–800 bp) allow very accurate
identification. Therefore, RPB2 has been suggested as an alternative
fungal DNA barcode (Vetrovsky et al., 2016). The ability to work with
RPB2 in a phylogenetic context is a significant advantage over ITS.
However, the lack of primers targeting fungi is also an issue for this
gene. The existing primers were designed to be group-specific (Liu
et al., 1999; Matheny, 2005; Matheny et al., 2007), although some of
them show co-amplification towards other fungal groups and slight
modifications might adapt them to be more suitable candidates for
community analysis (Vetrovsky et al., 2016).

2.2.1.3.1. Other protein-coding markers. Further protein-coding
marker genes have been in use for fungal research but to a much
lower extent and always as phylogenetic markers rather than as fungal
DNA barcodes. One reason is the low number of publicly available
sequences and appropriate primers. However, there is an ongoing trend
towards the inclusion and use of protein-coding, single-copy genes in
fungal research due to the drawbacks of markers from the nuc rDNA
cluster. Several of the markers discussed in this subsection (see below)
are nowadays a standard in multiple-locus phylogenetic analysis (Feau
et al., 2011).

Tubulin is the major constituent of microtubules and consists as a
dimer of α- and β- chains. The gene tub-2 encodes for the β-tubulin
chain and is the third most utilized gene in fungal multi-locus phylo-
genies (Feau et al., 2011). Tub-2 has been of special interest in studies
resolving the systematics of Penicillium and Phaeoacremonium (Dupont
et al., 2002; Samson et al., 2004; Rezaei-Matehkolaei et al., 2014),
therefore adopted sequence databases have been developed (www.
westerdijkinstitute.nl, accessed May 2017). One drawback of the tub-2
gene sequence is the existence of paralogues, which are regularly mis-
interpreted as tub-2 gene sequences (Hubka and Kolarik, 2012).

Another commonly used marker gene is tef1α coding for the trans-
lation elongation factor 1 (EF1)-α with a chain length of about ~400
amino acids. It is usually present as single-copy but has some para-
logues in certain fungal genomes (Keeling and Inagaki, 2004). The
partial sequence of tef1α is often used for successful identification of
Fusarium species and can be accessed over the Westerdijk Institute-
based Fusarium identification site (www.westerdijk.nl/Fusarium). The
act gene encodes γ-actin, a cytoskeletal filament and has been found to
be single-copy in the majority of fungi tested with exceptions (Tarkka
et al., 2000). Both gene sequences have helped to resolve the evolu-
tionary relationship of fungi on higher taxonomic level (Baldauf, 1999;
Hirt et al., 1999; Baldauf et al., 2000; O'Donnell et al., 2001; Voigt and
Wostemeyer, 2001; Helgason et al., 2003; Kristensen et al., 2005). Even
if commonly used, the topology scores of phylogenetic trees inferred
from data of tub-2, tef1α or act are poor compared to other single-copy
genes, even when a concatenated alignment was used (Aguileta et al.,
2008).

Further protein-coding genes used as fungal markers include those
coding for heat shock proteins, chitinases, chitin synthases, dehy-
drogenases, histones or ATP6 but these have so far played only minor
roles in fungal multigene phylogenies (Feau et al., 2011).

The most interesting marker candidates for the future are the genes
MCM7 and MS277. By testing 246 single-copy orthologous genes, these
two were the only ones with a high phylogenetic performance within
the group of Ascomycota and Basidiomycota demonstrating topological
congruence with the overall fungal consensus tree (Aguileta et al.,
2008). MCM7 codes for a protein that is part of the MCM complex,
which is important for priming replication origins. MS277 codes for the
ribosome biogenesis protein TSR1 required for processing of 20S pre-
rRNA in the cytoplasm. Both have been successfully tested for revealing
the evolutionary history of Kickxellomycotina (Tretter et al., 2013) and
Pezizomycotina (Schmitt et al., 2009).
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Table 1
Datasets and databases useful for molecular identification and chemotaxonomy of marine fungi.

Datasets/databases Kind of (sequence) information (listed only those of
importance for fungal research)

Related publication or webpage Comments

Fungal-specific datasets
AFTOL (Assembling the Fungal

Tree of Life)
Alignments for selected fungal groups: RPB1 & 2;
5.8S, 18S & 28S rRNA gene sequence; concatenated
sequences

www.aftol.org/index.php
Structural and biochemical
database: https://aftol.umn.edu

Manually curated alignments on high-quality
sequences, primer information, links to structural
and biochemical databases

Aquatic fungal phylogenetic
tree

18S rRNA gene sequences (Panzer et al., 2015a) Based on quality-checked sequences and KSMP
Kiel culture collection integrated sequences

Faces of Fungi Details for genera and species: molecular data,
morphology, physiology, ecology, biosecurity,
industrial relevance, biochemistry, phylogeny

(Jayasiri et al., 2015) Open to all mycologists, data accepted from all
mycologists

Fungal 18S rRNA gene sequence
reference tree

18S rRNA gene sequences (Yarza et al., 2017) Based on 9239 manually aligned high-quality
sequences; package includes alignment,
phylogenetic tree, up-to-date taxonomy and ARB
files as ready-to-use tools

Fusarium MLST tef1α, RPB1, RPB2 www.westerdijk.nl/Fusarium Fusarium specific, Pairwise DNA alignments,
polyphasic identification

International subcommission on
Trichoderma and Hypocrea
Taxonomy

ITS sequences, partial tef1α and RPB2 www.isth.info/index.php Hypocrea/Trichoderma-specific, polyphasic
identification, sequence library

PHYMYCO database 18S rRNA gene sequence, tef1α (Mahe et al., 2012) Quality-checked sequences, manually cross-
checked alignments

Q-Bank Molecular decision schemes and sequences to
identify selected fungal species:
ITS, tef1α, act, CAL, COI, tub-2

www.q-bank.eu/Fungi/ Quality-controlled sequences, polyphasic
identification, protocols, recommendations

UNITE ITS sequences (Koljalg et al., 2013) Manual curated datasets, species hypothesis,
reference and representative sequence

Other interesting datasets
Internal Transcribed Spacer 2

ribosomal RNA database
ITS2 sequences and secondary structure (Ankenbrand et al., 2015) Detection and secondary structure prediction of

ITS2 sequence for phylogenetic analysis
Open Tree of Life Phylogenetic trees (Hinchliff et al., 2015) Dynamic and digitally-available tree of life by

synthesising published phylogenetic trees
Protist ribosomal reference

database (PR2)
Eukaryotic 18S rRNA gene sequence, some
sequences from organelle SSU

(Guillou et al., 2013) Manually curated

Ribosomal database project
(RDP)

Fungal 28S rRNA gene sequence alignment, fungal
ITS

(Cole et al., 2014) Quality-controlled sequences, alignments and
analysis tools

SILVA database Eukaryotic 18S and 28S rRNA gene sequence (Quast et al., 2013) Quality-checked sequences, manually curated
alignments, NGS pipeline

