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Summary 
Marine fungi comprise a group of organisms that have been overlooked for a long time. 

Research interest has increased with the realization of the important ecological role and rich 

chemistry of marine fungi. Marine fungi have yielded thousands of new natural products the 

last decade, but many taxa remain unstudied. Marine fungi from the Arctic have not been 

reported in literature in regard to bioprospecting campaigns and represent a novel source of 

natural products. 

The aim of this thesis is to assess the potential of Arctic marine fungi to produce 

bioactive secondary metabolites by fermentation and genome analysis. This was achieved in 

three steps. First, fungi were isolated from the Svalbard archipelago. The 20 isolates obtained 

were characterized based on molecular markers and their antibacterial activity was tested using 

an agar diffusion assay (Paper 1). Secondly, three distinct marine fungi were whole genome 

sequenced and characterized. One of the fungi represented a putatively novel species which 

was circumscribed based on morphology and phylogenetic inference (Paper 2). Finally, a 

metabolite from one fungus among the 20 obtained around Svalbard was isolated and the 

bioactivities characterized (Paper 3). 

In Paper 1, half of the fungal isolates showed activity against pathogenic bacteria and 

every third isolate represents potentially new species of fungi. Five of these isolates are strictly 

marine fungi belonging to the order of Lulworthiales. The study showed that the Arctic can 

yield novel marine fungal diversity that can be utilized in bioprospecting. 

For Paper 2, three marine fungi were whole genome sequenced and their biosynthetic 

gene clusters were characterized. Mapping of the biosynthetic gene clusters (BGCs) within the 

Emericellopsis genome confirmed the detection of the secondary metabolite helvolic acid 

produced during fermentation. The study revealed numerous unknown biosynthetic gene 

clusters and a range of carbohydrate active enzymes. Each of the three genomes provides the 

first genome of their respective taxa and can contribute to understanding their evolutionary 

adaption to the marine environment. 

In Paper 3, a novel compound from the fermentation broth of Mytilinidion sp. was 

isolated and its bioactivity was characterized using seven different bioactivity assays. The 

compound turned out to be a modified medium component with IC50 of 43 µM in an ACE-

inhibitory assay. The compound was novel and this is the first report of its bioactivity. 

Molecular networking could perhaps have provided early indications that the compound was a 

modified medium component.  
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Sammendrag 
Marin sopp er en gruppe av organismer som har vært oversett i lang tid. Interessen for marin 

sopp har steget i takt med økt forståelse for dens økologi og rike kjemi. Mange tusen nye 

naturprodukter har blitt beskrevet fra marin sopp de siste tiårene, men det er fremdeles mange 

grupper som ikke er godt studert. Marin sopp fra Arktis er ikke godt undersøkt i forbindelse 

med bioprospektering og representerer en ny kilde til naturprodukter. 

Målet med avhandlingen var å vurdere potensialet til Arktisk marin sopp for å produsere 

bioaktive metabolitter ved å bruke fermentering og genomanalyse. Dette ble gjennomført i tre 

steg. Først ble 20 marine sopp isolert i løpet av ett forskningstokt rundt Svalbard. Disse soppene 

ble karakterisert ved hjelp av molekylære markører og evnen til å produsere antibakterielle 

forbindelser ble undersøkt ved å bruke agar-diffusjons analyse (Artikkel 1). Det neste som ble 

gjort var at tre forskjellige marine sopp ble helgenomsekvensert og genomene ble karakterisert. 

En av soppene er antageligvis ny for vitenskapen og ble beskrevet basert på morfologisk og 

fylogenetisk analyser (Artikkel 2). Til sist ble ett stoff fra en av soppene fra Artikkel 1 isolert 

og bioaktiviteten til stoffet ble beskrevet (Artikkel 3). 

I den første artikkelen viste halvparten av de isolerte soppene antibakteriell aktivitet mot 

sykdomsfremkallende bakterier. Hvert tredje isolat representerer muligens nye arter basert på 

tilgjengelige referansesekvenser. Fem av de potensielt nye artene tilhører ordenen 

Lulworthiales som kun finnes i havet. Studien har vist at det er stort potensiale for å avdekke 

nye arter og at mange av disse viser evne til å produsere antibakterielle forbindelser. Dette viser 

at de kan utnyttes i bioprospektering. 

I Artikkel 2 ble tre ulike marine sopper helgenomsekvenseert og genomet ble 

karakterisert med tanke på hvilke biosyntetiske genklynger og karbohydrat-aktive enzymer som 

ble detektert. Karakteriseringen av genklyngene i Emericellopsis bekreftet deteksjonen av 

metabolitten helvolsyre som soppen produserte under fermentering. Studien avslørte mange 

ukjente genklynger og en rekke karbohydrat-aktive enzymer. De tre genomene er de første 

helsekvenserte genomene i deres respektive slekter og kan bidra til å gi ny kunnskap om de 

evolusjonære tilpasningene de har til det marine miljø. 

I den siste artikkelen ble ett ukjent stoff fra fermenteringen av Mytilinidion isolert. 

Bioaktiviteten til stoffet ble karakterisert ved hjelp av syv forskjellige bioaktivitetstester. Stoffet 

viste seg å være en delvis nedbrutt og modifisert mediekomponent som hadde en IC50 verdi på 

42.3 µM i en ACE-inhiberingstest. Analyse ved hjelp av molekylært nettverk kunne kanskje 

avdekket at stoffet var relatert til dyrkningsmediumet.  
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1 Introduction 

1.1 Marine environment as a source of drugs 

In very broad terms, the search for natural products (NPs) is a process that has been with us 

humans for as long as we have recorded history (Petrovska 2012). Humans have always used 

natural resources around them. Bark of willow trees has been used to reduce pain and 

inflammation (Norn et al. 2009; Desborough & Keeling 2017). Yellow ochre has been used to 

alleviate internal maladies such as diarrhea since ancient Egypt (Carretero et al. 2006; 

Abrahams 2009). Today we actively search for new remedies in a systematic process called 

bioprospecting. This is done by extracting molecules produced by different organisms, testing 

them for biological activities and making a commercial product out of the most promising ones. 

This search for natural products from living beings – the isolation, screening and identification 

of them – can be visualized in a pipeline, Figure 1. This effort declined in the middle of the 20th 

century as more and more compounds were rediscovered (Kong et al. 2011) and the focus 

shifted towards synthetic chemistry (which ultimately failed to replicate the intricate and 

diverse structures produced by living organisms). Finally, in the late 20th century natural 

products research again blossomed due to the greater variation in chemical diversity and 

bioactivity compared to what synthetic chemistry was able to offer (Baker et al. 2008; Stratton 

et al. 2015). This development is reflected in a downward trend in natural products approved 

by the Food and Drug Administration (FDA). The highest point (32) occurred in 1987, and the 

lowest in 2006 (5), after which it stabilized at around 8 per year (Patridge et al. 2016; Newman 

& Cragg 2020). However, the rate of FDA drug approval in general has increased from 17 in 

2002 to a record high in 2018 of 59, but this includes synthetic products (Pereira 2019; Mullard 

2021). 
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Figure 1 – The general workflow in bioprospecting for natural products for drug discovery. 
Top-down starts with the living organism while bottom-up starts with non-living material (DNA) after the initial 
sampling. Inspired from (Wikmark et al. 2016; Sekurova et al. 2019) 

To combat the problem of rediscovery of known compounds, researchers looked to new 

niches and unexplored habitats. Especially the marine environment saw increased interest 

(Kong et al. 2011). The oceans make up over 99 % of the earth’s biosphere (Munafo et al. 

2020), containing unique habitats with vastly different environmental stresses compared to 

terrestrial habitats. Examples of unique habitats in the marine environment are the littoral zone, 

coral reefs, deep-ocean and black smokers (hydrothermal vents). One example of why the ocean 

is a good source to look for novel organisms can be found in the animal kingdom. One phylum 

is unique for the terrestrial habitats, while the marine habitats have 14 unique phyla (Heap et 

al. 1998). A comparison of NPs from terrestrial and marine sources, shows that the diversity 

and uniqueness of marine NPs is higher than those of terrestrial origin (Shang et al. 2018). The 

differences reflect the marine environment, where oxygen is limited and halogens are more 

abundant as solved ions. The high rate of novel discoveries from marine sources could be either 

due to a larger structural variation or higher degree of unexplored potential (Shang et al. 2018). 

The marine environment has become a hotspot for NP research. Fungi, sponges, 

cnidarians and bacteria are the four most prolific or investigated producers of new compounds 

(Carroll et al. 2020). Fungi yielded the highest number of new marine compounds discovered 
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between 2014 and 2018 and show a rising trend in the number of compounds uncovered in this 

time period (Carroll et al. 2020). This indicates that marine fungi have seen an increased focus 

the last years and they are a good source for novel compounds. However, fungal NPs, including 

terrestrial sources, only make up 10-12 % of NPs (Patridge et al. 2016; Ntie-Kang & Svozil 

2020). Currently, 14 marine NPs are approved as drugs and 23 NPs are in different phases of 

clinical trials (Ghareeb et al. 2020; Midwestern University 2020). Only one marine fungal NP 

is currently in development, Plinabulin in Phase III (Midwestern University 2020). 

1.2 Fungi – Evolution, diversity and ecology 

It is believed that fungi first evolved as aquatic organisms between 800-2,400 million years ago 

(James et al. 2006; Hermann & Podkovyrov 2010; Bengtson et al. 2017; Raghukumar 2017; 

Bonneville et al. 2020) because the basal taxa (Opisthosporidia, Chytridiomycota) are 

unicellular flagellated organisms. This was followed by an adaptation to life on land (as the 

first eukaryotes) with loss of the flagellum around the same time as plants first appeared some 

460 million years ago, Figure 2 (Naranjo-Ortiz & Gabaldón 2019b). 

   

Figure 2 – Fungal tree of life showing the main divisions and ecological adaptions of fungi.  
The depiction is simplified and the systematic and ecological diversity is greater. Inspired by (Guarro et al. 1999; 
Naranjo-Ortiz & Gabaldón 2019b, 2020; Li et al. 2021) 

Fungi continued to evolve alongside other organisms and plants, forming different 

symbiotic relationships and adapting to different terrestrial niches. Today fungi are detected in 

almost every niche that has been examined (Maheshwari et al. 2000; Zhdanova et al. 2000; 

Dadachova & Casadevall 2008; Cantrell et al. 2011; Ciobanu et al. 2014; Wang et al. 2017). 

Fungi that can form multicellular macroscopic fruiting bodies can be divided into 

Basidiomycota and Ascomycota. The difference between these two phyla can be seen in the 
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septation of the mycelium and structure of the fruiting body and hymenium, Figure 3. After the 

colonization of the terrestrial environment, several linages in Dikarya (Basidiomycota and 

Ascomycota) have readapted to life in the marine environment. These adaptations have occurred 

at least 11 times since the initial terrestrial colonization (Spatafora et al. 1998; Jones et al. 2009; 

Jones & Pang 2012; Raghukumar 2017). The initial transition to the terrestrial environment 

with the loss of the flagellum might have been a larger barrier to cross than re-entry into the 

marine environment (Richards et al. 2011a). After the initial transition from the aquatic to the 

terrestrial environment, transitions in both directions have occurred many times (Richards et al. 

2011a).  

   

Figure 3 – Overview of the different macro- and micromorphological traits of the different higher phyla within the 
fungal kingdom and general morphology of fungi. 
The traits shown are general examples and the diversity of structures and exceptions to these are many. Inspired 
from (Naranjo-Ortiz & Gabaldón 2019a, 2020) 

1.2.1 Marine fungi 

Fungi from the marine environment were first isolated in the middle of the 19th century from 

algae and plants (Montagne 1846; Shin 2020). The marine environment was not considered a 

major fungal habitat and the fungi were believed to be closely tied to terrestrial resources 

nearshore (Amend et al. 2019). This view has changed over time as we have understood the 

importance of fungi in the ecosystem and seen how widely distributed they are in the marine 

environment. Marine fungi have a wide distribution across the oceans and are found in nearly 

all habitats that have been examined to date, even deep beneath the ocean floor (Ciobanu et al. 

2014; Ivarsson et al. 2016). 
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What makes a fungus in the marine environment a marine fungus? This is a central 

question which has been debated in the mycological community. The answer to this question 

seems simple; a marine fungus is a fungus that lives in the marine environment. But what is 

“living” in the marine environment? Is it fungi you isolate from the ocean? Metabolically active 

fungi in the ocean? Fungi able to reproduce in seawater? Or do they need other specific 

adaptations to be considered marine fungi? These are some of the questions that have been 

asked in the search for a definition of marine fungi. To begin with, marine fungi were 

characterized by the ability to grow and reproduce in marine environments or on media 

prepared on seawater (Johnson & Sparrow 1961; Amend et al. 2019). This definition was 

refined by Kohlmeyer (1974) splitting fungi into two fungal groups, the obligate marine fungi 

which grow and sporulate exclusively in the marine habitat, and the facultative marine fungi 

that are mainly freshwater or terrestrial species that are halotolerant or halophilic. This has been 

the dominant definition for the last 35 years (Pang et al. 2016). 

The definition proposed by Kohlmeyer (1974) has excluded seemingly terrestrial fungi 

that are repeatedly isolated or detected in the marine environment (Jones et al. 2009). The latest 

definition proposed by Pang et al. (2016) suggested that marine fungi should have a broad 

definition and include fungi that are repeatedly isolated from the marine environment because 

they (1) grow or sporulate in the marine environment, (2) form symbiotic relations with other 

marine organisms, or (3) adapt, evolve or are metabolically active in the marine environment. 

Lately, a new term was introduced, marine fungi “sensu stricto” (s.s., obligate marine fungi as 

Kohlmeyer (1974) defined it), these are marine fungi that occur only in the marine environment 

with no known species on land (Overy et al. 2014). Finally, within natural products research 

and bioprospecting, the term “marine-derived” is common, indicating that the fungus has been 

isolated from a marine source. Generally, papers on natural products research are usually 

focused on the secondary metabolites produced and not on the physiology or ecology of the 

isolated fungi (Pang et al. 2016). The relationship between these definitions of marine fungi 

can be seen in Figure 4. 



 

6 

  

Figure 4 – Overview of the different definitions of marine fungi and how they relate to each other. 
Adapted from a figure provided by Teppo Rämä. 

In order to check if a fungus fits the definition of Pang et al. (2016), a few methods can 

be used. Active mycelium and dormant spores that germinate from a sample are difficult to 

differentiate. Detection of active mycelium can be performed by analyzing RNA which is less 

stable and only present if a cell is metabolically active. This is in contrast to DNA, which is 

more stable, and present regardless of the state of the cell (Pang et al. 2016; Singer et al. 2017). 

Resting spores that are able to germinate in the presence of salt would fall into the category of 

being able to germinate in the marine environment and can thus be regarded as marine. It is 

therefore important to use salt based media for isolation of marine fungi. Isolation of marine 

fungi will be discussed further in chapter 1.2.3. 

In this thesis, the term marine fungi will be used for fungi isolated from the marine 

environment using sea water based media. If a fungus is a marine fungus sensu stricto, it will 

be specified when relevant. 

1.2.2 Taxonomic identification of fungi 

There are several ways to identify species of fungi. Before the DNA sequencing era, fungi were 

classified based on morphological traits, such as the ones shown in Figure 3. Different taxa 

usually have markedly different macro- and microscopic traits, such as septal structure, 

branching of mycelium, spore shape, size and appendages, and color reactions in different 
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chemicals. This is sometimes referred to as classical or alpha taxonomy. Convergent evolution, 

where two distantly related genera have evolved similar morphological traits, can be difficult 

to detect and resolve solely based on alpha taxonomy. The opposite can also be a challenge, 

where phylogenetically closely related fungi have large morphological differences. 

Alpha taxonomy has been partially replaced by molecular taxonomy. By comparing 

different conserved regions in the genome, it is possible to identify which taxonomic group a 

fungus belongs to. There are several conserved regions of the genome that are used to determine 

the systematic position. These genetic regions are often called barcode regions. The main fungal 

barcode region is the internal transcribed spacer (ITS) region (Schoch et al. 2012). There are 

many other areas in the genome that can be used for taxonomic placement and the selection 

depends to some degree on the group of fungi that is studied (Quast et al. 2013; Visagie et al. 

2014; Stielow et al. 2015; Banos et al. 2018). Molecular taxonomy is only as accurate as the 

selection of the barcode region and availability of reference sequences. Often, isolates which 

have nearly identical barcode sequences (a similarity above a certain threshold) are grouped 

into what is called operational taxonomic units (OTUs). These are then considered to roughly 

represent the same species (Ryberg 2015). Convergent evolution, which can be a challenge in 

alpha taxonomy, can be resolved by molecular taxonomy. A complementary approach using 

both alpha and molecular taxonomy is usually advisable to determine the systematic placement 

accurately (Lücking et al. 2020). 

Many fungi do not produce characteristic fruiting bodies in the laboratory and have few 

macro and microscopic traits that can be discerned. Fungi lacking sexual fruiting bodies are 

often called anamorphic fungi. Systematic placement of anamorphic fungi has been greatly 

aided by molecular taxonomy. 

1.2.3 Current status and trends in research on marine fungi 

The mycological research efforts can be classified into fundamental and applied research. 

Fundamental research attempts to understand the biology, physiology, evolution, ecology or 

biogeography of fungi. Applied research utilizes the fundamental understanding of fungi to 

solve specific practical issues or challenges, for example in bioremediation, bioprospecting or 

biocatalysis. Fundamental and applied research can overlap. Applied research is usually based 

on initial findings from fundamental research. The development of research on marine fungi 

can be viewed with these two branches of research in mind. 

Marine fungi were first isolated as early as 1846 (Montagne 1846). However, attention 

to marine fungi as a distinctly adapted ecologically important group only began in the middle 
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of the 20th century (Barghoorn & Linder 1944; Johnson 1956a, 1956b). Since then a relatively 

small group of mycologists worked in this field and the numbers of publications generally did 

not exceed 10 per year until the 1990s, Figure 5. This was around the time when fungal research 

also started to branch more into applied mycology and screening for natural products and 

enzymes (Rohrmann & Molitoris 1992; Fenical & Jensen 1993; Davidson 1995). This trend 

can be seen in the sudden increase in publications on marine natural products in the early 90s.  

  

Figure 5 - Number of publications on marine NPs, fungi and fungal NPs spanning from 1950-2020.  
This does not reflect all publications in each field but the trend of publications as the search is limited by the 
keywords used. Data extracted from Clarivate Analytics (2021). The search strings used were: Marine fungi 
(“Marine fungi” OR “marine fungus”), Marine-derived fungi (“marine-derived fungi” OR “marine-derived fungus”), 
marine fungal NP (("Marine fungi" OR "Marine fungus" OR "marine-derived fungi" OR "marine-derived fungus") 
AND (natural product OR secondary metabolite OR bioprospecting), Marine NP (Marine AND (natural product OR 
secondary metabolite OR bioprospecting)) 

Despite the acceleration in research on marine-derived fungi and marine fungal natural 

products, the research on marine fungi sensu stricto is lagging behind (Overy et al. 2014). 

However, this discrepancy has been noticed and marine fungi sensu stricto have to a larger 

extent entered the spotlight the last few years (Jones 2011; Overy et al. 2014; Tasdemir 2017; 

Overy et al. 2019). The issues raised by these authors show the necessity of an ecological 

understanding in order to properly determine how different taxa relate to the marine 

environment. 

Many microorganisms do not grow on artificial media and are therefore uncultivable. 

The problem of cultivability has been well established in bacteria (Rappé & Giovannoni 2003). 
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This is also a challenge in investigating and isolating marine fungi (Amend et al. 2019). This 

can be seen in the difference of detected taxa between cultivation studies and culture-

independent studies (Grossart et al. 2016; Chrismas & Cunliffe 2019; Wu et al. 2019). The 

uncultivable diversity detected from culture-independent methods has been coined “microbial 

dark matter” (Garrity et al. 2013). The difference between culture and culture-independent 

studies is in part due to selective biases of the different methods that are used (Stefani et al. 

2015; Rämä et al. 2017). Environmental DNA studies have been able to detect previously 

unknown fungal phyla (Amend et al. 2012; Manohar & Raghukumar 2013). Several strategies 

have been developed to grow fungi in laboratory conditions outside of their natural habitat. 

Examples of different strategies are baiting with specific substrates (Prenafeta-Boldú et al. 

2001; Overy et al. 2014; Basu et al. 2015; Hassett et al. 2019), adapting cultivation by using 

extracts from hosts, changing temperature, pH, salinity, pressure or other environmental 

variables (Kohlmeyer & Kohlmeyer 1979; Redou et al. 2015), in-situ diffusion chambers such 

as the iChip or microbial traps (Nichols et al. 2010; Epstein 2013; Berdy et al. 2017; Libor et 

al. 2019; Overy et al. 2019; Liu et al. 2020a). 

1.2.4 The adaption of fungi to the marine environment 

The estimates indicate that there are as many as 2.2-3.8 million fungal species. Around 120,000 

(3.2-5.5 %) of these species are described, with most of these being terrestrial (Hawksworth & 

Lücking 2017). Marine species are found in almost all parts of the fungal tree of life (Manohar 

& Raghukumar 2013; Jones et al. 2019). Currently, there are over 1,300 recognized marine 

fungal species (Jones et al. 2019; WoRMS Editorial Board 2021), which is about 10 % of the 

current estimate of the total number of marine fungal species (Jones & Pang 2012). Most of the 

described marine species are ascomycetes (1027) (Jones et al. 2015; WoRMS Editorial Board 

2021). Within Ascomycota there are several classes with marine fungi sensu stricto orders, 

Sordariomycetes is the largest class with 7 orders, followed by two in Dothideomycetes and one 

in each of Eurotiomycetes and Lecanoromycetes (Jones & Pang 2012). 

Marine fungi have morphological, physiological and ecological adaptations to the 

marine environment (Overy et al. 2019). Morphological adaptations include filamentous spores 

or appendages on the spores, sometimes with mucus, small or embedded fruiting bodies and 

passive spore release (Hyde et al. 1993; Jones 2000; Sridhar 2009; Jones 2011; Overy et al. 

2019). The physiological adaptations of marine fungi enables them to tolerate high salt levels, 

low water potential, higher pH and low temperatures (Raghukumar 2008). These tolerances are 

conferred through a variety of molecular mechanisms, for example, ion transporters, osmolytes 
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and different cell membrane composition, adaptation of enzymes and substrate preference 

(Jennings 1983; Raghukumar 2008; Ahumada-Rudolph et al. 2014; Lee et al. 2015). The marine 

environment also offers different substrates compared to the terrestrial environment, which 

requires specialized enzymes (Balabanova et al. 2018; Pilgaard et al. 2019). This will be 

discussed further in section 1.5.3. 

In the context of adaptation to the marine environment, the genus Emericellopsis 

(Hypocreales, Sordariomycetes) could provide an interesting case study. Molecular work has 

shown that most of the species within Emericellopsis form two distinct clades, one marine and 

one terrestrial clade, as well as a putative alkali-tolerant clade (Zuccaro et al. 2004; Grum-

Grzhimaylo et al. 2013; Gonçalves et al. 2020). Lately, it has been questioned whether this 

actually holds true as more species are being described, especially considering the ecology of 

the three most recent species (Gonçalves et al. 2020). The three species are all isolated from 

marine algae, but each species is placed in different clades, breaking the previously established 

hypothesis of a marine and terrestrial clade. Similarly, Calycina marina (previously 

Laetinaevia marina, Helotiales, Leotiomycetes) was considered the sole member of a strictly 

marine genera based on ecology and morphology until a more recent molecular study placed 

the genus within Calycina, a terrestrial clade (Jones & Pang 2012; Baral & Rämä 2015). These 

fungi are examples of how previous assumption and knowledge is challenged when new 

techniques are used, and new species are isolated and described. 

1.3 Natural products from fungi 

Natural products (NPs) and metabolites are basically the same. They are any organic molecules 

or compounds produced by the enzymes of an organism. Some of the metabolites form larger 

macromolecules and polymers, such as cellulose, lignin, proteins, DNA and RNA. The 

macromolecules and large polymers are usually excluded when the metabolome is considered. 

Just as the genome contains all genetic information of an organism, the metabolome contains 

all small molecules, usually <1500 Daltons, that an organism produces (Wishart 2008; 

Lamichhane et al. 2018). The natural products that are investigated for pharmaceutical uses are 

often even smaller, <500 Daltons (Lipinski et al. 1997). There are many NPs that are larger 

than 1500 Da (Benet et al. 2016), an example of this is ziconotide at 2630.2 Dalton (Wang & 

Bowersox 2000). 

The metabolites are often classified into primary metabolites and secondary metabolites. 

Primary metabolites are considered essential for the survival of the organism. They are usually 

found across the entire tree of life or large taxonomic groups, for example the nucleotides for 
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DNA and RNA synthesis, phospholipids in cell membranes and amino acids used in proteins. 

Secondary metabolites are considered nonessential metabolites that often increase the 

organisms’ ability to survive, communicate and reproduce, or they have no known function. 

All secondary metabolites branch out from the primary metabolites. Amino acids can be turned 

into alkaloids, flavonoids or specialized peptides, acetyl-CoA are the building blocks for 

polyketides, terpenoids and lipids and these can be merged in any numbers of ways with other 

primary or secondary metabolites to form hybrid metabolites. 

There are some prolific fungal clades renowned for their number of natural products. 

These include fungi within Eurotiales, such as Penicillium, Aspergillus and Fusarium 

(Wisecaver et al. 2014). However, the marine nature of many fungi within those clades are 

questioned (Overy et al. 2014). The genomes of these taxa show many cases of horizontal gene 

transfers and expansion of biosynthetic gene clusters or enzymes (Richards et al. 2011b; 

Fitzpatrick 2012; Chen et al. 2014; Wisecaver et al. 2014). Since the research effort is not equal 

on different classes of fungi it is difficult to say how marine fungi sensu stricto compare to the 

more cosmopolitan fungi. By 2014, only about 80 of more than 1000 described fungal 

metabolites were from marine fungi sensu stricto (Overy et al. 2014). 

Many secondary metabolites are produced by enzymes encoded in biosynthetic gene 

clusters (BGCs), Figure 6. The biosynthetic gene clusters have a structure where a core gene 

produce an enzyme that generates the scaffold of the molecule. Then other enzymes, coded by 

different tailoring genes, modify this scaffold, e.g. by adding functional groups. Transporters 

can be present, which are responsible for the secretion of these compounds to the environment. 

The expression of genes within the cluster are often regulated by transcription factors that are 

activated based on environmental cues (Keller 2019). 

 
Figure 6 - Schematic representation of a biosynthetic gene cluster.  
They can contain several copies of genes, especially tailoring genes. In case of hybrid clusters, there are several 
different types of core biosynthetic genes. A minimal biosynthetic gene cluster contains at least the core enzyme 
and one or more tailoring gene. Adapted from (Keller 2019) 

1.3.1 Natural product classes 

Natural products can be categorized in many different ways based on the chemical, 

structural or functional properties, biosynthetic pathways or by species taxonomy. The different 

classes and biosynthetic pathways that produce the natural products are numerous and diverse, 

due to this many NPs can fit into several classes depending on the definition that is used. Here, 
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they will be classified based on their constituent subunits. Following this, NPs can be classified 

broadly into the categories polyketides, specialized amino acids and peptides, terpenes, 

specialized carbohydrates and hybrids (Hanson 2003), Table 1.  

Table 1 – Overview of different classes of secondary metabolites from fungi. 
Alkaloids are included as a subclass of specialized amino acids. Adapted from (Hanson 2003; Keller et al. 2005; 
Keller 2019) 

Class Pathway Subunit / derivative of 

Polyketides and fatty 
acids  

Polyketide synthases 

 
Specialized amino acids, 
derivatives and peptides: 
 

Nonribosomal peptide 
synthases 
Ribosomally synthesized and 
post-translationally modified 
peptides 

 

 Alkaloids1 Various 
Dimethylallyltryptophan synthases 
Cyclic dipeptide oxygenase 

 
+ others 

 Phenylpropanoids / 

flavonoids2 

Shikimate pathway 
Aromatic amino acids 

 
Terpenes:  Mevalonate pathway 

 
Specialized carbohydrates Various Various 

Hybrids: Mix of the above Mix of the above 
1 Alkaloids are generally considered nitrogen containing compounds, they have considerable chemical diversity 

and comes from different pathways. True alkaloids have nitrogen that comes from amino acids. Often alkaloids 

are divided in three classes, true alkaloids, protoalkaloids and pseudoalkaloids (Vickery & Vickery 1981; Zhang 

et al. 2012). 

2 It has been claimed that fungi does not possess the enzymatic machinery for flavonoid production (Gil-Ramírez 

et al. 2016), but this has later been disputed (Mohanta 2020). 