TreeBase Phylogenetic trees and data used to generate them https://treebase.org/treebase-web/
home.html

Repository of phylogenetic information

(Marine) fungal culture collectionsa

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

Canadian Collection of Fungal
Cultures (CCFC)

Over 350,000 fungal and fungal plant disease
specimens

http://res.agr.ca/brd/ccc Small subset of national culture collection
comprises marine isolates

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 www.imr.no/marbank/marine_
products/en

Offers storage of samples, marine products and
customised sampling

National Center for Genetic
Engineering and
Biotechnology (BIOTEC)

2486 fungal species 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
comprises marine isolates

Westerdijk Fungal Biodiversity
Institute

More than 50,000 fungal strains http://www.westerdijkinstitute.nl/ Small subset of national culture collection
comprises marine isolates

Natural product databases
Dictionary of Natural Products

(DNP)
Descriptive and numerical data on chemical,
physical and biological properties of compounds;
systematic and common names of compounds;
literature references; structure diagrams and their
associated connection tables

http://dnp.chemnetbase.com/
dictionary-search.do?method=
view&id=12018701&si=

The Chapman &Hall/CRC Chemical Database is a
chemical structure-based database holding
information on chemical substances.

Dictionary of Marine Natural
Products

As DNP http://dmnp.chemnetbase.com/
intro/index.jsp

Contains over 30,000 compounds. DMNP is a
subset of the DNP.

Marine Lit Article records, collection site data, full taxonomy of
producing organism, compound records and
properties, cross referenced with binding data in
BindingDB

http://pubs.rsc.org/marinlit Searchable features and powerful dereplication
tools

(continued on next page)
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2.2.1.4. Combined marker approach. As shown for all marker genes,
conclusions based on a single marker gene might be highly misleading.
Accordingly, larger phylogenetic projects nowadays are based on a
multiple-locus approach. For example, the “Assembling the Fungal Tree
of Life” (AFTOL) project resolved the early evolution of fungi with the
help of six different loci (James et al., 2006). In a multiple-locus
approach, both concatenated and single marker analysis should be run
in parallel, as nodes not recovered in a multiple-marker reference tree
might appear well-supported in single-gene trees or vice versa.

Multiple-marker gene approach is also the most reliable one for
DNA barcoding. According to Q-Bank (http://www.q-bank.eu/Fungi/,
accessed Dec. 2016) the combination of tef1α or act alongside the ITS is
the best technique for the identification of isolates belonging to the
genus Mycosphaerella associated to algae (Fries, 1979; Garbary and
Macdonald, 1995) or Phoma inhabiting marine sediment (Yang et al.,
2005), respectively. The same holds true for community surveys.
Marine fungal communities are often dominated by yeasts, filamentous
ascomycetes or basal fungal lineages, for which species identification is
limited with ITS. Tandem amplification of a second phylogenetic
marker consequently allows the classification of unknown species and
groups to a taxonomic level beyond kingdom. Another advantage is the
possibility to implement ecological evolution-driven questions into the
analysis (Fig. 1). A combination of ITS and the 18S rRNA gene sequence
has been proposed (Arfi et al., 2012; Reich et al., 2017) but in the fu-
ture, other combinations might be favoured like the 28S rRNA gene
sequence and RPB2 or MCM7 with MS277. This will be highly depen-
dent on the development of sequence databases and sequencing tech-
niques. However, due to the wide diversity within the kingdom of
Fungi, the standard markers might enable only coarse identification of
some groups. Therefore, follow up analyses with other target regions
might become necessary, when species-level identification has to be
achieved.

2.2.2. Molecular-based fungal identification tools
Molecular fungal identification tools are mainly based on two dif-

ferent approaches to finally annotate the query sequence by using se-
quence similarity or phylogenetic trees. The main difference is that the
first classifies taxa with reference to existing classifications bound to a
sequence similarity threshold, while the latter one classifies over a
phylogenetic hypothesis. Thus, the results and the conclusions, which
can be driven from one or the other, can be quite different. A more
recently developed tool, multispecies coalescent (MSC) approach, can
currently only fulfil species boundary fine-tuning, but has great po-
tential to delimit fungal species most correctly based on whole-genome
coalescence.

2.2.2.1. Sequence similarity-based approach. Fungal taxon identification
in a sequence similarity-based approach is based on finding a sequence
in a reference database showing a high sequence similarity to the query.

Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) is
one of the most widely used similarity search programs. The program
works in two steps. First, it identifies high-quality short matches
between reference and query sequences over a pattern search (default
three nucleotides). From the best matches, it attempts to start
alignments and extends them under a given score. Diverse alignments
are scored and compared to each other until the best alignment(s) is
found.

Once the “best hit” is identified, the query is taxonomically classi-
fied by transferring the classification from the reference sequence to the
query provided that their similarity is high enough. Thus, a correct
classification depends highly on the reference dataset. A good sequence
reference database is characterised by high-quality sequences with a
reliable annotation (Nilsson et al., 2006) and where changes in fungal
taxonomy are quickly incorporated. An example for the latter case is the
nucleotide sequence Genbank database of the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/
genbank/) that is linked to the manually curated NCBI taxonomy da-
tabase (Federhen, 2012). Here, fungal classification is quickly adapted
based on the results of the newest published phylogenetic analyses.

However, some cons exist for this approach: Uneven taxonomic
sampling of most reference datasets lowers the probability of classifying
all fungal groups. This problem regularly occurs when working on
ecological systems that are a rich source of new fungal species and
groups such as the marine realm (Manohar and Raghukumar, 2013).
For these sample types, the risk is high that fungi under-represented in
the reference dataset are not identified. Here, a phylogeny-based ap-
proach is recommended. Another problem arises, when a genetic region
possesses only low resolving power for the fungal group of interest: this
leads to a long list of “best hits” all with acceptable sequence similarity
values. In the case of several “best hits”, the lowest common ancestor
rule (LCA) is normally applied. The LCA of the “best hits” from con-
served regions often unifies at a higher taxonomic level such as phylum
or even kingdom. Researchers have also to deal with the undescribed
fungal species regularly detected in environmental samples. The lack of
a species name hinders discussion and communication regarding this
taxon. A good step to overcome this obstacle is the use of the digital
object identifiers (DOIs) developed by the UNITE initiative (Koljalg
et al., 2016) allowing the identification of the same unnamed taxon
occurring in diverse habitats and systems.