Polyketides are the most common class of secondary metabolites produced by fungi 

(Rateb & Ebel 2011; Joint Genome Institute 2021b). Polyketides are synthesized by polyketide 

synthases (PKSs) from acetyl-CoA, propionyl-CoA and malonyl-CoA that are condensed 

together. Amino acid derivative NPs are produced by, among others, nonribosomal peptide 

synthases (NRPSs), ribosomally synthesized and post-translationally modified peptides 

(RiPPs) and dimethylallyltryptophan synthases (DMATs). The compounds resulting from these 

pathways are built up by amino acid chains or modified amino acids. The amino acid residues 

can be proteogenic and/or non-proteogenic. Alkaloids are usually heavily modified amino 

acids, or the amine group has been donated from amino acids. Diketopiperazines are a special 
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class consisting of two amino acids in a fused cycle. Phenylpropanoids are derived from the 

shikimate or aromatic amino acid pathways. In contrast to alkaloids, the amine group of the 

amino acid has been removed while the aromatic ring is retained. This group of compound is 

not very common in fungi because the enzymatic machinery to produce the compounds are not 

universally distributed in the fungal kingdom (Mohanta 2020). Terpenes (or terpenoids or 

isoprenoids) are made from one or more isoprene units (Oldfield & Lin 2012). These are the 

precursors to carotenoids, sterols and rubber (Brahmkshatriya & Brahmkshatriya 2013). 

Terpenes are often classified based on the number of isoprene units in the skeleton (Abdallah 

& Quax 2017). One of the most common terpenoids (triterpenoid) is cholesterol, and its fungal 

equivalent ergosterol (Liu & Nes 2009). Carbohydrates rarely occur as core structures in 

secondary metabolites and are usually attached to other classes of NPs. Carbohydrate 

containing NPs are called glycosides (Weymouth-Wilson 1997). 

Many secondary metabolites can seem similar to primary metabolites. However, they 

can have some key modifications that makes it possible to differentiate them from the primary 

metabolites. The modifications change the chemical properties of the secondary metabolites 

which can affect the selectivity, function and stability in the environment. One example of how 

stability is affected is the modification of the peptide bonds in many NP peptides. Usually, 

proteins and peptides are readily degraded by enzymes that specifically target the peptide bonds 

between amino acids. These enzymes are called proteinases or peptidases. By adding a methyl 

group to the nitrogen of the peptide bond or using non-proteinogenic amino acids, Figure 7, the 

proteinases and peptidases are unable to recognize the peptide bond and unable to cleave the 

NP which increases the NPs stability (Dong et al. 2012; Böttger et al. 2017). 

  

Figure 7 - Acrepeptin A, an example of a non-ribosomal peptide with modifications highlighted. 
Blue is N-acetylated capping of the end of the peptide. Red is N-methylated peptide bonds. Yellow is non-
proteinogenic amino acids. These modifications differentiate NRPS peptides from ribosomally produced peptides 
and increase their structural diversity, stability and resistance to degradation. Adapted from (Hsiao et al. 2020) 

1.3.2 Troublesome natural products and un-natural products 

There are a few special cases of NPs that deserve mention when it comes to bioprospecting and 

bioactivity screening (which will be introduced in chapter 1.4). Pan-assay interference 
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compounds (PAINS) are compounds that are known to have many biological activities, 

unspecific binding, interfere with assay readout and can thus seem promising at first due to high 

bioactivity (Dahlin et al. 2015; Baell 2016; Pouliot & Jeanmart 2016). Because they interact 

and bind unspecifically to many different enzymes, receptors and proteins used in assays, they 

are often referred to as promiscuous compounds. PAINS should be possible to detect if a sample 

shows activity in multiple unrelated target assays. Many PAINS have highly reactive functional 

groups such as thiols and specific chemical motifs that can be recognized and used to aid in the 

identification of them (Baell & Holloway 2010; Baell 2016; Baell & Nissink 2018).  

A second group of compounds that should be kept in mind are NP artefacts or pseudo-

NPs. These compounds are derived from natural products that have been modified by 

spontaneous chemical reactions due to changes in pH, temperature or reactions with extraction 

solvents (Maltese et al. 2009; Hanson 2017; Venditti 2018). The group of artificial NPs have 

received attention in the last few years due to an increasing number of reports of new NPs that 

are in fact suspected of being artefacts from the extraction process (Venditti 2020). Many of 

these compounds are new, but they are reported as having a natural origin (e.g. biologically 

produced) instead of being derived artificially during the extraction procedure (Venditti 2020). 

1.3.3 Natural environment as inspiration for expression of natural products 

Secondary metabolites are produced for a multitude of reasons. They can be used to promote 

host growth, signaling and quorum sensing, virulence, protection against environmental 

stresses, defense against competitors and nutrient acquisition (Rokas et al. 2020). The 

production of these metabolites can be triggered by mimicking conditions under which these 

metabolites are naturally produced, similar to mimicking the environment for the isolation of 

fungi. The environment is a very important source of inspiration for different cultivation 

mediums. By examining the environment the fungi is isolated from, environmental triggers or 

competing organisms that can be used in co-culture can be detected. The addition of triggers to 

cultivation media can activate production of unique metabolites (Bertrand et al. 2013; Haas 

2015). A technique based around this approach is the One Strain Many Compounds (OSMAC) 

method (Hewage et al. 2014; Gubiani et al. 2016; Romano et al. 2018). This method has been 

employed in numerous ways from using ground up host tissue, mimicking environments such 

as seawater, co-culturing to mimic competition, different sources of nutrition or lack of it (for 

example iron free medium for siderophore production) and varying carbon and nitrogen sources 

(Romano et al. 2018). 



 

15 

One of the many challenges with natural products research is that many secondary 

metabolites are not expressed under laboratory conditions (Brakhage et al. 2008; Brakhage & 

Schroeckh 2011). The OSMAC approach has been employed with success in this regard 

(Hewage et al. 2014; Fan et al. 2019; Zhang et al. 2019). However, other methods exist to 

enable the expression of additional metabolites. The methods include modifying the genome to 

overexpress global or specific regulators, modifying epigenetic regulators, heterologous 

expression of gene clusters or gene editing using CRISPR/Cas9 (Reen et al. 2015; Zhang et al. 

2019). 

1.4 Screening fungal metabolites for bioactivity 

Several diseases are increasing in prevalence in today’s society. Modern medicine is currently 

facing increasing incidences of multiresistant bacteria, cancer and diabetes (Ventola 2015; 

World Health Organization 2020). This means that there is an increasing need for new 

medicines that can treat these conditions (Lage et al. 2018). Different types of screening 

methods and assays are used in order to detect different activities and targets. If there is activity 

in different unrelated assays, especially for pure compounds, the activity could be caused by 

unspecific interactions caused by the aforementioned PAINS (Fu et al. 2019). This is undesired 

because you want the NPs to be specific in their activity. This might not be the case in complex 

extracts containing many different compounds. In complex mixtures compounds can interact 

and cause synergistic or antagonistic effects. This leads to an increase or decrease, respectively, 

in their activity compared to their individual effects (Li & Zhang 2008; Stefanović 2017). 

1.4.1 Phenotype / cell-based assays 

Phenotypic assays are screening assays that look for an observable change in cells or organisms 

caused by a compound. The use of a phenotypic assay allows for detection of effects on a 

complex system, where many different enzymes, proteins and receptors, called targets, are 

present. Commonly used phenotypic assays for determining the toxicity of NPs are cell based 

viability assays (Hansen & Bross 2010). By using the cell viability assay, it is possible to screen 

NPs that cause changes in the cells survival by for example colorimetric readouts, Figure 8. 

There are several advantages of using phenotypic assays. No prior knowledge about the target 

of the compound is required and novel targets can also be discovered by using phenotypic 

assays (Moffat et al. 2017). Another advantage is that the results you get are usually biologically 

relevant. It is a live system representative of the pathogen or disease (Ursu et al. 2017). If several 

different phenotypic assays are used, for example using different cancer cell types, fungi or 
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bacterial strains, it is possible to detect the specificity of the compound tested and potentially 

get clues of the affected target (Matano et al. 2016; Moffat et al. 2017; Lage et al. 2018). Ideally, 

antibacterial NPs should be harmless to human cells and only affect the bacterial cells. One 

disadvantage of phenotypic assays is that it can be difficult to deconvolute the target the 

compound interacts with and to screen out promiscuous compounds (Moffat et al. 2017; Ursu 

et al. 2017). 

 

Figure 8 – An example of a phenotypic assay where a compound is added and two different methods to detect the 
resulting phenotypic change. 

1.4.2 Biochemical or target based assays 

Biochemical or target-based assays will only allow detection of compounds interacting with the 

specific protein, enzyme or receptor used in the assay (Fu et al. 2019). The advantage of using 

a target-based assay is that the target is representative for a specific disease. The interaction 

between compound and target can be measured directly. Target-based assays requires that the 

target is well characterized in terms of the disease it is involved in (Matano et al. 2016), and 

there are many different types of targets that can be used, Figure 9. Additionally, other similar 

targets or off-targets can be used as counter screens to measure specificity (Lage et al. 2018). 

An example of a biochemical assay is the Protein-tyrosine phosphatase 1B (PTP1B) enzyme 

assay, PTP1B is a negative regulator of insulin and it is a promising target for anti-diabetic 

therapeutics. A counter-screen with T-cell protein tyrosine phosphatase (TCPTP) is often used 

because TCPTP is essential for normal growth and development (Tiganis 2013). 
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Figure 9 – Examples of different cellular target classes that can be targeted by anticancer and antibacterial 
compounds. 
Adapted from (Chifiriuc et al. 2016; Nass & Efferth 2018) 

1.4.3 Screening complex mixtures 

In a complex extract, such as crude extract from fermentations, there are very many different 

compounds. Crude extracts contain lipids, carbohydrates, media components and salts that have 

unspecific effects and can interfere with the assays used to screen for bioactivity. In order to 

limit and decrease the interference from such compounds, it is generally advisable to pre-

fractionate the extract (Hubert et al. 2017). This creates a series of fractions that are often 

separated based on polarity. Highly polar sugars, salts and media components are usually found 

in the early fractions, while very hydrophobic compounds such as lipids and oils are found in 

the last fractions, if reverse phase chromatography is used (Appleton et al. 2007). 

Carbohydrates and lipids are often unwanted because they are part of the primary metabolites 

and can have unspecific effects that are not possible to exploit pharmaceutically. 

Other confounding effects are the synergistic and antagonistic effects between different 

compounds. Pre-fractionation have shown promise in reducing these interfering effects, 

enabling the detection of active NPs that would have been missed (Thornburg et al. 2018). This 

is also because the active compounds become more concentrated when the complexity of 

extracts are reduced. The reduced complexity again simplifies the dereplication that has to be 

performed to identify the active components (Thornburg et al. 2018). 
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1.5 Fungal genomics 

In the early 2010s, the Joint Genome Institute (JGI) started a scientific community project called 

the 1000 fungal genomes project (1KFG) which aims to make fungal genomes available for the 

public (Grigoriev et al. 2011; Grigoriev et al. 2014). Only a small portion of the diversity in the 

fungal kingdom had been sequenced and a significant portion of the diversity had no sequencing 

data available. 

Currently, more than 7,680 genomes belonging to 2,655 fungal species are available in 

GenBank. Additionally, 1,821 genomes are available on the JGI webpage of MycoCosm, 

although there is overlap between the databases. Fungal genomes can vary greatly in size, from 

2.3 Mbp in Encephalitozoon intestinalis (The smallest eukaryotic genome; smaller than many 

bacteria) to the three orders of magnitude larger 3.6 Gbp in Jafnea semitosta (Over half the size 

of the human genome at 6.27 Gbp) (Corradi et al. 2010; Egertová & Sochor 2017; Piovesan et 

al. 2019). Currently, there are no searchable databases of fungal genomes where metadata of 

ecological niches or geographical location can be easily accessed. Only a small portion of the 

known fungal diversity has genomic data available. The 1KFG project is of immense 

importance. The genetic information it provides can give clues to evolutionary traits for specific 

lifestyles or adaptions and aid in phylogenetic work. In addition, it can reveal the capabilities 

of natural product synthesis within the vast fungal biodiversity. 

1.5.1 Biosynthetic gene clusters in the fungal kingdom 

Biosynthetic gene clusters (BGCs) that encode proteins involved in the synthesis of secondary 

metabolites, introduced in section 1.3, are not evenly spread around in the fungal kingdom. 

Different phyla have different abilities to produce secondary metabolites. Genome sequencing 

allows us to compare the potential of fungi to produce secondary metabolites based on BGCs 

that can be found in the genomes. With an increased amount of sequenced genomes, it is 

possible to pre-screen fungal strains by performing whole genome comparisons. A comparison 

of 101 Dothideomycetes genomes showed that the core genome consists of approximately 

2,000 genes and the total number of genes varied from 10,000-22,000 genes (Haridas et al. 

2020). It also revealed that the amount of repetitive elements varied tremendously. In some 

cases, the repetitive elements made up more than 66 % of the entire assembly (Haridas et al. 

2020).  

A kingdom-wide comparison of fungi in terms of genome size and metabolic gene 

clusters showed that fungal genomes smaller than approximately 20 Mbp contained few, if any, 

secondary metabolic clusters (Rokas et al. 2018). This seems to indicate that genomes need to 
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be of a certain size in order to harbor biosynthetic gene clusters. Larger genomes contain a 

larger portion of repetitive elements (Mohanta & Bae 2015; Li et al. 2018; Haridas et al. 2020), 

which increases the difficulty of direct comparison of genomes, Figure 10. Most of the 

repetitive elements are non-coding such as tandem repeats, but interspersed repeats can contain 

genes or pseudogenes (Muszewska et al. 2019). 

 

Figure 10 – Correlation between repetitive elements (%) and genome size (Mbp) in fungal genomes. 
The graph is based on 90 genomes with repeat content analyzed from Basidiomycota (83) and Ascomycota (7) as 
reported by (Li et al. 2018). 

A better genome comparison can be achieved using the number of BGCs in the genomes 

against the gene count of each genome, Figure 11. This enables us to see the trends of the 

different orders of fungi. Indeed, there is a sharp decline in the number of BGCs in genomes 

with a low gene count. This trend can aid in the selection process in finding good candidates 

for bioprospecting. Few fungi have more than 100 clusters, and the Eurotiomycetes generally 

have the greatest number of BGCs in relation to total gene count. The non-dikarya 

(Mucoromycota, Chytridiomycota, Cryptomycota, Microsporidia, Blastocladiomycota and 

Zoophagomycota) and yeasts in Ascomycota (Saccharomycotina and Taphrinomycotina) have 

few BGCs compared to the rest of the fungal kingdom in relation to their gene count. There are 

a few exceptions to this in Chytridiomycota such as Orpinomyces sp., with 155 BGCs (Youssef 

et al. 2013). 
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Figure 11 - The relationship between the number of biosynthetic gene clusters and gene count in fungi. 
Note the low number of BGCs in genomes with less than 5000-6000 genes, with a steady increase up to around 
15000 genes. The group called N/A is fungi without clear phylogenetic placement (such as Tuber). The figure is 
based on 793 published genomes and annotations of BGCs found in Mycocosm. Data available from (Joint Genome 
Institute 2021a, 2021b). 

Due to the continual accumulation of information regarding fungal genomes (and indeed 

any genomes) and characterization of new genes, reannotation of previously annotated genomes 

are required (Salzberg 2007; Ejigu & Jung 2020). This reduces the chance of misannotations 

perpetuating onto new genomes and updates the old annotation with current knowledge (Ejigu 

& Jung 2020). Currently, reannotation for prokaryotic genomes are performed in the RefSeq 

database of NCBI (O'leary et al. 2016; NCBI 2019), but it seems this function is only performed 

when eukaryotic genomes become updated with new assemblies or RNA sequences (NCBI 

2021).  
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1.5.2 Sequencing technologies and processing of fungal genetic material 

One key step in bioprospecting is the characterization of the organism that is examined. This 

information can give clues to which metabolites it can produce, how to optimize fermentation 

and storage, and can help during dereplication, the process of recognizing and eliminating 

known compounds from consideration (Ito & Masubuchi 2014). Extraction of fungal genomic 

DNA can usually be performed on fresh mycelium using any of the available commercial kits. 

However, some procedures work better than others for certain fungal groups (Fredricks et al. 

2005). When it comes to sequencing, there are several technologies to choose from depending 

on what the aim is. Sanger sequencing is a tested method suitable for sequencing barcode 

regions that can help identifying the organism in phylogenetic analyses (Paul et al. 2018). 

However, it is becoming more and more common to sequence whole genomes, as the cost of 

sequencing has dropped significantly the last decades (Schwarze et al. 2018). The leading 

technologies at the moment is Illumina or Ion Torrent, for short reads, and PacBio or Nanopore 

for long reads (but alternative long read technologies exist through 10x Genomics and Illumina) 

(Goodwin et al. 2016). Short reads are short fragments of DNA, usually less than 1000 bp, that 

are sequenced. The sequence length can be artificially increased by sequencing short portion at 

the ends of longer fragments (called mate pairs) or extensive use of barcodes for single long 

DNA fragments (Wetzel et al. 2011; Amarasinghe et al. 2020; Srikanth et al. 2020). Long reads 

on the other hand are from 10’000 bp and up, with one reported case of 2’272’580 bp using 

Nanopore (Rhoads & Au 2015; Mahmoud et al. 2019; Payne et al. 2019). The quality of these 

longer reads is generally lower, 79-99.8 % accurate, than for the short reads that are 99.9 % 

accurate, depending on the technique that are used (Rhoads & Au 2015; Noakes et al. 2019; 

Wenger et al. 2019). One of the limitations of the short reads is that they are unable to resolve 

and bridge highly repetitive DNA (Jung et al. 2020). To overcome the limitation of each read 
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technology the solution is to combine the two methods when sequencing a genome, Figure 12 

(Ma & Fedorova 2010; Jung et al. 2020; Montoliu-Nerin et al. 2020). 

 

Figure 12 - Difference in sequencing technologies between short and long reads.  

There are several ways to process sequences once you have had a fungus sequenced. A 

summary of all these steps can be found in Jung et al. (2020) and are presented here in a more 

condensed form. The idea is the same for all sequencing technologies, but the length of the 

reads, biases and software used are different. The genomic DNA is extracted, each piece of 

DNA is sequenced, producing a read, and then each of these reads is mapped against each other 

to form contigs. This is called assembly. Contigs are continuous sequences of reads that overlap. 

These contigs can further be assembled to scaffolds that have short gaps of undefined sequences 

between them. These are generally eliminated using long reads. There are many tools that can 

be used to assemble genomes, each with their own strengths and weaknesses (Zerbino & Birney 

2008; Bankevich et al. 2012). Generally, it does not matter if the sequence is from prokaryotes 

or eukaryotes at this stage, as the basis of the sequence is the same, only the length is different. 

Once you have a set of scaffolds, this is your draft genome. 
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Figure 13 – Overview of the steps in a sequencing project from extraction of nucleic acids to annotation. 
This is a general pipeline and different technologies may have fewer or additional steps. Adapted from (Jung et al. 
2020). 

The next step in the process is to annotate the genome with gene features, and this 

paragraph is a summary of what is described in Ma and Fedorova (2010); Yandell and Ence 

(2012); Thibaud-Nissen et al. (2013); Jung et al. (2020). Identifying genes in eukaryotes is more 

challenging compared to prokaryotes due to the gene structure consisting of introns and exons. 

This is why eukaryotic genome sequencing projects generally require transcriptomic data to 

determine the intron/exon structure of genes. In addition to these issues, eukaryotes change 

between haploid and diploid stages, diploid genomes complicate assembly due to the similar, 

but not identical chromosomes (Campoy et al. 2020). By sequencing haploid stages, this issue 

is avoided. If there are closely related genomes available, it is possible to map and transfer 

annotations from one genome to the other based on homology. The annotation process generally 

incorporates different tools and database searches to detect and add information to the genes. 

These tools are often put together into an automated program sequence called a pipeline. There 

are many publicly available online pipelines for prokaryotic genomes (Giardine et al. 2005; 

Aziz et al. 2008; Seemann 2014; Tanizawa et al. 2017). There are few similar publicly available 

services for eukaryotic genomes (Campbell et al. 2014; Liu et al. 2019). Many pipelines require 

you to be part of a larger project with specialists in bioinformatics, that have large computer 

resources available and that are comfortable working on command line in UNIX (Haas et al. 

2008; Thibaud-Nissen et al. 2013; Jung et al. 2020). In order to reduce the complexity within 

bioinformatics workflows, large scale collaborative platforms have been established, such as 
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the Galaxy platform. Here, users can utilize streamlined graphical interfaces and computer 

resources which simplifies genome processing (Giardine et al. 2005). 

When you have an assembled an annotated genome, you can start to explore its contents. 

From here on it is largely project dependent where to focus the attention. In this thesis, the focus 

is on bioprospecting and identifying novel biosynthetic pathways or enzymes that can be of 

industrial use, as well as phylogenetic placement of the fungi. Fortunately, there are publicly 

available tools for this specific purpose available through FungiSMASH (Blin et al. 2019), a 

pipeline specifically developed to detect biosynthetic gene clusters of secondary metabolites in 

fungi. In addition to this, there are tools available for detection of carbohydrate active enzymes 

(CAZymes), such as dbCAN2, that are responsible for the utilization of different carbohydrate 

sources such as alginate, lignin, pectate, agar and cellulose (Zhang et al. 2018). 

1.5.3 Enzymes with industrial potential 

A field closely related to NP discovery is bioprospecting for industrially relevant enzymes. 

Enzymes are used in a range of different applications within textile, laundry, paper, leather, 

sugar, baking, dairy, brewing, juice and animal feed industries (Kumar et al. 2014), not to 

mention pharmaceutical, nutraceutical and laboratory applications (Watanabe et al. 2010; 

Fernández-Lorente et al. 2011; Ishino & Ishino 2014). Fungi have a close evolutionary 

relationship with plants and has developed an enzymatic machinery to break down and utilize 

plant biomass (Hage & Rosso 2021). One field that has received a lot of attention the last decade 

is biorefinery of plant biomass into feed, biofuel and chemical applications using CAZymes 

(Chettri et al. 2020; Contesini et al. 2021). One of the main reasons for the interest in CAZymes 

is to support sustainable growth and to decrease the dependency on fossil energy sources 

(Chettri et al. 2020). 

CAZY is a database for CAZymes (Lombard et al. 2014). This database is used as a 

reference by dbCAN2, a web server that can automatically annotate carbohydrate active protein 

sequences (Zhang et al. 2018). It does this by utilizing three different tools, similar to gene 

prediction, two tools using Hidden Markov Models (HMMs) to predict catalytic domains and 

one tool utilizing conserved peptide motifs. Marine carbohydrates are often sulphated, a 

characteristic that differentiates them from terrestrial carbohydrates (Helbert 2017). Sulfatases 

have a similar diversity to CAZymes. SulfAtlas, an online database, was made with a similar 

classification system as CAZymes and contains an overview of the different classes of 

sulfatases (Barbeyron et al. 2016). Together, these can be used to look for CAZymes with 
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specificity towards marine sulphated substrates that can be used as an additional biomass 

resource (Balabanova et al. 2018; Salgado et al. 2021). 

1.6 Current gaps and challenges in marine mycology and 

bioprospecting 

The following challenges and gaps have been identified in the field of bioprospecting marine 

fungi: 

 There is currently inconsistent representation of fungal taxa in sequence databases 

(Araujo & Sampaio-Maia 2018; Thines et al. 2018). Some taxa are overrepresented 

(Penicillium, Aspergillus and Fusarium) due to high research interest since they are 

prolific producers of metabolites. This is complicated further as many described type 

species are lost or have no sequence information available to compare with (Vu et al. 

2019). Classification of isolates can be difficult without expertise for relevant fungal 

groups (Visagie et al. 2014). In many publications, incomplete or no identifications are 

provided (Ariffin et al. 2011; Flewelling et al. 2015). 

 A large portion of the diversity detected in environmental samples are not detected in 

cultivation studies and a large portion of fungal diversity remains uncultivable 

(Tasdemir 2017; Thines et al. 2018). 

 Many niches, substrates, hosts and geographical areas, such as the Arctic, are 

overlooked, understudied or have received little attention in regard to bioprospecting 

(Pang et al. 2011; Tisthammer et al. 2016; Rämä et al. 2017). 

 The lack of sequenced genomes and knowledge about biosynthetic clusters present in 

different fungi represents a knowledge gap when it comes to NP research. There are 

many orphan metabolites where the clusters responsible for their production are 

unknown (Trautman & Crawford 2016). 

 The problem of expression of metabolites from cryptic or silent gene clusters requires 

additional techniques to induce them (Lim et al. 2012). 

 Rediscovery of known compounds requires extensive dereplication and can be time-

consuming (Monciardini et al. 2014; Chávez et al. 2015; Hubert et al. 2017; Liu et al. 

2020b). 
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1.7 Aim of the thesis 

The overall aim of this thesis was to screen marine fungi from the Arctic to assess their potential 

to produce bioactive metabolites by combining top-down and bottom-up bioprospecting 

approaches. 

Specific objectives were: 

1. Isolate fungi from marine sources in the Arctic 

a. Identify the fungal strains by molecular phylogeny 

b. Screen their ability to produce antibacterial compounds 

2. Sequence and characterize marine fungi and provide taxonomic description of new 

species. 

a. Assess biosynthetic potential of fungi by examining the presence of 

biosynthetic gene clusters and enzymes 

b. Isolate metabolites and link metabolites to gene clusters 

3. Isolate and determine the bioactivities of metabolites from selected marine fungi 

 

2 Summary of papers 

2.1 Paper 1 

Cultivable marine fungi from the Arctic Archipelago of 

Svalbard and their antibacterial activity 
Ole Christian Hagestad, Jeanette H. Andersen, Bjørn Altermark, Espen Hansen, & Teppo 

Rämä 

Mycology, 2020, 11, 3. 

 

The study performed in Paper 1 focused on examining fungal isolates from the understudied 

Arctic marine environment. The Arctic has received relatively little attention from the research 

community, especially in regards to bioprospecting. Therefore, a study of the Arctic marine 

fungal diversity and their bioactivity would provide an assessment of their potential utilization 

in bioprospecting. 

The fungi were collected using several different methods and techniques, both direct 

plating, microbial traps, spore suspension plating and diffusion chamber incubation. The plates 

used both common media such as corn meal agar and malt extract agar amended with seawater 

and agar based on Ascophyllum nodosum algae. The three selected media would select for 
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halotolerant species and provide different substrate capable of capturing some of the diversity 

present.  

The isolates were phylogenetically characterized using three molecular markers. 

Isolates from Ascomycota, Basidiomycota and Mucoromycota were recovered, Ascomycota 

made up the majority of the 20 operational taxonomic units (OTUs). One third of the isolates 

represented putatively novel fungi based on sequence similarity alone, most of these in the 

marine fungi sensu stricto order Lulworthiales. 

The fungi were screened using an agar plug diffusion assay. This allowed for detection 

of antimicrobial metabolites expressed on two different media. Half of the isolates tested were 

able to inhibit bacterial growth against at least one bacterial strain. 

This study shows that even traditional isolation efforts yield numerous diverse isolates, 

many of them from poorly studied taxa. The antimicrobial assay results show that Arctic marine 

fungi represent a resource for bioprospecting. 

2.2 Paper 2 

Genomic characterization of three marine fungi, including 

Emericellopsis atlantica sp. nov. with signatures of a generalist 

lifestyle and marine biomass degradation 
Ole Christian Hagestad, Lingwei Hou, Jeanette H. Andersen, Espen H. Hansen, Bjørn 

Altermark, Chun Li, Eric Kuhnert, Russell J. Cox, Pedro W. Crous, Joseph W. Spatafora, 

Kathleen Lail, Mojgan Amirebrahimi, Anna Lipzen, Jasmyn Pangilinan, William 

Andreopoulos, Richard D. Hayes, Vivian Ng, Igor V. Grigoriev, Stephen A. Jackson, Thomas 

D. S. Sutton, Alan D. W. Dobson, & Teppo Rämä 

Submitted to IMA Fungus (under review) 

 

One of the major shortcomings in marine fungal research is the lack of available genomic data 

for phylogenetic, evolutionary and comparative genomic studies. Marine fungi remain poorly 

covered in global genome sequencing campaigns due the ambiguity in the definition of what a 

marine fungus truly is. An additional shortcoming is the lack of characterized biosynthetic gene 

clusters (BGCs) that are linked with their respective metabolites. In order to provide additional 

marine fungal genomes to publicly available databases, three marine fungal genomes were 

sequenced, and their biosynthetic potential was evaluated. In addition, a formal description of 

a new species of Emericellopsis was provided with the genome. One last aim was to isolate 

metabolites and link them to their respective biosynthetic gene clusters. 
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The genomes of Amylocarpus encephaloides, Calycina marina and Emericellopsis 

atlantica, were sequenced and annotated at JGI. Annotations of BGCs and CAZymes were 

performed locally using FungiSMASH and dbCAN2 web server. The BGCs were screened for 

similarity in databases for clues to the metabolites and the CAZymes were compared to 

literature on specificity for marine substrates. All three genomes were compared in a 

phylogenetic analysis to determine their systematic placement. E. atlantica was 

morphologically described together with experts on Hypocreales from Westerdijk Institute. 

Fermentation of Emericellopsis was performed in both solid and liquid media cultures and the 

resulting fractions were dereplicated. 

The phylogenetic analysis placed the E. atlantica isolate as an early branch in the marine 

clade. This, together with a morphological examination, indicated that it represented a novel 

species and a circumscription of the isolate was performed. A 15-gene phylogenetic analysis of 

A. encephaloides and C. marina confirmed their previous placement in their respective clades. 

Analysis of their genomes revealed that all three fungi contained over 20 BGCs and more than 

200 CAZymes each. Culturing of E. atlantica in 11 different media enabled us to characterize 

its bioactivity and compare it to the identified BGCs, which enabled the identification of 

helvolic acid in fractions with antibacterial activity. 