The similarity threshold classifying a BLAST hit as a “best hit” re-
flects the percentage that separates intra- from interspecific sequence
variability. However, no single threshold value can capture these
boundaries for all fungi. For ITS for example, a standard threshold of
97% is normally applied. 3% intraspecific variability, however, is much
too high for genera like Aspergillus or Penicillium and for others too low
(Nilsson et al., 2008). To overcome this problem, the UNITE initiative
introduced a species hypothesis (SH) concept for fungal ITS sequences.
A taxon is hereby identified over sequence clustering at diverse

Table 1 (continued)

Datasets/databases Kind of (sequence) information (listed only those of
importance for fungal research)

Related publication or webpage Comments

Global Natural Products Social
Molecular Networking

Mass spectrometry data https://gnps.ucsd.edu/ Open-access knowledge base for community-
wide organization and sharing of raw, processed
or identified tandem mass (MS/MS) spectrometry
data

Natural products database 2D structures, physicochemical properties, predicted
toxicity class and potential vendors

http://zinc.docking.org/ Commercially available natural products and
natural product derivatives

Super Natural II Compound information and the corresponding 2D
structures, physicochemical properties, predicted
toxicity class and potential vendors

http://bioinf-applied.charite.de/
supernatural_new/

Database of natural products; 325,508 natural
compounds, most entries plant based

a http://www.wfcc.info/home provides culture collections around the world. The WFCC pioneered the development of an international database on culture resources worldwide. The
result is the WFCC World Data Center for Microorganisms (WDCM). This data resource has records of nearly 476 culture collections from 62 countries. The records contain data on the
organization, management, services and scientific interests of the collections. Alternatively, the Global Registry of Biodiversity Repositories (GRBio), http://grbio.org/, can be used as a
starting point for searches.
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similarity thresholds ranging from 0 to 3% (Koljalg et al., 2013). Cur-
rently, the SH is just based on a very tight threshold (up to 3%) though
some fungal taxa possess much higher intraspecific variability. Another
problem is that many marine fungal genera are under-represented in
the UNITE database (Panzer, 2013). However, the ongoing work of the
UNITE initiative will lead to an improvement of the database. Thus,
mycologists should include the already existing SHs in their analyses
allowing an adjustment of the sequence similarity thresholds to the
fungal taxa of interest.

A sequence similarity based approach is often applied together with
DNA barcoding but also longer sequences can be used. The sequence
similarity based approach leads to the best results when applied for
monitoring known fungal taxa, or for community analysis consisting of
fungal taxa well represented in the reference database. Identification to
species level is only achieved with a good resolving marker gene and
the appropriate sequence similarity threshold. For analyses that do not
reflect these optimal conditions, a manual readjustment is necessary
and the addition of a phylogenetic marker.

2.2.2.2. Phylogeny-based approach. Fungal classification is structured
on phylogenetic (evolutionary) hypotheses, which are ideas about the
pattern of genealogical relationships linking the different fungal clades.
The phylogenetic hypotheses are represented by tree-like diagrams
called phylogenetic trees. As the phylogenetic tree reflects the process
of evolution including the origin and diversification of fungal life, the
big advantage of a phylogeny-based approach over a sequence
similarity based one is the possibility of studying convergent
evolution, diversification or transition processes. Phylogenies can also
be used to track the geographic movements of species.

The first step is the alignment of the sequences identifying specific
characters used to infer the phylogenetic tree. Adjacent positions in the
alignment are presumed to be homologous meaning that they are de-
rived from the same nucleotide position in a common ancestor.
Therefore manual inspection and curation of a processed alignment is
obligatory, as any errors will result in misleading inferences.

The utility of a molecular marker for a phylogenetic analysis de-
pends on its evolutionary rate and degree of conservation. Thus, a given
marker gene can be effectively used to resolve a soft polytomy if it
evolves at an optimal rate at a relevant time scale (Townsend, 2007).
However, genes are known to differ in their information content over
historical time (Graybeal, 1994) and among fungal groups. Thus, the

selection of the appropriate marker genes depends on the taxonomic
level to be resolved and the taxonomic group.

For a reliable phylogenetic analysis, high-quality alignments and
trees are needed. As inferring phylogenies is a science in itself and
experience is needed, it might be better for those who are not experts to
use an existing alignment/phylogenetic tree rather than a quickly
generated one. Unfortunately, one obstacle here is the low number of
published fungal phylogenies deposited in publicly accessible data-
bases. It is estimated that about 70% of fungal alignments/trees pub-
lished are no longer available (Drew et al., 2013). Some fungal-specific
high-quality alignments can be downloaded over the AFTOL project
website (http://wasabi.lutzonilab.net/pub/alignments/download_
alignments, accessed Sept. 2017) including single marker and con-
catenated alignments. They are constructed for diverse fungal groups,
such as Ascomycota (Miadlikowska et al., 2006), Basidiomycota
(Matheny et al., 2006; Matheny et al., 2007), and alignments with 214
fungal taxa (Lutzoni et al., 2004; James et al., 2006). The database
PHYMYCO-DB holds fungal-specific 18S rRNA gene sequence and tef1α
alignments (Mahe et al., 2012). Another option is the use of eukaryotic
alignments that are adjusted to the purpose of the particular study by
deleting non-target groups. Several curated eukaryotic reference
alignment databases exist (for more details see Table 1). Existing phy-
logenetic trees can also be used for inferring the phylogeny of the taxa
of interest: Several programs exist that place a raw query sequence
within a reference tree by phylogenetic placement (Ludwig et al., 2004;
Matsen et al., 2010; Berger et al., 2011): Hereby, the placement is based
on a phylogenetic criterion without changing the overall tree topology.
Thus, the classification of the taxon of interest can be inferred from
the placement within the reference tree like the fungal 18S rRNA
gene sequence tree (https://www.arb-silva.de/download/archive/
publications/fungi_18S/, accessed Sept. 2017) (Yarza et al., 2017).
TreeBASE is a repository of user-submitted phylogenetic trees and as-
sociated data and deposited trees can be downloaded as a NEXUS-file
(https://treebase.org/treebase-web/home.html9; accessed Dec. 2016).
Another source of phylogenetic trees is the “Open Tree of Life” project,
which assembles published trees into a complete tree of life synthesised
with taxonomic data. Each node of the tree can be explored and dis-
cussed by setting comments. The upload and download of trees is
possible (Hinchliff et al., 2015).

The phylogeny-based approach is the right choice, whenever new
species and groups need to be correctly classified or evolutionary and

Fig. 2. Bioassay guided isolation and structural elucidation of natural products, the most common approach in natural product discovery.
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ecological forces shaping communities are of interest (Horner-Devine
and Bohannan, 2006; Emerson et al., 2011). For fungi that are part of a
culture collection, a phylogeny-based approach should be favoured to
ensure an accurate classification.

2.2.2.3. Coalescent-based species delimitation. Phylogenetic trees,
however, sometimes produce conflicting results as gene trees and
species trees can overlap to a very significant degree without being
identical (Yarza et al., 2017). The observed differences result from
biological processes such as gene duplications and losses, horizontal
gene transfer across species boundaries, hybridization events or are
simply the product of misidentification of orthologs (Xu and Yang,
2016). MSC methods have the potential to overcome these
shortcomings, as population parameters and processes inferred from
DNA sequence data are used to define species boundaries. Thus, input
for MSC tools are sequence alignments (up to several loci), group
(population/species) membership and in some cases a phylogenetic
tree. Supplying bad-quality alignments and phylogenetic trees will lead
to misleading estimations of species numbers. In recent years, various
MSC methods have been developed which differ in the model of species
delimitation. For a detailed description of the underlying theory and
methods, we would like to refer the reader to excellent reviews on this
topic such as Carbone and Kohn (2004), Fujita et al. (2012) or Xu and
Yang (2016).