The three genomes represent the first whole genome sequenced fungi in their respective 

genera. This represent a source that can be used in future comparisons to detect specific 

adaptions of marine fungi. The presence of unknown BGCs in all three marine fungi represent 

a potential source for novel metabolites. The CAZyme enzymes could be explored for specific 

substrate interaction. No novel metabolites were isolated and the only metabolite that could be 

linked to its respective BGCs was helvolic acid. 

2.3 Paper 3 

Pitfalls in biodiscovery – a case study of Mytilinidion sp. 

M16HEL1360D1-10.1, a wood-associated fungus from the 

marine environment in the Arctic 
Ole Christian Hagestad, Kine Ø. Hanssen, Johan Isaksson, Jeanette H. Andersen, Espen H. 

Hansen, & Teppo Rämä 

(Manuscript) 

 

The aim of Paper 3 was to isolate metabolites from a selected marine fungus. The candidates 

were the fungi isolated in Paper 1. The selection of the fungus was based on the activity detected 
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in the antimicrobial assay and the sequence similarity of the isolate to the closest representative 

in the databases. By selecting a fungus based on these criteria, the isolate had already shown 

capability to produce bioactive compounds and it could provide undescribed chemistry. 

Based on these criteria, the fungus Mytilinidion sp. M16HEL1360D1-10.1 (OTU15), 

from Paper 1 was selected. This Mytilinidion sp. was isolated from a driftwood piece collected 

from 120 m depth outside of Kvitøya, Svalbard. The phylogenetic placement of the fungus from 

Paper 1 was tested using a more extensive range of genetic markers and the available sequences 

from closely related taxa in Mytilinidiales. The fungus was cultivated in a high-nutrition 

medium that was extracted using solid phase extraction. The extract was fractionated to reduce 

the complexity of the extract. The analysis of the fractions and subsequent dereplication ended 

with a single metabolite being isolated and characterized. The pure compound was tested in a 

range of different bioactivity assays. Because this compound was not found in databases, its 

structure was elucidated using NMR. 

Based on the phylogenetic analysis, the fungus seems to be a novel species closely 

related to M. mytilinellum CBS 303.34. However, due to the lack of sequenced type specimen 

for the taxa and no fruiting body it was not possible to resolve its systematic placement 

accurately at this time. The isolated compound was only active in the angiotensin converting 

enzyme inhibition assay with an IC50 value of 42.86 µM. The compound was shown to be a 

modified octapeptide by NMR. Analysis of the peptide sequenced indicated that the peptide is 

likely a partially hydrolysed casein peptide. This is the first report of this modified peptide and 

its bioactivity. 

3 Discussion 

The search for new bioactive molecules has always been important. With the necessity to 

change to a greener economy and to meet the demand for new medicines, especially against the 

increasing incidences of multiresistant bacteria, bioprospecting activities must be fortified. The 

aim of this thesis was to explore marine fungi from the Arctic for their taxonomic diversity and 

ability to produce bioactive secondary metabolites. Fungi from the Arctic has been studied in 

both cultivation studies and environmental sequencing studies and there are a few cases of 

metabolites isolated from Arctic marine fungi (Grunwald et al. 2016; Grunwald et al. 2017; 

Rämä et al. 2017). This project has been one of the first (if not the first) that has screened marine 

fungi from diverse substrates from this area for bioactive metabolites and show that there is 

potential to use Arctic marine fungi in bioprospecting. 
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My personal knowledge about marine fungi was limited at the beginning of the PhD, it 

had never been mentioned in marine biology and marine bioprospecting courses, or if 

mentioned it was merely a curiosity which did not warrant much attention by the teachers. This 

lack of mentions in courses piqued my interest when I saw the PhD position on marine fungi. 

It was apparent that marine mycology was indeed a neglected research area, there were few 

researchers in the field and literature was sparse, especially for the Arctic region. This provided 

a unique opportunity to expand upon a comparatively small field and contribute significantly 

to the available knowledge. 

3.1 Diversity of marine fungi in the Arctic 

The fungi isolated in Paper 1 came from different marine ecological niches and areas in the 

Arctic. The isolates were obtained from algae, driftwood, sediments and sea water. 

Characterization of the fungi using the genetic markers 18S, ITS and 28S revealed that several 

of the 20 identified fungal OTUs were cosmopolitan genera that can be isolated in both marine 

and terrestrial environments, Penicillium, Oidiodendron, Tolypocladium, Cosmospora and 

Geomyces. Several species are frequently isolated from Arctic or Antarctic soils (Rice & Currah 

2005; Malosso et al. 2006; Durán et al. 2019; Perini et al. 2019; Santos et al. 2020), such as 

halo- and psychrotolerant Geomyces species associated with Arctic permafrost soil (Kochkina 

et al. 2007; Hayes 2012) and psychrophilic aquatic anamorphs in Tetracladium (Roldán et al. 

1989; Anderson & Shearer 2011; Wang et al. 2015). Using the DNA sequences, the identities 

were compared towards sequences in GenBank and the majority of the isolates were identical 

or had scores of >98 % identity to the reference sequences. The isolates of Lulworthiales, 

Mytilinidion and Tolypocladium had low similarity <95 % to reference sequences, indicating 

that these sequences could represent novel species. 

The main problem using sequence similarity as an indicator of novelty is that the 

databases are not complete, and many described species lack representation to make a proper 

comparison possible. The purpose of this thesis was not to do a revision of the fungal orders 

detected, but to examine novel fungal diversity, which these species likely represent. Proper 

classification of these species may be possible in the future if experts of each fungal group are 

involved, type specimen of the genera becomes sequenced or fruiting bodies are produced that 

allows for morphological description and comparison. Considering the list of Arctic marine 

fungi presented in Rämä et al. (2017) and additional publications, all of the isolated genera have 

previously been detected in the Arctic or Antarctic (Zhang & Yao 2015; Perini et al. 2019), 

except Mytilinidion. This indicates that many of the fungi are repeatedly identified in the Arctic. 
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Many isolates within Lulworthiales are only reported to the genus level due to unresolved 

taxonomy (Pang et al. 2011; Rämä et al. 2014). Both previous studies and sequence databases 

provide indication towards undescribed species diversity (Campbell et al. 2005; Koch et al. 

2007; Jones et al. 2015; Abdel-Wahab et al. 2017; Azevedo et al. 2017; Calado et al. 2019; 

Hyde et al. 2020; Schoch et al. 2020) and that the Arctic is a source of novel species within 

Lulworthiales.  

One of the constraints of Paper 1 is the limited methods of isolation. The different 

substrata were inoculated on seawater-based corn meal agar, malt extract agar and Ascophyllum 

nodosum agar with antibiotics. Additionally, samples from sea-water were inoculated in 

diffusion chambers and incubated in a seawater pool on deck of a research vessel. The isolation 

plates were kept at 10 ºC. This provides a fairly strong selective screening towards fungi able 

to adapt to the artificial substrate and that are halotolerant and can grow at lower temperatures. 

The salt would prevent non-halotolerant fungi from being isolated and the low incubation 

temperatures would increase recovery of cold adapted and slow growing fungi, which is 

advantageous. The basis for the inoculum in the diffusion chambers was sea water from the 

Barents Sea obtained at 5m depth earlier that year. This provided a selection towards fungal 

spores and only Penicillium spp. were detected in the diffusion chambers. The limitations arose 

due to the limited time to process samples on board and space available to store samples 

properly. The fungi then had to be processed further to obtain pure cultures. If possible, future 

isolation efforts should employ additional techniques and if diffusion chambers are used, have 

additional inoculum sources. 

A commonly used technique that also allows for recovery of additional algae or wood-

inhabiting fungi is the damp/moist chamber technique (Overy et al. 2019). This allows the fungi 

to continue to grow on their natural substrata and perhaps enables them to produce fruiting 

bodies that makes a morphological examination possible. This technique might also allow for 

detection of fungi that do not grow on traditional agar plates. Domestication of these fungi 

could be attempted using iChip like entrapment of fungal hypha by placing the isolation device 

directly onto the wood, ensuring good contact with it. Additional methods such as collecting 

sea foam on the beaches or at sea, using dilution series plating, or utilize baiting stations would 

increase species recovery even more (Overy et al. 2019). Despite these limitations, about 1 of 

every 3 fungi isolated in Paper 1 are likely novel. This indicates a vast potential to isolate unique 

fungi in the Arctic, even with simple isolation efforts. 

The only novel genus detected from the Arctic marine environment was Mytilinidion. 

This fungus was studied in detail in Paper 3. The submerged driftwood likely had drifted for 
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months and perhaps been locked in drift ice before finally sinking to the bottom of the ocean 

where it could have been for even longer (Hellmann et al. 2013). The driftwood may therefore 

be several months to several decades old depending on the original size and transportation of 

the driftwood (Johansen 1998; Hellmann et al. 2013). The type and size of the driftwood affects 

the buoyancy, transportation and final deposition depth in the sediments (Johansen 1998; 

Björdal & Nilsson 2008; Hellmann et al. 2013; Fojutowski et al. 2014; Charles et al. 2016). 

Terrestrial fungi without the ability to endure in the marine environment could still be isolated 

if there are viable spores. However, Mytilinidion was isolated from within surface sterilized 

wood and likely represent vegetative mycelium in the wood rather than spores. A test of other 

terrestrially obtained Mytilinidion would enable a comparison of physiological differences, 

such as halotolerance, between different species in the genus. This is the first account of 

Mytilinidion from the marine environment. All other isolates from this genus are terrestrial 

wood-associated fungi, some of them have been reported from the Arctic (GBIF Secretariat 

2019). 

3.2 Bioactivity potential of marine fungi  

There are several ways to assess the potential of fungi to produce bioactive compounds. Both 

top-down and bottom-up approaches have been used in the papers presented in this thesis. The 

top-down approach assesses the potential bioactivity of expressed metabolites that the fungi 

produce. This was the purpose of the agar diffusion plug assay performed on the isolated fungi 

in Paper 1. By using an agar plug with growing mycelium, metabolites affecting bacterial cell 

growth should be detectable by visual inhibition zones around the agar plugs. The advantage of 

this method is that it significantly reduces the usual work of fermentation, extraction, 

fractionation and screening, especially for so many isolates. It provided an initial overview of 

the antibacterial potential of the fungal isolates and was used to select fungal strains for further 

processing. There are some drawbacks and limitations of using this method for screening. Fungi 

have very different growth requirements and growth rates. This allows some of the heat tolerant 

fungi to potentially respond to the bacteria it was co-cultivated with and survive the incubation 

at 37 °C, while other fungi would be unable to respond and perhaps succumb to the high 

temperatures. Some of the detected activity could have been induced by the bacterial presence. 

The difference in growth rate also made it more difficult to test fungi at the “same” time in their 

growth cycle. Finally, the agar plug diffusion assay only shows activity against bacteria, not 

other potential bioactivities. Despite these drawbacks, half of the screened fungi showed 

activity in the agar diffusion assay against bacteria. The method has been used to test bacterial 
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and fungal antibacterial activity (Balouiri et al. 2016; Sabdaningsih et al. 2017). There are 

reports on bioactivity of soil and glacial fungi from both Arctic and Antarctic, and reports of 

singular strains of marine fungi or substrates that have been screened (Sonjak et al. 2006; Sepcic 

et al. 2011; Wu et al. 2014; Giddings & Newman 2019; Ogaki et al. 2019; Tsuji & Hoshino 

2019). Paper 1, to the best of my knowledge, represent the first reported screening of the 

antibacterial potential of Arctic marine fungi from diverse marine substrates. 

Emericellopsis was fermented in both liquid and solid medium and different extraction 

methods were used in Paper 2. Overall, both solid and liquid fermentation using the same 

extraction method yielded similar observed activity in the antimicrobial assays. On the other 

hand, different extraction methods showed difference in the detected activity. Fractions 

extracted with SPE were inhibitory towards biofilm formation, while fractions from ethyl 

acetate extractions were inhibitory towards bacterial growth. This is likely an indication of the 

selective bias of the extraction method for certain compounds with different biological effects. 

The recovery of metabolites is known to vary depending on the extraction methods or solvents 

that are used (Sitnikov et al. 2016; Roopashree & Naik 2019). There were also differences in 

activity between each individual liquid extracts and solid extracts in Paper 2. The differences 

between fractions using the same extraction method are likely due to different content of the 

active metabolites produced in the different culture media. Small differences in culturing 

conditions are likely to modulate the expression pattern of metabolites which is the goal of the 

OSMAC approach (Romano et al. 2018). None of the fractions were active in multiple unrelated 

assays and it is therefore unlikely that the fractions contained PAINS. The antimicrobial and 

antibiofilm activity shows that Emericellopsis is able to produce compounds with antimicrobial 

effect in several different fermentation settings (Paper 2).  

The second method to assess the potential of a fungi to produce bioactive metabolites is 

the bottom-up approach. This approach is based on extracting the genetic material from an 

isolate and analyzing the genome for BGCs. Initially, the idea was to sequence and analyze two 

fungi from Paper 1 that were novel and showed antibacterial activity. After several months of 

culturing, harvesting and unsuccessfully extracting DNA of sufficient quality for sequencing 

the work was suspended. Usually, DNA extraction is performed on fresh or newly germinated 

mycelium because the cell wall is not as strong and there are very few dead cells present that 

could contain partially degraded DNA (Van Burik et al. 1998; Haugland et al. 1999; Fredricks 

et al. 2005). This proved to be challenging to achieve with slow growing, non-sporulating 

marine fungi. Successful DNA extraction was later achieved using liquid cultures without 

shaking for aeration to reduce cell wall stress (results not published). 
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In lieu of the two marine genomes initially planned for analysis from Paper 1, one 

marine genome that had previously been sequenced in the 1KFG project would be used for 

analysis, and subsequently two others were included in Paper 2. The three genomes were 

Emericellopsis atlantica, Amylocarpus encephaloides and Calycina marina. If one compares 

the results of the three genomes to Figure 11, the fungi contained the expected number of BGCs 

given the total number of genes and fungal phyla they belonged to. Most of these BGCs were 

uncharacterized with no related clusters to compare them to as reported from FungiSMASH. 

Whether or not the uncharacterized BGCs can produce novel metabolites is not possible to say 

until the resulting metabolites are characterized. This shows that there is extensive need to map 

metabolites to their parent gene clusters. The results shows that there are opportunities for novel 

discoveries if these clusters are characterized, as it will bridge the current knowledge gap that 

they represent. However, this requires the expression and isolation of the metabolites which 

was not achieved (discussed in 3.3). 

3.3 Dereplication and isolation of metabolites from marine fungi 

One of the aims of this thesis was to isolate metabolites from the marine fungi that were 

examined. This was performed in Paper 2 and 3. In Paper 2, Emericellopsis atlantica was 

extensively fermented in different media and dereplication revealed that, beside lipids, the most 

prominent peaks were helvolic acid and its intermediates. Several minor peaks showed 

signatures of peptides, but the quantities were so low that additional fermentations and yield 

optimization would likely be required to obtain enough compound for structure elucidation, 

which was outside the scope of the thesis. Identification of helvolic acid was achieved by 

database searches of the elemental composition and was further confirmed by the presence of 

the BGC encoding the enzymes for its production in the genome. When there is an established 

link between a BGC and specific metabolite it is possible to use this to search for the specific 

metabolites in the fermentation media (Trivella & De Felicio 2018; Hoskisson & Seipke 2020). 

Search for specific metabolites encoded by the other BGCs with high similarity to characterized 

clusters was attempted in Emericellopsis, but it yielded no hits in the extracts. This is likely due 

to the metabolite not being expressed in the culture conditions or because the BGCs are different 

enough that they do not produce the same metabolite. Currently, the technology is not at a point 

that the structure of compounds can be accurately predicted from uncharacterized BGCs alone 

(Ziemert et al. 2016; Skinnider et al. 2020).  

For Paper 3, the selection of the fungus was based on the initial bioactivity screening 

showing potential for production of antibacterial compounds and that it had low sequence 
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similarity to reference sequences in GenBank. Of the possible candidates, Mytilinidion 

displayed activity on both solid and liquid media (results not published for liquid media 

screening), and had a low similarity score using the ITS barcode region of 83.7 % to reference 

sequences. Mytilinidion also produced a strong coloration of the medium it grew on, which can 

be caused by different classes of secondary metabolites (Kalra et al. 2020). On solid medium, 

it produced a violet color after 1-2 weeks which over time slowly faded. In liquid medium, it 

produced a deep red color. The fractions were compared to the medium control and major peaks 

not present in the control were targeted for isolation. After the initial purification, each fraction 

was analyzed on UHPLC-MS for dereplication. One compound was isolated and bioactivity 

screening revealed a weak ACE-inhibition. The structure of the compound was elucidated using 

NMR and it turned out to be an octapeptide with an N-terminal modification of a glutamine to 

pyroglutamate. This is a modification that is present in some secondary metabolites and it 

increases the stability of the peptide. The structure was novel and did not appear in database 

searches. However, the lack of other modifications and only proteinogenic amino acids created 

doubts whether it actually was a secondary metabolite. Searches using partial sequences 

matched with a casein peptide fragment with the exception of the pyroglutamate modification. 

It is likely that the compound isolated is a modified media component since the media is made 

from peptone of casein. 

Initially, this might seem like a failure because it is a modified media component rather 

than a metabolite produced by the fungus. However, without the report of this compound and 

the registry of it in databases, other researchers would perhaps also isolate this compound in 

the belief that it is novel. It is possible that many compounds like these are not published or 

included in databases because they are viewed as negative results, but they are essential to 

include for improved dereplication in the future. Potentially, the isolation of medium 

component derivatives can be avoided by using molecular networking and fragmentation 

pattern analysis, since the derivatives likely will group together peptides in the medium control 

(Yang et al. 2013). 

4 Future prospects 
The papers presented here have shown the potential of Arctic marine fungi in bioprospecting 

pipelines. All the isolates in Paper 1 have been fermented, extracted, fractionated and to some 

extent screened for bioactivity, but dereplication remains in order to determine the presence of 

novel metabolites. 
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When new research cruises are planned, additional methods for isolation should be 

attempted, such as damp chamber incubation and diffusion chamber cultivation in sediments. 

Furthermore, other habitats could be examined, such as plant and animal associated fungi, 

methane seeps, hydrothermal vent areas, glacial runoff areas or deep ocean habitats. This would 

allow for the recovery of additional diversity. Seasonal investigation could also yield different 

fungal diversity. The additional isolation techniques might also enable the recovery of fruiting 

bodies for better morphological descriptions of the isolated species. 

Many taxa in Eurotiomycetes have been extensively investigated, and for good reason, 

since the order has the highest number of BGCs compared to the total gene count. The 

likelihood of finding novel metabolites in less explored taxa is still high since many BGCs are 

specific for species and genera. The genomes that have been published so far show that most 

orders within Dikarya have a number of BGCs, many of them unexplored. Because of this, 

research effort should be focused into underexplored marine taxa such as Lulworthiales. 

An in-depth study of the promoters in the different BGCs could help to optimize 

fermentation and trigger expression of the gene clusters within E. atlantica, C. marina and A. 

encephaloides. Since the genomes for these isolates now are available, it is possible to do 

differential transcription analysis in order to determine the activated BGCs if metabolites are 

detected in specific media. 

To properly assess the industrial relevance of the detected CAZymes of E. atlantica, 

specialized knowledge is needed. This would require cooperation with research groups that 

specialize in the characterization of CAZymes and could open up for international cooperation 

in the future. 

5 Concluding remarks 
The aim of this thesis was to assess the potential of Arctic marine fungi in bioprospecting. The 

diversity isolated, with a majority being Ascomycota. This is a trend that is reflected in the 

distribution of described marine fungi. The work presented here shows how the Arctic marine 

environment is a good source of both novel marine fungi and marine fungi with bioactive 

metabolites. 

There are a few genera that has received massive attention in natural products research, 

but literature shows that the marine environment has unique NP diversity and many BGCs are 

genus and species specific. This means that there is likely a large undescribed chemical 

diversity in underexplored marine fungal taxa. 
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Several of the limitations presented in this work are an issue for marine mycology in 

general. Isolation work will benefit from the constant development of new isolation techniques 

which will enable the recovery of previously undescribed and uncultivable diversity. A 

standardization of how fungal species are characterized using molecular markers and the 

sequencing of herbarium and culture type specimens would provide a more complete reference 

database that will increase the accuracy of the taxonomic work. In addition to the lack of 

sequence representation of marine fungi for molecular taxonomy, marine fungi are also poorly 

represented in genome databases. The three genomes reported within this thesis will add to the 

number of marine fungal genomes available and may be used to understand the physiological 

and ecological adaptions of marine fungi. 

Finally, the NP research community would greatly benefit from a more standardized 

and extensive database on metabolites and common media with additional metadata regarding 

distribution and bioactivity. Additionally, awareness of spontaneous reactions and solvolysis 

of NPs should be put higher on the agenda of NPs research. The understanding of the 

biosynthetic origin of each NP would make the detection of artefacts easier. 
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ABSTRACT
During a research cruise in 2016, we isolated fungi from sediments, seawater, driftwood, fruiting
bodies, and macroalgae using three different media to assess species richness and potential
bioactivity of cultivable marine fungi in the High Arctic region. Ten stations from the Svalbard
archipelago (73–80 °N, 18–31 °E) were investigated and 33 fungal isolates were obtained. These
grouped into 22 operational taxonomic units (OTUs) using nuc rDNA internal transcribed spacer
regions (ITS1-5.8S-ITS2 = ITS) with acut-off set at 98% similarity. The taxonomic analysis showed
that 17 OTUs belonged to Ascomycota, one to Basidiomycota, two to Mucoromycota and two were
fungal-like organisms. The nuc rDNA V1-V5 regions of 18S (18S) and D1-D3 regions of 28S (28S)
were sequenced from representative isolates of each OTU for comparison to GenBank sequences.
Isolates of Lulworthiales and Eurotiales were the most abundant, with seven isolates each. Among
the 22 OTUs, nine represent potentially undescribed species based on low similarity to GenBank
sequences and 10 isolates showed inhibitory activity against Gram-positive bacteria in an agar
diffusion plug assay. These results show promise for the Arctic region as asource of novel marine
fungi with the ability to produce bioactive secondary metabolites with antibacterial properties.
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Introduction

Terrestrial habitats have been extensively explored for
fungi, resulting in discoveries of species able to pro-
duce antibiotic, anticancer, antifungal, and immuno-
modulating compounds, among others (Bills and
Gloer 2016). However, marine fungi have, to a large
degree been neglected by bioprospectors and remain
a potential source of novel compounds (Imhoff 2016).
This is reflected by the large number of undescribed
species that frequently appear in environmental sam-
ples and the chemical diversity that is still being
uncovered (Richards et al. 2011, 2015; Jeffries
Thomas et al. 2016; Ji and Wang 2016; Rämä et al.
2016; Hassett et al. 2017; Reich and Labes 2017).
Studies on bioactive compounds from marine fungi
have mainly focused on fungi from tropic and tempe-
rate regions. These fungi are most frequently isolated
from specific hosts, such as mangrove trees, sponges,
algae, and corals (Debbab et al. 2010; Jones and Pang
2012; Thatoi et al. 2013; Yarden 2014; Bajpai 2016;
Pang et al. 2016; Sridhar 2017). However, the Arctic
remains underexplored compared to other regions

with a relatively low number of studies on marine
fungi (Shearer et al. 2007; Imhoff 2016; Tisthammer
et al. 2016; Rämä et al. 2017; Hassett et al. 2019).

The low number of studies on Arctic marine fungi
might be explained by varying sea ice conditions and
remoteness of the Arctic making it difficult and
expensive to access study locations. A couple of stu-
dies have explored the fungal diversity in the polar
regions using both cultivation and metagenomics
approaches. Metabarcoding studies show a large mar-
ine fungal diversity, reporting hundreds to thousands
of OTUs (Zhang et al. 2015; Comeau et al. 2016; Rämä
et al. 2016; Tisthammer et al. 2016). Of these, 10–30%
remain unidentified to order level within the Fungi
kingdom, indicating a high-level richness of putatively
undescribed species in the Arctic. Comeau et al.
(2016) were also able to show that the frequency of
certain fungal sequences increased from temperate to
Arctic waters, indicating that some species or strains
are specifically adapted to the Arctic environment.

Even though metabarcoding is an efficient tool for
studying taxonomic diversity, it reveals nothing about
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the ability of a fungi to produce secondary metabo-
lites. A review of studies on marine fungi in the Arctic
found that only 13 studies investigated cultivable
marine fungi from the Arctic, none of these investi-
gated potential secondary metabolites from the fungi
(Rämä et al. 2017). A review of bioactive fungal iso-
lates from polar regions found that most studies were
from soil samples, freshwater ponds and lakes, or
exclusively Antarctic marine sources; no papers were
found reporting bioactivity from any Arctic marine
fungal sources (Lo Giudice and Fani 2016). We have
found three papers reporting metabolites from Arctic
marine fungi, all of them isolated from marine sedi-
ments. Trichoderma sp. strain MF106 from the
Greenland Sea showed activity towards
Staphylococcus epidermidis (Wu et al. 2014).
Metabolites isolated from Tolypocladium sp. and
Mortierella sp. from Frobisher Bay, Nunavut, Canada
did not exhibit any significant antibacterial or cyto-
toxic activity (Grunwald et al. 2016, 2017). These are
the only papers reporting of bioactivity from Arctic
marine fungal sources. With results from only three
isolates published in scientific articles, there is
a severe lack of knowledge about bioactivity of
Arctic marine fungi.

The aim of this study was to isolate and identify
fungi from different substrates in the Arctic. In addi-
tion, the potential of the isolates to produce second-
ary metabolites was assessed by examining their
antibacterial activity against five common human
pathogens in an agar plug diffusion assay.

Materials and methods

Sampling and isolation of marine fungi

Samples were collected during a bioprospecting
cruise with R/V Helmer Hansen around Svalbard in
September 2016 (see Supplementary figure and
Table 1 for exact locations and metadata). In addition
to fruiting bodies, four different microhabitats were
sampled: marine macroalgae, driftwood, sediments,
and seawater. Marine macroalgae were collected
from intertidal sites and were handpicked into sterile
bags. Algal samples were surface sterilised by cutting
the material into pieces of approximately 1 × 1 cm
and dipping them into 70% ethanol for 30 seconds
before rinsing them in autoclaved MilliQ water. Two
to three pieces were then plated onto one 0.4% malt

extract agar prepared with artificial seawater
(ASMEA), corn meal agar in artificial seawater
(ASCMA) and 1% dried and homogenised
Ascophyllum nodosum in artificial seawater
(1.0ASAsco) plates containing 30 µg/mL streptomycin
and 30 µg/mL tetracycline. Driftwood samples,
obtained from the intertidal zone or bottom trawl,
were prepared following the procedure from Rämä
et al. (2014) by removing the surface of the wood with
a sterile knife and then cutting out 0.5 × 1 cm pieces.
Two to three pieces were plated on each type of plate.
Fruiting bodies (sporocarps) from driftwood were
moistened with seawater and let dry until spores
were discharged and then transferred to agar plates.
Sediment samples were collected using a Van Veen
grab. The surface of the material in the grab was
removed using a sterile knife and sediment was
scooped using a sterilised knife into a Petri dish that
was closed immediately afterwards. An inoculation
loop was used to streak out the sediment onto the
agar plates. In-situ culturing plates were made by
pouring inoculated agar into a mould and covering
it with barrier membranes which only allows small
molecules to pass through. These plates were inocu-
lated in a seawater pool with constant seawater flow
on the deck of the boat during the cruise. The cell
suspension for the in-situ agar inoculum was sampled
in a sterile Duran flask on a cruise to approximately
the same area (76°15′27.5″N, 29°51′35.0″E and 5 m
depth) in May 2016, was stored at +2°C and used
undiluted in September. This method is inspired by
the technique described by Nichols et al. (2010) and
Berdy et al. (2017).

Once fungal mycelium was visible and had grown
out from the substrate it was transferred to a new
agar plate until an axenic culture was obtained. The
subculture-media did not contain antibiotics. All incu-
bations were done at 4–10.

Sanger sequencing and OTU clustering

A small piece of agar containing mycelium was trans-
ferred to an Eppendorf tube and 100 µl of autoclaved
MilliQ water was added, followed by vigorous vortex-
ing. For the PCR reaction, 1 µl of this material was
used as a template. DreamTaq Green PCR Master Mix
(2X) was used together with the different primer sets
(Supplementary table 2). The barcode region
sequenced was the nuc internal transcribed spacer

MYCOLOGY 231



rDNA (ITS1-5.8S-ITS2 = ITS) using primers ITS5/ITS4
(White et al. 1990), with a backup set ITS3(White
et al. 1990)/LR0Ri (Inverted LR0R sequence) for ITS2.

Successful PCRs were purified using either
QIAquick PCR purification kit, ExoSAP-IT or A’SAP
PCR clean-up treatment according to the manufac-
turer’s manual. The purified PCR products were then
prepared for two directional Sanger sequencing reac-
tion using BigDye3.1 and a PCR program of 30 cycles
at 95 °C for 30 seconds, 47 °C for 10 seconds and 72 °C
for 1 minute. The sequencing was performed by the
sequencing platform at the University Hospital of
North Norway utilising Applied Biosystems 3130xl
Genetic Analyser (Life Technologies/Applied
Biosystems). The returned chromatograms were
imported into Geneious v10.2.3 (https://www.gen
eious.com/), trimmed to 0.05 error probability, primer
regions removed, assembled into consensus
sequences and proofread according to guidelines
proposed by Nilsson et al. (2012).