Although MSC is now more and more used to define species within
various organism groups (Fujita et al., 2012), its application for fungal
species delimitation remains challenging. Fungi often do not adhere to
the biological species concept, for example by having offspring through
interspecific mating or asexual reproduction (Stukenbrock, 2013). This
hinders the sampling of sequence data within the frame of populations.
Further drawbacks are the high demand on computational power and
the availability of sequences from different loci for the same species
(Zhang et al., 2011). Therefore, MSC can currently only be considered
as an additional tool for fine-tuning species boundaries of well-defined
taxon groups rather than a standard approach for fungal species iden-
tification. However, with the increasing number of sequenced fungal
genomes, comparative genomics will unlock genomic-based mechan-
isms on content and structure that drives fungal lineage divergence and
species boundaries. Once species divergence in less well defined fungal
taxa are understood, whole-genome coalescent approaches will become
a powerful tool for estimating genomic relationships and speciation
times.

2.2.3. Fungal identification in the era of “omics”
The use of NGS techniques opened a new era for marine fungal

biodiversity research, tapping an unexpected fungal diversity and
richness in the marine realm (e.g. Amend et al., 2012, Redou et al.,
2014, Richards et al., 2015, Hassett and Gradinger, 2016, Rämä et al.,
2016). It further scrutinized the dynamic of fungal communities, deci-
phering influencing factors and interactions (Orsi et al., 2013; Taylor
and Cunliffe, 2016; Reich et al., 2017). However, metabarcoding cur-
rently relies on the amplification of (relatively short) marker gene re-
gions and thus is biased by limited taxon resolution and PCR errors. A
multiple-marker gene approach improves resolution power but remains
PCR-dependent. With the characteristics of single-molecule template
based sequencing and generation of read length up to (several) kb,
third-generation sequencing technologies are good candidates to over-
come the limitations of metabarcoding (Schadt et al., 2010). Un-
fortunately, the current sequencing error rate is still far too high (Koren
et al., 2012) to support a reliable fungal identification.

Thus, the roadmap for future fungal taxon identification indicates
some directions: Single-molecule sequencing (SMS) technologies with
no need of PCR amplification will eradicate an entire suite of PCR-in-
duced errors. SMS in a biodiversity context is similar to a metagenomic
approach where the pool of scattered genomes in a sample are frag-
mented and sequenced. As marine fungi often represent a smaller part

of the microeukaryotic community, intensive sequencing is necessary to
receive sufficient amounts of reads for a reliable classification. In con-
trast, future single-taxon identification will likely be based on the se-
quence of the whole genome, which has the power to resolve the
phylogenetic placement of fungal lineages within a phylogenomic
context (Wang et al., 2009) – and will deliver at the same time the full
genetic background including secondary metabolite gene clusters. The
outcome of both approaches relies highly on the quality of downstream
bioinformatic analyses. So far, no standards have been developed and
no well-surveyed tools are available for easy fungal identification. The
need of developing such methods and standards demands once again a
global, integrative, and interdisciplinary programme for marine fungal
research.

2.3. Ecological “omics”

“omics” applied in ecological studies can go far beyond simple
fungal identification by addressing questions of nutrient cycling, stress
responses or ecological niche construction (Dupont et al., 2007).
Therefore, ecological “omics” provide information that is unobtainable
by any other means, for example the biological capacities of marine
fungi that underlie the ecology of marine ecosystems. WGS of key or-
ganisms or meta-analysis of natural communities shed light on the
biodiversity that supports ecosystem function. Genomics further fuel
the understanding of taxa relationships, speciation events, life-history
patterns and physiological ecology. One example is the WGS-based
identification of shared genomic elements between the fungus Rozella
allomycis and closely-related endoparasitic microsporidia species
coding for a nucleotide transporter that is used for stealing energy in
the form of ATP from the host. At the same time, the Rozella genome
lacks many genes for primary metabolism but is enriched for signal-
transduction genes, elucidating a host-dependent life-history (James
et al., 2013).

Transcriptomics tackle the active part of a community or the ex-
pressed genes and thus can study factors responsible for ecological
niche limitations: For example, fungi thriving in the subseafloor are
exposed to extreme energy limitations. One adaptation strategy seems
to be an elevated autophagy that reduces and recycles unnecessary
proteins for new protein synthesis (Orsi et al., 2015). Finally, pro-
teomics reflects the fungal response to the environment and provides
complementary information to what could be explained by genome and
transcriptome variation. Being unaffected by post-translational and
-transcriptional modifications or phosphorylation events, proteomics is
a genuine measure for the phenotype. It is the key to understand
adaptation and colonisation processes for fungi that possess very similar
genomic elements (de Vries et al., 2017) but show variations in life-
history patterns. Up to now, proteomics has not been applied for marine
fungal ecology research. One reason might be the lack of adequate
databases that link the identified protein classes/groups to a functional
pathway. The link between genetic loci, expressed genes and proteins
with functionality is currently the largest obstacle for all “omics”.
However, NP research has the potential to identify many of the missing
links and expand the knowledge on physiological pathways in marine
fungi. Transferring this knowledge into databases accessible and easily
readable for ecologists is an important step towards interdisciplinary
research on marine fungi.

3. The “world” of natural products discovery and functional
studies

3.1. Natural products discovery from marine fungi

Marine fungi are a rich and promising source of novel anticancer,
antibacterial, antiplasmodial, anti-inflammatory and antiviral agents,
and bioactive compounds isolated from them have been comprehen-
sively reviewed (Bugni and Ireland, 2004; Bhadury et al., 2006; Saleem
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et al., 2007; Blunt et al., 2016). These metabolites are produced as so
called “secondary metabolites”, organic compounds that are not di-
rectly involved in the normal growth, development, or reproduction of
an organism, but provide long-term enhancement of the organism's
survival prospects. Secondary metabolites are often bioactive and are
usually of low molecular weight. Although chemically diverse, all sec-
ondary metabolites in fungi are produced by a few common biosyn-
thetic strategies based on variations and combinations of a small
number of fundamental pathways, often in conjunction with morpho-
logical development (Keller et al., 2005).

Studies of NPs from marine fungi continue to rise: considering
mangrove-associated fungi, the number of studies published is in-
creasing every year, with the majority coming from endophytic species.
Most of these metabolites are derivatives of those discovered previously
from terrestrial fungi but derivatives might exhibit significant differ-
ences in their biological activities, potency and specificity. In recent
years, the fungal sources of new metabolites have been broadened from
saprophytic terrestrial strains and living plants with their endophytes to
marine habitats. While by far most of the metabolites described are
produced by asexual stages of ascomycetes e.g. Penicillium and
Aspergillus species, the interest in basidiomycetes and the number of
metabolites derived from them has grown considerably (Imhoff, 2016).
The fungal species of the former group of Zygomycota, so far easily
isolated and cultured, seem to be less prolific producers (Schueffler and
Anke, 2014).

Considering their enormous untapped biodiversity and their almost
ubiquitous distribution, the diversity of marine fungi is not adequately
represented in investigations on their secondary metabolites. NP dis-
covery from marine fungi usually follows the classical discovery ap-
proach; combining chemical and biological screening for a bioassay-
guided isolation of NPs from fungi isolated from marine habitats by
classical culture based isolation techniques (Fig. 2).

Metabolomic approaches have only recently been adopted in the
field of NP drug discovery. Thereby, NP research is changing and ra-
pidly adopting cutting-edge tools with the potential to radically trans-
form the characterisation of small molecule-containing extracts. Early
integration of deep metabolome annotation information can efficiently
guide the isolation of valuable NPs. In parallel, the new approaches
generate massive metadata sets which can be used for various study
perspectives, such as ecological questions (Allard et al., 2017). Still,
most of these studies focus on the discovery of the novel chemistry
rather than the biology of the producer. The motivation to search for
NPs in most cases differs from the motivation of gene miners or even
fungal ecologists, being interested in the genetic structure, evolutionary
questions or functional system analyses. However, analyses of sec-
ondary metabolites based on the genetic background of the producing
fungus face the difficulty of combining phenotypes and genotypes and
thereby understanding the biological background of the synthesis of the
metabolite of interest. Here, the disciplines could come together to
allow pioneering research in all fields. The increasing number of fungal
genome sequences indicates that their biosynthetic potential is far from
being exploited (Grigoriev et al., 2014).

Ecology and lifestyle have a big impact on the secondary metabolite
profile of fungi. The behaviour of a fungus isolated on a petri dish
differs significantly from that in its natural habitat. Only a small part of
the marine fungal metabolic potential is observed under classical ex-
periments consisting of cultivating one strain in a standard medium
over a definite period of time in artificial lab conditions. This greatly
limits the potential of drug discovery from fungi (Brakhage, 2013). To
overcome this issue, many research teams have then investigated ways
to unravel cryptic biosynthetic pathways to access a wider chemodi-
versity (Pettit, 2011; Gram, 2015; Reen et al., 2015). Thus far, different
methods were applied to awake silent pathways using elicitors and
epigenetic modifiers, as well as co-cultivation of organisms (Scharf and
Brakhage, 2013). However, most of these approaches are based on
random selection of conditions rather than on prediction, so called

OSMAC approaches (one strain many compounds, coined by Bode et al.,
2002.

3.2. Limitations in prediction

There are several classes of secondary metabolites including poly-
ketides, non-ribosomal peptides, terpenes, indole alkaloids and “hybrid
molecules”. Genes for their biosynthetic pathways are grouped in
clusters including transcription factors, enabling relatively easy iden-
tification and prediction of the clusters in genome sequences. A number
of fungal genomes are currently being sequenced and those already
completed demonstrate a tremendous overall biosynthetic capacity of
fungi. On average, about 30 to 40 biosynthetic gene clusters coding for
secondary metabolites are found in a single genome (Sanchez et al.,
2012). The majority of these gene clusters have not been linked to their
corresponding NPs but improved understanding will facilitate phylo-
genetic considerations of biosynthetic pathways. These gene clusters
are accessible for bioinformatic prediction of the genes themselves, but
as many of these newly discovered secondary metabolism gene clusters
are silent under standard laboratory conditions, a connection between
the gene cluster and the product cannot be made in many situations.
Furthermore, the biosynthetic pathways can be assembled in many
combinations and sometimes in iterative reactions, resulting in a
variety of possible products, making prediction of the final secondary
metabolite structure challenging (Keller et al., 2005). For instance,
polyketides, the most abundant fungal secondary metabolites, are
produced by enormous multi-enzyme complexes. Fungal polyketides
are synthesised by type I polyketide synthases (PKSs), short-chain car-
boxylic acids are condensed to form carbon chains of varying lengths. In
the fungal PKSs, the ketoacyl CoA synthase (KS), acyltransferase (AT)
and acyl carrier (ACP) domains are essential for polyketide synthesis.
Fungal PKSs have one module, which can carry out repeated biosyn-
thetic reactions, and are therefore called ‘iterative PKSs’. The diversity
of fungal polyketide structures results from the number of iteration
reactions, the number of reduction reactions, which extender unit is
used and, in the case of aromatic polyketides, cyclisation of the nascent
polyketide chain. Further variety is achieved by the introduction of
many different post-polyketide-synthesis steps (Keller et al., 2005). This
complexity complicates the prediction of the resulting chemical struc-
ture from genetic data. The prediction of the biological activity or
function of the secondary metabolite/NP is a challenging task. In con-
trast to proteins, where similarities often implicate similar activities,
belonging to a chemical class does not necessarily allow prediction of
biological activity. There are different reasons for this: Firstly, small
structural differences in the molecules may lead to different bioactiv-
ities (as illustrated e.g. in (Silber et al., 2016)) – only structure-function-
analyses can help to overcome this prediction gap. Another reason is
the limited availability of ecologically relevant bioactivity data for most
of the molecules. Many compounds are described based on their che-
mical novelty or with respect to a specifically targeted activity, such as
medically relevant activities (Roemer et al., 2011; Wohlleben et al.,
2016).

This is another limitation explaining the observation of the number
of biotechnological processes described for large-scale production from
marine fungi compared to number of newly-discovered NPs. The cur-
rent developments in metabolic engineering and marine microbiology
have not yet matured into broadly-applicable processes, but offer nu-
merous options for improvement of production processes and estab-
lishment of new process chains (Silber et al., 2016).

3.3. Inclusion of “omics” for improved prediction and production

In order to establish the overall potential of marine fungi for NP
biosynthesis, it is important to understand the phylogenetic diversity of
marine fungi, the biosynthetic potential of the species and strains and
the phylogeny of NPs biosynthesis. Therefore, much emphasis has to be
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given to the determination of the phylogenetic position of the fungi
under investigation in order to enable correlation of the phylogenetic
relationship to secondary metabolite production or vice versa (Kramer
et al., 2016). The approach must be carefully selected with respect to
the targeted phylogenetic group, as shown in the discussion on genetic
markers above.