ITS sequences were trimmed to the same start and
end before they were aligned using MAFFT plugin
v7.388 in Geneious v10.2.3 using E-INS-I algorithm
with scoring matrix PAM200 (Katoh et al. 2002;
Katoh and Standley 2013). The aligned sequences
were then used to cluster sequences into OTUs
using MOTHUR v.1.35.1 at 98% ITS similarity cut-off
(Schloss et al. 2009). The full length sequences of each
cluster were queried against Rfam for intron detection
(Bateman et al. 2017; Kalvari et al. 2018). A list of the
isolates and OTU division can be found in
Supplementary table 3.

Representative sequences for each OTU were
sequenced for two additional barcode regions. The
nuc rDNA covering V1-V5 regions of 18S (18S) using
primers NS1/NS4 (White et al. 1990), and nuc rDNA
covering D1-D3 regions of 28S (28S) using primers
LR0R/LR5 (Vilgalys and Hester 1990; Rehner and
Samuels 1994).

The PCR reaction parameters for ITS and 28S
were an initial denaturation at 95 °C for 5 minutes,
followed by 35 cycles of denaturation at 95 °C for
30 seconds, annealing at 47 °C for 30 seconds,
elongation at 72 °C for 1 minute. A final elongation
step of 72 °C for 10 minutes was carried out fol-
lowed by a hold at 4 °C indefinitely. 18S amplifica-
tion only differed in annealing temperature of 42 °

C. Success of the amplification was checked by gel
electrophoresis of the samples on 1% Tris-Borate-
EDTA agar gel infused with 0.1‰ GelRed. A list of
accession numbers for sequences generated in this
study can be found in Supplementary table 4.

OTU identification and phylogenetic analyses

Representative sequences of each OTU were sub-
mitted to GenBank for a BLAST search with an
ENTREZ query string limiting hits to fungal and fun-
gal-like origin and excluding uncultured, metage-
nomic, and environmental samples to limit the
numbers of hits to sequences of known origin of
relative high quality (Souvorov et al. 2006; Raja et al.
2017). Sequences for each locus were downloaded
from GenBank and aligned. If available, type strains
with sequences from all marker regions (18S, ITS and
28S) were preferably downloaded. Strains were only
included if two of the three loci were available in
GenBank. A list of reference sequence accession num-
bers is listed in Supplementary table 5.

Alignment of the sequences were done in
Geneious 10.2.3, using MAFFT v.7.388 for each sepa-
rate barcode region before they were concatenated
to a single sequence. The sequences were aligned
using different algorithms for different markers,
E-INS-I for ITS and 28S, and G-INS-I for 18S. E-INS-I
considers multiple conserved domains interspaced
with long gaps or regions harder to align. G-INS-I
considers a global homology between the sequences.
The scoring matrices used were PAM200 for ITS, and
PAM100 for 18S and 28S to account for difference in
sequence similarity.

The multiloci dataset of 3148 nt was partitioned
using PartitionFinder v2.1.1 (Lanfear et al. 2017) and
jModelTest v2.1.10 (Posada 2008) was used to find the
best substitution model and priors selected by the
corrected Akaike information criterion (AICc) and
Bayesian information criterion (BIC). The three sug-
gested partitions were 18S and 5.8S, ITS1 and ITS2,
and 28S. The suggested model GTR+I + G for 18S and
28S, and SYM+I + G for ITS was changed to GTR+G to
avoid simultaneous optimisation of both gamma and
the proportion of invariant sites as these parameters
correlate strongly (Jia et al. 2014). Instead, six gamma
categories was used to accommodate for slowly
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evolving sites. A prior mean branch length, brl was
first estimated using maximum likelihood. The prior
mean was used to set the parameters for the expo-
nential prior exp (λ) where λ ¼ 1

brl
.

The resulting alignments, partitions and models
were used for Maximum likelihood and Bayesian
tree construction using RAxML v8.2.11 in Geneious
(Stamatakis 2014) and MrBayes v.3.2.6 (MPI parallel
version with Beagle) (Ronquist et al. 2004, 2012).
RAxML was run with the following settings:
Substitution model GTR gamma, rapid bootstrapping
and search for best scoring ML tree with 2000 boot-
strap replicates.

The nexus file with alignments and MrBayes com-
mand block can be found in the supplementary data.
Tracer v1.7.1 was used to assess the convergence of
the runs (Rambaut et al. 2018). The optimisation of
proposal mechanisms was done according to
Ronquist et al. (2009). The analysis was run until the
standard deviation of the split frequency stabilised at
a value or dropped below 0.05. The command blocks
used and resulting trees have been deposited to
Mendeley Data and are available at http://dx.doi.org/
10.17632/52dkhy5xsb.1 (Hagestad et al. 2019).

Agar plug diffusion assay

For the diffusion assay, 5 or 6 agar plugs (diameter
8 mm) from different samples with actively growing
mycelium were placed evenly spaced in an empty
petri dish. Mueller-Hinton (MH) or brain heart infusion
(BHI)-agar was infused with overnight culture (100 µL
in 100 mL) of Staphylococcus aureus (ATCC 25923),
Streptococcus agalactiae (ATCC 12386), Enterococcus
faecalis (ATCC 29212), Pseudomonas aeruginosa (ATCC
27853) or Escherichia coli (ATCC 25922), the latter two
using BHI-agar. The inoculated agar was poured on
the petri dishes until the agar reached the height of
the plugs. The plates were then incubated for
approximately 24 hours at 37 °C and the diameter of
inhibition zones was measured.

Results

Richness and phylogenetic diversity of isolated
fungi

A total of 197 isolates were analysed from algae,
sediment, driftwood, fruiting bodies, and seawater.

Sequences that failed to assemble or were truncated
were excluded from further analysis. Most of the
sequences had >80% high quality base calls. In cases
where samples had identical sequences and came
from the same isolation plate, only one was selected
as an isolate to prevent isolation of the same fungus
several times. This finally resulted in 33 different iso-
lates. Eleven isolates came from littoral macroalgae,
followed by benthic driftwood (9), benthic sediments
(6), fungal fruiting bodies from benthic driftwood (4),
and in-situ cultures from seawater (3) (Figure 1(a)).

Clustering of similar ITS sequences grouped the
isolates into 22 unique OTUs (Figure 1(a)). Seven
OTUs were found in algae, eight in driftwood, six in
sediments, four in fruiting bodies, and three in water.
The OTUs were generally found in only one sample
and only one substrate with a few exceptions.
Penicillium sp. OTU3 and Mortierella sp. OTU7 were
found in algae, driftwood, fruiting bodies, and sedi-
ments, indicating a wide substrate preference. The
distribution of the specific OTUs and isolates among
the substrates can be seen in Figure 2. The most
speciose substrate was driftwood, which yielded 8
OTUs. Some OTUs were found in multiple locations,
e.g. Lulworthiaceae sp. OTU1 and Geomyces sp. OTU4.
A complete list of representative isolates is shown in
Supplementary table 4.

The isolates had some identifiable morphological
traits. All but one OTU were filamentous. One basidio-
mycete, Glaciozyma sp. OTU17, was able to change
between a filamentous and a unicellular yeast form.
Mucor, Penicillium spp., Oidiodendron, and
Tolypocladium produced spores, presumably coni-
diospores. Lulworthia sp. OTU14 and OTU21 were
confirmed to belong to Lulworthia based on isolated
ascospores from fruiting bodies on driftwood that
germinated and were used to establish mycelial cul-
tures. Isolates were observed to have different mor-
phological characteristics (colour, growth pattern) on
different media during cultivation (Figure 1(c)).

The isolates spanned four divisions (three fungal),
seven classes, 10 orders, 14 families, and 15 genera.
The pairwise identity with reference sequences from
GenBank ranged from 78.9–100%, with identity being
highest in species also known from terrestrial sources
(Penicillium, Mucor, Geomyces and Mortierella) and
lowest in marine species and poorly studied genera
(Lulworthiales and Oomycota). Based on identity in
GenBank, nine isolates seemed to represent

MYCOLOGY 233

http://dx.doi.org/10.17632/52dkhy5xsb.1
http://dx.doi.org/10.17632/52dkhy5xsb.1


undescribed species with ITS similarity of less than
96% and LSU similarity ranging from 89–99%
(Supplementary Table 4). Most of the isolates
belonged to Ascomycota (73%), followed by
Mucoromycota (18%), fungal-like organisms
(Oomycota) (6%), and finally Basidiomycota (3%)
(Figure 1(b)).

Both maximum likelihood and Bayesian inference
arrived at similar topologies and relative branch
lengths using all three sequenced loci, contrasting in
nodes at the class level and placement of terminal
nodes in Oidiodendron, Penicillium, Cosmospora, and
Tolypocladium (Figures 3 and 4). The deep nodes were
generally well supported as well as nodes closer to
the terminal branches.

In most cases the OTUs were placed within mono-
phyletic clades, but there were a few exceptions. The
fungal-like organisms in this study were placed out-
side the referenced genera within Saprolegniales.
Lulworthiaceae sp. OTU19, Lulworthiaceae sp.
OTU10, and Lulworthiaceae sp. OTU1 were placed

outside of the genus Lulworthia, together with
sequences of Lulworthia, Zalerion, Lulwoana, and
Haloguignardia indicating that more thorough work
on phylogeny of marine fungi within Lulworthiales is
needed for proper placement.

Antibacterial activity

Ten of the 20 tested isolates showed activities against at
least one human pathogenic bacterium (Table 1).
Activities were observed against the Gram-positive bac-
teria, S. aureus, E. faecalis, and S. agalactiae.
Eurotiomycetes and Leotiomycetes gave the strongest
antibacterial activity. Acremonium sp. OTU5 and
Mortierella sp. OTU7 of Sordariomycetes and
Mortierellomycetes, did also give strong antibacterial
activity. Most of the growth inhibition was observed
against S. aureus and S. agalactiae. However,
Pseudeurotium sp. OTU5 and Geomyces sp. OTU4 were
active against E. faecalis. Penicillium sp. OTU13 was noted
for having high and specific activity against S. agalactiae,

Ascomycota
73%

Mucoromycota
18%

Oomycota
6%

Basidiomycota
3%

Distribution of isolates

0

2

4

6

8

10

12

N
u

m
b

e
r
 o

f
 i
s
o

la
t
e

s
/
O

T
U

s

Substrate

Isolates and OTUs per substrate

Isolates

OTUs

C

ba

C 

Figure 1. (a) Overview over substrate source and number of isolates and OTUs. (b) Phylum level distribution of isolates. (c) Illustration
of two different isolates on two media. From right: Mytilinidion sp. OTU15 on ASCMA and ASMEA, Pseudeurotium sp. OTU5 on ASCMA
and ASMEA.
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many times higher than any other isolate. Mortierella sp.
OTU7 was the only isolate in this study outside of
Ascomycota with activity towards the pathogenic bac-
teria. The activity against S. agalactiae and E. faecaliswere
only present when cultured on ASCMA, with the excep-
tion of Penicillium sp. OTU13 which had activity towards
S. agalactiae when cultured on ASMEA.

Discussion

Fungi remain one of the most understudied group of
microbial organisms in the ocean and they represent
a good source for novel biochemistry (Liberra and
Lindequist 1995; Richards et al. 2011; Berlinck 2013;
Wang et al. 2015). The relatively few studies on culti-
vable fungi undertaken in the Arctic underlines the
importance of mapping and exploring the species
richness and capabilities of marine fungi in this region
(Rämä et al. 2017; Luo et al. 2019). The present study
provides the first insight into the bioactivity of culti-
vable marine fungi isolated from diverse substrates
from cold waters of the Arctic region.

We found 22 unique OTUs (98% ITS similarity) from
the 33 isolates originating from substrates collected at 10

stations. Ascomycota was the most abundant division,
accounting for 73% of the isolates. The relative abun-
dance of Ascomycota compared to other divisions is
similar to what has been described in other culture-
dependent studies on marine fungi from for example
driftwood and sediments (Bubnova 2010; Pang et al.
2011; Nagano and Nagahama 2012; Rämä et al. 2014;
Blanchette et al. 2016; Bubnova and Nikitin 2017). The
number of isolates obtained in culture dependent studies
varies considerably, from as low as eight to as high as 577
(Singh et al. 2012; Rämä et al. 2014; Blanchette et al.
2016). However, direct comparison of the different arti-
cles is difficult due to differences in study focus, methods,
isolation substrate, media, and geographical area.

It is interesting to note that although fruiting bodies
collected from driftwood belonged to the Lulworthiales,
none of the driftwood samples themselves yielded
Lulworthiales isolates. This could be due to low number
of driftwood samples, or that other species outgrew
Lulworthiales on the isolation plate. Generally, isolates
of Lulworthiales grew slowly compared to other isolates.

Despite the modest number of isolates described
in this study, the species richness is high, spanning
four different phyla and 10 different orders, providing

Figure 2. Graphical representation of the 33 isolates in this study based on a Maximum likelihood tree constructed from the ITS
sequences. Taxonomic ranks are colour coded in branches. Substrates are marked with icons along the edge after isolate name.
Representative isolates names are in bold and numbers of identical sequences represented by the entry in brackets. Scale bar show
nucleotide substitutions per site.
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isolates with both high and low similarities to known
sequences in GenBank. Based on sequence similarity
compared to GenBank sequences of the three loci,
nine of the isolates seem to be novel species.
Whether the novel sequences represent novel species
remains unclear, as many species and old type speci-
mens are not properly sequenced for the different
rDNA loci used in this paper. Most of the reference
sequences in GenBank have been deposited after
2007 and most species have been added after 2014.
Curated fungal databases have few sequences of mar-
ine origin, and only 12% of all marine fungal genera
are represented in RefSeq (Hassett et al. 2019). Other
databases have similar deficiencies of marine repre-
sentation and provides an equally poor source of
identification and comparison of the isolates. When
isolates have a poor hit score, identification becomes

much more difficult as it is hard to determine the
proper taxa. However, with multiple loci it is possible
to ascertain a proper taxonomic placement, at least to
family or genus level by comparing the similarity of
the loci to reference sequences.