Comprehensive knowledge from the genome to the metabolome
level contributes not only to a general understanding of the potential of
fungi in drug discovery, but also helps to crystallise optimisation stra-
tegies for biotechnological processes. The analyses on proteome level
(proteomics) may especially deliver valuable insights into the produ-
cing cell, underlying regulatory processes and angles for metabolic
engineering. Transcriptomics, proteomics, and secretomics can be ap-
plied to elucidate the metabolic state of a cell on all levels of gene
regulation and to indicate regulation sites on DNA, RNA, and protein
level. Based on such knowledge, conditions required to induce expres-
sion of the full biosynthetic potential of an organism can be established
and further be controlled. A current example shows how powerful these
tools can be: a comparative proteome study on a marine Microascus
brevicaulis strain revealed how the biotechnological fermentation pro-
cess should be controlled in order to increase the production of the anti-
cancer compounds scopularides A and B (Kramer et al., 2015). Fur-
thermore, fluxomics, which determine the metabolic flux of primary
molecules during primary and secondary metabolism in a quantitative
manner, is a powerful tool to display the conversion of nutrient source
into products or by-products (Knuf and Nielsen, 2012).

This knowledge can be used to design fermentation conditions or to
engineer the underlying pathways by means of genetic modification.
Metabolomics has the potential to deliver quantitative analyses of the
metabolite profile (Silber et al., 2016).

3.4. Chemotaxonomy as the key for defining best practice

Secondary metabolite profiling has also been assessed as one of the
markers for differentiation among filamentous fungi (chemotaxonomy).
Moreover, there have been efforts to classify fungi based on secondary
metabolite profiles (Frisvad et al., 2008). The major objective of any
taxonomic study includes systematic grouping of taxa of interest
through generation of robust natural classification based on constant
characteristics, which reveal their factual evolutionary record and de-
velopment of trustworthy identification for uncomplicated taxon de-
termination. As outlined, molecular taxonomic methods are the most
widely accepted tools for identification of the appropriate taxonomic
level of microbes. The delivered taxonomic information often has some
limitations with respect to resolution: species or even strain level
cannot always be elucidated. As a complementary method, chemotax-
onomy may utilize secondary metabolites to distinguish fungi at the
species or even strain level (Frisvad et al., 2008), which can be applied
to strains available in culture. With the progress of modern chromato-
graphic techniques, metabolite profiling is easy, fast and reliable, which
has resulted in increasing secondary metabolite data. Conversely, this
method has a drawback as the production of these secondary metabo-
lites can be affected by different factors such as environmental condi-
tions, temperature and pH (Guarro et al., 1999). Adaptation to identical
environmental conditions as well as phylogenetic relatedness can lead
to consistent secondary metabolite profiles.

The presence of genes for the biosynthesis of a given type of sec-
ondary metabolite may or may not be limited to phylogenetic groups, as
known e.g. for the species-specific secondary metabolite production in
the genus Penicillium (Smedsgaard and Frisvad, 1996). Several studies
on the chemotaxonomy of a number of fungal genera have been re-
ported (Kang et al., 2011; Rai et al., 2014); however, these studies did
not identify the metabolites that determined different clustering pat-
terns. Metabolite profiling is often used to identify unknown com-
pounds from complex data because it makes the simultaneous ob-
servation of all kinds of metabolites possible, rather than affiliating

specific compounds to specific taxonomic questions. Chemotaxonomy
could also be quite useful for researchers in the field of NPs: in-
corporating chemotaxonomy into fungal NPs research is very useful for
comparing strains and dereplication of known metabolites (Bugni and
Ireland, 2004; Overy et al., 2014). Accordingly, modern chemotax-
onomy might develop into a field, where a strong interaction between
phylogenists and chemists would be advantageous for both disciplines.
Kramer et al. provide an example of how data can be integrated: che-
mical profiling of the anticancer active compound scopularide and its
derivatives in Microascus/Scopulariopsis strains indicated that all strains
obviously share the gene cluster for scopularide A production (2016).
No other genera are known from the literature producing the scopu-
larides. This suggests an almost mutually exclusive distribution of the
scopularide production in the genus of Scopulariopsis/Microascus.
Hence, this molecule could serve as phylogenetic marker for the Sco-
pulariopsis/Microascus group. The putative biosynthetic gene cluster of
scopularide A was identified based on the sequenced genome of strain
LF580 (Lukassen et al., 2015). Furthermore, the molecule could be
related to the asexual lifestyle as high production titers were found only
in a clade comprising strains that show only asexual behaviour under
lab conditions. This could link further studies to functional ecology.

3.5. “omic” techniques can improve biotechnology of marine fungal natural
products

Biotechnology of marine fungal NPs can take advantage of genome
mining; varying from the simple search for compounds with predicted
physicochemical properties up to methods that exploit a probable in-
teraction of microorganisms. Until now, the majority of successful ap-
proaches have utilized molecular biology in the forms of gene knock-
outs, promoter exchange, overexpression of transcription factors or
other pleiotropic regulators. Moreover, strategies based on epigenetics
opened a new avenue for the elucidation of the regulation of secondary
metabolite formation and will certainly continue to play a significant
role in the characterisation of cryptic NPs. The conditions under which
a given gene cluster is naturally expressed are largely unknown. One
technique is to simulate the natural habitat by co-cultivation of mi-
croorganisms from the same ecosystem. This has already led to the
activation of silent gene clusters and the identification of novel com-
pounds in Aspergillus nidulans (Bergmann et al., 2010). These simulation
strategies will help discover new NPs in the future, and may also pro-
vide fundamental new insights into microbial communication. Meta-
bolic engineering has the potential to be used for large scale production
of these compounds using rational biochemical designs. There are re-
ports of implementation of metabolic engineering for production of
marine fungal secondary metabolites (Yanai et al., 2004; Silber et al.,
2016).

4. Integrating fungal molecular ecology and natural product
research

4.1. Wanted: strategies to merge the two “worlds”

Bringing together fungal molecular ecology and NP research in the
field of marine fungi will benefit both fields and will facilitate new
research directions. The integration, however, lies in the future. The
fields need to find a multidisciplinary approach allowing a compre-
hensive view on marine fungi and their chemical potential. The estab-
lishment of the MaFNAp Consortium as a network of research groups
with interests in the development of this evolving field of research in
August 2014 was a first important step in this direction. The consortium
has led to the development of collaborative projects, accompanied by
biannual conferences. However, additional steps must follow, such as
agreements on a common language. Such consortia could be the
starting points for development of common rules that enable access to
strains, compounds and data in formats needed for a comprehensive
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Box III
Glossary

Chemical profiling (metabolite profiling) Connected to dereplication and defined as the systematic detection and/or identification and/or
quantification of a range of natural compounds. Depending on the final purpose and on the
analytical technique available, chemical profiling can be performed as a fingerprint analysis or
as a targeted profile. A fingerprint analysis represents a global analysis where all detected me-
tabolites are not necessarily identified. In a targeted chemical profiling approach, a predefined
number of compounds or a particular chemical class of compounds is investigated and the
molecular structures are identified.

Chemotaxonomy The use of chemical profiling as classification tool enabling identification and classification of organisms based on profiles
of secondary metabolites.

Coalescent theory A probabilistic theory to identify the evolutionary history of alleles as a basis for population genetic processes.
Dereplication The rapid identification of known compounds present in a mixture. Historically, the first definition of the term “dereplication”

was given by Beutler et al. (1990) as “a process of quickly identifying known chemotypes”. Their goal was to evaluate the
activity of a range of terrestrial and marine plant extracts by using a simple phorbol dibutyrate (PDBu) receptor binding assay
and to rapidly identify compounds responsible for this activity without investing time in traditional bioassay- guided frac-
tionation or full structure elucidation procedures. Today used in bioactivity screening campaigns for the identification of
known compounds based on a combination of biological activity and physicochemical properties and/or the grouping of
samples containing similar compounds likely to be responsible for the biological activity detected.

DNA Barcoding A common approach in biodiversity assessments, where a short marker gene (in the range of 400–800 bp) is used for fungal
taxon identification. The proposed genetic region for fungal identification is the Internal Transcribed Spacers (ITS) (Schoch
et al., 2012) though wide differences in its resolution power for the diverse fungal groups exist.

Fluxomics The determination of the metabolic flux of primary molecules during primary and secondary metabolism, in a quantitative
manner.

Marker gene A marker gene is a precise genetic region used to identify and/or classify the queried fungal organisms. Marker genes differ in
the observed sequence variability among fungal groups and thus are suitable for the resolution on different taxonomic levels.
Fungal classification has to be based on phylogenetic markers to infer a robust phylogeny.

Metabarcoding High-throughput- and DNA-based identification of multiple species from a complex and/or environmental sample.
Metabolomics Defined as the qualitative and quantitative analysis of the whole set of low molecular weight metabolites present in a bio-

logical system (Fukushima and Kusano, 2013), also falls within the scope of chemical profiling. However, more specifically,
metabolomics is an interdisciplinary field that combines high resolution analytical systems, multivariate statistics and data
mining tools, chemical and biological knowledge, and sometimes metabolic network modeling in an attempt to understand
metabolic pathways, gene-function relationships, or states of an organism in response to environmental changes, drug per-
turbations, phylogeny, genotypic or phenotypic variabilities. Metabolomics workflows are strongly context-dependent and
have been used over the last years in so many different fields that a range of experimental design methodologies have been
developed with specific lines regarding sample preparation, data analysis or metabolite identification strategies (Hubert et al.,
2015).

Metagenomics A functional and sequence-based analysis of the collective microbial genomes contained in an environmental sample. The
goal is the assembly of whole organism genomes and the finding of most common functional genes in a taxonomic context.

Natural product (NP) The extent to which the term NP has been characterised is both limited and debatable. Therefore, a common definition
that is accepted by all involved disciplines will remain a moving target. In the simplest of terms, a NP is a small
molecule that is produced by a biological source. As a central theme of exploration bordering chemistry and biology,
NP research focuses on the chemical properties, biosynthesis and biological functions of secondary metabolites. In this
context, the task of defining “natural” is more straight forward and encompasses isolation from a native organism,
synthesis in a laboratory, biosynthesis in vitro, or isolation from a metabolically engineered organism whereby the
chemical structure has been determined and the resultant compound is chemically equivalent to the original NP. In
summary, a NP is a pharmacologically or biologically active chemical compound or substance, which is found in
nature and produced by a living organism and can even be considered as such if it can be prepared by a totally
synthetic approach (Natural Product. Feb 7, 2013. Available from: http://www.thefreedictionary.com/Natural
+product.). In most cases, NPs are considered as small molecules with molecular weights below appr. 1000 Da,
however, high molecular weight substances such as polysaccharides and proteins do also show therapeutic potential.

“omic” techniques Comprehensive approaches for the description of the different biological levels of a cell (DNA - genome, RNA - tran-
scriptome, proteins - proteome, metabolites - metabolome). They all share novel and rapid methods for the broad
analysis of the given level (the aim is to describe the totality of e.g. all genes, all proteins, etc.) and the generation of big
datasets. A combination of these approaches will lead to a deep understanding of the metabolic potential and the reg-
ulation on cellular level.

Phylogenetics The study of evolutionary relatedness of organism groups, or molecular data based on observed differences (morphological/
physical/genetic). The evolutionary relatedness can be inferred by diverse phylogenetic methods and tools. The outcome is a
phylogenetic tree. However, inferring a phylogeny is always an estimation procedure that makes a best estimate of an evo-
lutionary history based on incomplete information.

Phylogeny-based approach A phylogeny-based approach uses phylogenetic metrics to analyse differences between communities. Thus, it
can account for highly divergent and phylogenetically unique taxonomic units and recognizes closely related
groups of species that would be treated equivalently in a sequence similarity-based approach (Martin, 2002;
Lozupone and Knight, 2005). This is of importance as environmental parameters often constrain/support
phylogenetic structure (Enquist et al., 2002) and non-random processes occur (Emerson et al., 2011). For
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analysis of the data. Training and education of the next generation of
marine fungal researchers could help to sustain the collaboration and
enable true transdisciplinary approaches.

4.2. Common vocabulary and repositories

As outlined, the two disciplines benefit from closer interaction but
the languages, quality criteria and directions for scientific investigation
differ, often without appreciation by the researchers affected. Limited
communication will always lead to limited outcomes; both scientific
communities will learn that they need to understand each other. Only
rare examples, as the Hubert et al. (2015) review on dereplication show
the way for best practices, how such vocabularies can lead to a con-
sequent, standardised use of terms being developed in a variety of
different research fields. Therefore, a common vocabulary further de-
veloped during common conferences and the use of the same sources
and databases would enable progress.

4.2.1. Common vocabulary
Integration of the two “worlds” in a transdisciplinary matter does

not mean learning all the techniques and knowledge of the other party
to expert level, but to understand when the complementary expertise is
needed. A prerequisite is the use of the correct vocabulary when com-
municating with each other. This compliance will be of benefit, for
subsequent publication, for compliance to regulatory frames including
the Nagoya protocol (www.cbd.int/abs/, accessed May 2017) and –
most important - to frontier research. In Box III we propose a first
glossary of terms to support the development of a common vocabulary.

4.2.2. Databases
For marine fungal research, most often, general fungal resources are used

independent of whether the outcome should be an ecological, taxonomic or
functional annotation of the queries: an exhaustive list can be found in
Hibbett et al. (2016) with databases and tools for sequence-based

classification and identification, genomic databases and tools and data stan-
dards. Data treatment and databases of metabolic studies, including dere-
plication were recently reviewed by Allard et al. (2017). However, most of
the specific databases, as Marine Lit (http://pubs.rsc.org/marinlit/, accessed
May 2017) and Dictionary of Natural Products (http://dnp.chemnetbase.com/
dictionary-search.do?method=view&id=12018701&si=, accessed May
2017), are not open access. First steps were undertaken to combine mass
spectra data for comprehensive networking studies. Such examples will pave
the way for future databases (Wang et al., 2016b). The website ‘omics tools’
can be used as a starting point to access the different databases (https://
omictools.com/, accessed May 2017).

In any case, all databases are biased towards terrestrial fungi. Until now,
no marine fungi-specific database exists that combines the diverse informa-
tion that could be theoretically compiled, based on the data and knowledge
owned by the diverse researcher's laboratories. A few attempts exist such as
the Freshwater Ascomycete Database (http://fungi.life.illinois.edu/; accessed
Dec. 2016) devoted solely to taxa in the phylum of Ascomycota and providing
a general taxon background, lists reports over freshwater Ascomycota, and
offers illustrated profiles among other services (Shearer and Raja, 2010).
Another database is the Indian Marine Fungal Database (www.fungifromindia.
com/fungiFromIndia/databases/IMFD/nextPage.php?id=home.php, ac-
cessed Dec. 2016), owning 233 entries of marine fungi found in India and is
linked to Mycobank. The World Register of Marine Species (WoRMS) (www.
marinespecies.org/, accessed Dec. 2016) aims to provide an authoritative and
comprehensive list of names of marine organisms. A more advanced database
called Faces of Fungi (www.facesoffungi.org/, accessed Dec. 2016) is set up to
assemble all kind of information of fungi and fungal-like organisms: The in-
cluded fungal profiles consist of information including industrial relevance,
quarantine status, chemistry, links to sequence and culture collections, mor-
phological description, phylogenetic information, ecology and human im-
pacts (Jayasiri et al., 2015). Currently, the database is sparsely populated and
the information provided is scarce, with a high bias towards terrestrial fungi.
Additionally, connected datasets, such as habitat data, are not interlinked and
must be searched elsewhere, for example in Pangaea (www.pangaea.de/,

example, phylogenetic clustering and overdispersion are often caused by environmental filtering or competitive
exclusion (Horner-Devine and Bohannan, 2006; Webb et al., 2008).

Phylogenetic placement A method used for integrating sequences into an existing phylogenetic reference tree. For this method, the topology
of the tree is not changed and integration is based on phylogenetic methods.

Phylogenetic tree A branching diagram in form of a tree demonstrating the evolutionary relationship among e.g. of species. Branches of the
tree interconnect nodes. The nodes represent species while the branch determines the ancestor relationship among nodes.
Dependent on the method chosen to calculate the phylogenetic tree, the branch length can indicate the amount of evo-
lution such as mutation events.

Secondary metabolite The term “natural product” is generally regarded as being synonymous with “secondary metabolite” (Kinghorn et al.,
2009). Secondary metabolites are organic compounds in the correct chiral (i.e. stereochemical) configuration to exert
biological activity, but have no “primary” function directly involved in the normal growth, development or re-
production of an organism (Zähner, 1979). Secondary metabolites are usually relatively small molecules with a
molecular weight below 3000 Da and exhibit considerable structural diversity (Krause and Tobin, 2013).

Sequence similarity-based approach A sequence similarity-based approach is used to identify a sequence in a reference database that shows
a high sequence similarity to the query relatively quickly. This search is conducted over pairwise
alignments on very short stretches of the query sequence, which is iteratively elongated. The pairwise
alignments are scored by sequence similarity without incorporation of an evolutionary model (for
example mutation rates, base occurrence etc.).

Species delimitation The process of determining the boundaries of a species concept from empirical data.
Structural elucidation Determination of the chemical structure of a secondary metabolite by means of nuclear magnetic resonance (NMR)

spectroscopic data, exact mass measurements, polarimetry etc., in many contexts this includes the determination of
the stereostructure of the molecule, which often determines biological activity.

Taxonomy Taxonomy is the science of classifying organisms into groups that are evolutionarily-related and form a taxon. The classification is
based on shared characteristics. Nowadays, molecular data are used for fungal taxonomy where a character is defined as nu-
cleotides of the same alignment column of a multiple sequence alignment. Thus, taxonomy is defined on the basis of phylogenetic
analysis where a taxon has to be represented as a monophyletic clade (Yarza et al., 2014). Due to the evolving number of publicly
available sequences fungal taxonomy is under regular reconsideration. This can have even consequences on a higher taxonomic
rank such as a phylum or subphylum (Spatafora et al., 2016).
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accessed Dec. 2016), which is an open access library to archive, publish and
distribute global georeferenced data.

4.2.3. Culture collections
Culture collections play a vital role in the conservation and sus-

tainable use of microbial resources including fungi (Daniel and Prasad,
2010). They also provide the authentic biological material needed for
referencing not only the taxonomic but also the NP research in the form
of reference strains, reagents for quality control, etc. Unfortunately,
only a limited number of marine fungi are currently deposited in cul-
ture collections. As a consequence, only a few voucher sequences are
available although they are a prerequisite for an accurate sequence-
based identification of marine fungi. Especially under the light of the
continuous discovery of new microbial taxa and strains, the need to
preserve and make them accessible to other researchers for research,
teaching and for biotechnological exploitation, is indisputable. In-
dividual laboratories are unable to do this due to lack of financial
support and manpower. This role is thus played by culture collections
(Smith, 2003) and adopted software to store the different kinds of data
related to a cultured taxon (Pena and Malm, 2012). Some small specific
collections of marine fungi exist (Table 1) but again, finding compre-
hensive resources and even more important, the compliance of re-
searchers to deposit their strains in publicly accessible culture collec-
tions is rather rare in the field.

5. Outlook

Considering the existing knowledge and recent approaches, the
following factors seem to be essential for unifying the two “worlds” of
fungal molecular ecologists and NP researchers:

• Improving and expanding existing datasets on marine fungi in terms
of bio- and chemo-diversity with the help of “omic” tools.

• Adherence to the existing rules for taxon naming, which is the very
basis for communication and comparison of research results.

• Use of adapted identification tools: the ITS being the announced
fungal DNA barcode does most often not deliver the necessary re-
solution for marine fungi: extension of identification protocols to-
wards a double-marker gene approach including a phylogenetic
marker.

• A phylogenetic context is mandatory for the classification of un-
described fungal taxa.

• Ecological studies should take advantage of interlinking metabo-
lomic screening and taxonomic analysis: results can be passed on to
network analysis elucidating the ecological role of secondary me-
tabolites.

• Comprehensive databases are needed: either existing databases must
be interlinked or researchers from both “worlds” have to provide
substantial support to set up a new database where all results on
marine fungi are made available in a comprehensive manner.

• Emphasising the deposition of marine fungal isolates in culture
collections to extend the fungal biodiversity accessible by biological
material.

• True transdisciplinarity: the transdisciplinary and integrative ap-
proach of developmental projects should encompass research pro-
jects. Thus, important gaps in the knowledge of marine fungi re-
levant for the production of fungal NPs should be actively addressed
and made relevant. Successfully addressing these challenges will
require the combined effort of multidisciplinary teams.
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