During manual OTU control after running MOTHUR
it was seen that Tetracladium OTU2 and OTU23 were
included in the same OTU, despite a 285 bp insert at
the end of 18S rDNA in OTU23. This insert differen-
tiated OTU23 markedly from OTU2, although the ITS
sequences themselves had only five parsimony-
informative sites over 556 bp, making them more
than 99.1% similar. A similar insertion of approxi-
mately 335 bp was found in Mytilinidion sp. OTU15
in the same region. These 18S rDNA inserts of about
300 bp were determined to be group 1 introns by
Rfam and are known to occur at the end of 18S rDNA

Figure 3. Taxonomic placement of representative isolates used in the study (bold), showing portion close to the base of the tree.
RAxML tree with bootstrap and posterior probability support values where nodes are identical with Bayesian analysis marked with
filled boxes. Phyla, order, class and family is noted on respective branches. Accession numbers of reference sequences can be found in
Supplemental Table 5.
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(Rogers et al. 1993; Gargas et al. 1995; Hibbett 1996;
Taylor et al. 2016). The ITS sequences of Lulworthia sp.
OTU14 and OTU21 were only 96.3% similar, but they
had the same sequence gaps, and differed only in
some G-A and C-T conversions that are common poly-
merase errors and could represent the same OTU
when 18S and 28S rDNA sequences are considered
(Potapov and Ong 2017). In addition to this, the ribo-
somal DNA exists in multiple copies with inherent
sequence variations and can also lead to ITS sequence

variation within a single specimen (Simon and Weiß
2008). Our observations support the conclusion that
ITS is not a perfect barcoding region alone and high-
lights that ITS similarity and dissimilarity can be mis-
leading and that manual control is important where
applicable (Schoch et al. 2012).

Both maximum likelihood and Bayesian phyloge-
netic trees provided a consensus for the classification
of the sequences to the determined level of taxon-
omy. The long terminal branches within

Figure 4. Taxonomic placement of representative isolates used in the study (bold), with base of the tree collapsed. RAxML tree with
bootstrap and posterior probability support values where nodes are identical with Bayesian analysis marked with filled boxes. Phyla,
order, class and family is noted on respective branches. Accession numbers of reference sequences can be found in Supplemental
Table 5.

MYCOLOGY 237



Lulworthiales, Mytilinidiales and fungal-like organism
clades indicate novel species of poorly studied
families or poor availability of reference sequences.

There were some higher rank taxa that were not
recovered in this culture-dependent study, such as
the phylum Chytridiomycota and yeast-like fungi in
Ascomycota (Saccharomycetales), although these are
known to frequently occur in the Arctic marine envir-
onment (Zhang et al. 2015; Hassett et al. 2017). The
reason why these groups remained unrecovered is
likely methodological, as different kinds of isolation
and culturing techniques or media are needed to
culture these (Sparrow 1960; Kutty and Philip 2008).
We used methods that are known to capture a broad
diversity of filamentous fungi in Dikarya and other
taxa such as some fungal-like Oomycota. Testing the
recovered diversity in antibacterial bioassays allowed
us to give a preliminary account of the antibacterial
activity of Arctic marine fungi.

Antibacterial activity

The agar plug diffusion assay was chosen for bioactiv-
ity screening as it is a relatively simple method to
perform and can give an indication of isolates produ-
cing antibacterial compounds. In addition, fungi
growing on solid media has been shown to produce

higher amounts and more diverse bioactive mole-
cules compared to liquid cultures (VanderMolen
et al. 2013). The incubation period for the agar plug
diffusion assay was relatively short, only 24 hours,
possibly not allowing all fungi to properly respond
to the presence of the bacteria. The incubation tem-
perature (37 °C) was also high compared to the tem-
peratures these fungi exist at in nature (less than 10 °
C). At lower temperatures, such as room temperature,
fast growing fungi quickly overgrew the plate before
the pathogenic bacteria could grow. However, the
agar plug diffusion assay provides a way to detect
constitutively expressed molecules or molecules that
are expressed during stress.

The only isolate with activity against all Gram-
positive bacteria tested was Geomyces sp. OTU4 when
cultured on ASCMA. The Penicillium OTUs on the other
hand, had the overall strongest antimicrobial activity,
with activity towards S. aureus and S. agalactiae, sup-
porting the evidence of some genera in Eurotiales as
potent producers of antimicrobial compounds
(Richards 2011). The different Penicillium OTUs also
had different antimicrobial activities. Species from the
same genus within Penicillium, Aspergillus, and
Fusarium are known to have widely different metabolic
profiles (Bladt et al. 2013; Frisvad 2014; Nesic et al. 2014;
Hasan et al. 2015; Wang et al. 2015). Ten different

Table 1. Results from agar plug diffusion assay given as average inhibition zone diameter in mm. Average is based only on active
plugs. Plugs used were 8 mm in diameter. Numbers in superscript are numbers of active plugs out of total plugs tested for a specific
isolate on a specific media. There was no activity against gram negative bacteria (not shown).

ASCMAa ASMEAb

Name S. aureus E. faecalis S. agalactiae S. aureus E. faecalis S. agalactiae

Lulworthiaceae sp. OTU1 − − − − − −
Lulworthiaceae sp. OTU10 − − − − − −
Lulworthia sp. OTU14 − − − − − −
Lulworthia sp. OTU21 − − − − − −
Lulworthiaceae sp. OTU19 − − − n.d. n.d. n.d.
Acremonium sp. OTU12 − − 91/3 10.52/4 − −
Cosmospora sp. OTU16 − − − 91/4 − −
Tolypocladium sp. OTU11 − − − − − −
Oidiodendron sp. OTU6 − − − − − −
Pseudeurotium sp. OTU5 121/3 101/3 − − − −
Tetracladium sp. OTU23 − − − − − −
Tetracladium sp. OTU2 − − − 92/5 − −
Geomyces sp. OTU4 143/4 121/4 101/4 12.33/3 − −
Penicillium sp. OTU3 171/4 − 132/4 93/3 − −
Penicillium sp. OTU9 111/3 − − 11.73/3 − −
Penicillium sp. OTU13 121/3 − 12.52/3 93/3 − 283/3

Mytilinidion sp. OTU15 − − − 11.33/3 − −
Glaciozyma sp. OTU17 − − − − − −
Mortierella sp. OTU7 12.52/3 − − − − −
Mucor sp. OTU18 − − − − − −

aCorn meal agar in artificial seawater
b0.4% Malt extract agar in artificial seawater
n.d. = no data | − = no activity
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Penicillium species have previously been challenged
with different growth conditions in order to examine
shifts in their metabolic profiles. The study showed that
Penicillium species have highly variable secondary
metabolite production, ranging from producing 4 to
34 different identified secondary metabolites. These
metabolites were often species specific, among the
identified metabolites only six were shared between
some of the species, none were shared between all
(Grijseels et al. 2017).

Another observation we made was that bioactivity
changed over time. Even though a single isolate
tested several times the same day provided the
same inhibition zone against the same bacteria, the
activity varied if tested a week, a month or several
months later indicating that the expression changed
over time. This difference in activity could also be due
to difference in fungal biomass on the plugs as they
had different times to grow between the samplings.
This time-dependent difference in metabolism has
been shown for different Penicillium species before
(Khalil et al. 2014; Roullier et al. 2016).

Several of the tested OTUs showed altered antibac-
terial activity on the two different media. This was
especially apparent in Penicillium sp. OTU13 that had
an inhibition zone against S. agalactiae of 12.5 mm
when cultured on ASCMA and 28 mm on ASMEA. On
the other hand, the inhibition zone towards S. aureus
decreased from 12 mm on ASCMA to 9 mm on ASMEA
indicating that the activity towards S. agalactiae was
specific. For some fungi, the alteration of growth
media produced different selectivities in antibacterial
activity, as seen with Acremonium sp. OTU12, with
activity against S. aureus on ASCMA and on
S. agalactiae on ASMEA. Grijseels et al. (2017) also
reported that the species altered expression patterns
when cultured in different culture media.

Bioactivity can be dependent onmany factors such as
culture medium, temperature, water activity, light, pH,
salt content, culture time, and presence of small mole-
cules (Sepcic et al. 2011; Hewage et al. 2014; Gubiani
et al. 2016). Our results illustrate medium-dependent
changes of bioactivity. This has also previously been
shown by Overy et al. (2017) in a comprehensive study
where the same ex-type strain of Aspergillus aculeatus,
a halotolerant terrestrial fungus, produced distinct cul-
ture media-specific metabolites when grown with

different osmotic pressures as well as laboratory (site)
specific metabolites.

Some of the species isolated in this study have
likely been isolated before in other studies if
sequence similarity is considered. However, this does
not mean that new discoveries from these isolates
cannot be made. A different species, Aspergillus flavus,
is a cosmopolitan species present all over the globe,
and a thorough examination by Ramírez-Camejo et al.
(2012) showed that the terrestrial and marine isolates
of this species composed a single population. This,
together with the results of Overy et al. (2017) shows
that isolation of completely novel species is not
necessary to uncover unique secondary metabolites,
as these may be expressed just by culturing in
a different laboratory environment. This highlights
the importance of using the one strain, many com-
pounds (OSMAC) approach to express secondary
metabolites from cultured strains, and to use para-
meters from different habitats as inspiration for cul-
ture conditions.

This study shows that there is potential to make
discoveries in the Arctic and that the research com-
munity should put more effort into identifying and
characterising marine fungi and fungal metabolites
from the Arctic to reduce the current knowledge gap.
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Supplementary Table 1

Object-ID Station Lat Long Depth (m) Sampling type

1 951 76.15459000 29.51583000 5 CTD Surface Water

2 1287 73.37032090 22.12993333 462 Van Veen Grab Sampler

3 1312 76.43991036 29.14506487 255 Van Veen Grab Sampler

4 1318 77.20864592 31.00135609 191 Van Veen Grab Sampler

5 1358 80.06359641 31.12167571 71 Triangle dredge

6 1360 80.08007713 31.20546539 120 Triangle dredge

7 1373 80.24265730 31.57104469 42 Triangle dredge

8 1386 79.12958237 19.28680541 0 Littoral zone

9 1404 79.33720822 18.38804856 0 Littoral zone

10 1413 79.39730700 19.48133027 0 Littoral zone



Supplementary Table 2

Primer Sequence Target Length Tm (ºC) GC (%) Ref

ITS5 5’-GGAAGTAAAAGTCGTAACAAGG-3’ 52.4 40.9 (White et al. 1990)

ITS4 5’-TCCTCCGCTTATTGATATGC-3’ 53.5 45.0 (White et al. 1990)

ITS3 5’-GCATCGATGAAGAACGCAGC-3’ 68.2 55.0 (White et al. 1990)

LR0Ri 5’-GCTTAAGTTCAGCGGGT-3’ 57.9 52.9 Inverted sequence of LR0R

NS1 5’-GTAGTCATATGCTTGTCTC-3’ 48.9 42.1 (White et al. 1990)

NS4 5’-CTTCCGTCAATTCCTTTAAG-3’ 57.9 40.0 (White et al. 1990)

LR0R 5’-ACCCGCTGAACTTAAGC-3’ 57.9 52.9 (Rehner and Samuels 1994, Moncalvo, Wang, and Hseu 1995) 

LR5 5’-TCCTGAGGGAAACTTCG-3’ 58.8 52.9 (Vilgalys and Hester 1990)
LSU (D1-D3) 900

ITS1-5.8S-ITS2 500+

ITS2 350

SSU (V1-V5) 1100



Supplementary Table 3

Isolate Source Kingdom Division Genus

1358A1-02 Algae Fungi Ascomycota Lulworthiaceae

1373A1-20.1 Algae Fungi Ascomycota Lulworthiaceae

1360D1-02.M Driftwood Fungi Ascomycota Tetracladium

1373A1-05.F2 Algae Fungi Ascomycota Penicillium

1413A2-01 Algae Fungi Ascomycota Penicillium

1360D1-12.2 Driftwood Fungi Ascomycota Penicillium

Tra3202.IV.2 Fruiting Body Fungi Ascomycota Penicillium

1287S1-05.2 Sediments Fungi Ascomycota Penicillium

1360D1-09 Driftwood Fungi Ascomycota Geomyces

1386D1-04.1 Driftwood Fungi Ascomycota Geomyces

1360D1-16 Driftwood Fungi Ascomycota Pseudorotium

1287S1-05.1.2 Sediments Fungi Ascomycota Oidiodendron

1386A4-02 Algae Fungi Mucoromycota Mortierella

1413A2-02 Algae Fungi Mucoromycota Mortierella

1360D1-03.F Driftwood Fungi Mucoromycota Mortierella

Tra3202.III.2 Fruiting Body Fungi Mucoromycota Mortierella

1287S1-05.1 Sediments Fungi Mucoromycota Mortierella

1318S1-08 Sediments Chromista Oomycota Oomycete

PIIIWF2.2.1 Water Fungi Ascomycota Penicillium

1358A1-08.2 Algae Fungi Ascomycota Lulworthiaceae

1373A1-03.F Algae Fungi Ascomycota Lulworthiaceae

1318S1-10 Sediments Fungi Ascomycota Tolypocladium

1360D1-08 Driftwood Fungi Ascomycota Acremonium

PVIWA5.2 Water Fungi Ascomycota Penicillum

TRa3202.II.1 Fruiting Body Fungi Ascomycota Lulworthia

1360D1-10.1 Driftwood Fungi Ascomycota Mytilinidion

1360D1-09.1 Driftwood Fungi Ascomycota Cosmospora

1404A1-01.1 Algae Fungi Basidiomycota Glaciozyma

PVWE4.1 Water Fungi Mucoromycota Mucor

1413A3-02 Algae Fungi Ascomycota Lulworthiaceae

TRa3202.VI.1 Fruiting Body Fungi Ascomycota Lulworthia

1312S1-05.2 Sediments Chromista Oomycota Oomycete

1386A3-02 Algae Fungi Ascomycota Tetracladium



Supplementary Table 4

Accession numbers Closest GenBank similarity (%)

Isolate_ID Genus 18S rDNA ITS 28S rDNA Rfam 18S rDNA ITS 28S rDNA

M16HEL1358A1-02 Lulworthiaceae sp. OTU1 MK543196 MK531712 na 85.6 98.9

M16HEL1360D1-02 Tetracladium sp. OTU2 MK531782 MK543198 MK531714 99.9 99.8 99.3

M16HEL1360D1-12.2 Penicillium sp. OTU3 MK531786 MK543203 MK531718 100.0 100.0 100.0

M16HEL1386D1-04.1 Geomyces sp. OTU4 MK543206 MK531720 na 100.0 100.0

M16HEL1360D1-16 Pseudorotium sp. OTU5 MK531787 MK543204 MK531719 100.0 100.0 100.0

M16HEL1287S1-05.1.2 Oidiodendron sp. OTU6 MK531778 MK543192 MK531709 99.4 99.8 98.4

M16HEL1360D1-03 Mortierella sp. OTU7 MK531783 MK543199 MK531715 99.9 99.8 97.8

M16HEL1318S1-08 Oomycete sp. OTU8 MK531779 MK543194 MK531710 98.2 79.1 89.6

M16HELPIIIWF2.2.1 Penicillium sp. OTU9 MK531773 MK543187 MK531704 100.0 100.0 100.0

M16HEL1358A1-08.2 Lulworthiaceae sp. OTU10 MK531781 MK543197 MK531713 98.1 83.4 98.7

M16HEL1318S1-10 Tolypocladium sp. OTU11 MK531780 MK543195 MK531711 99.7 95.1 98.8

M16HEL1360D1-08 Acremonium sp. OTU12 MK543200 na 99.8 na

M16HELPVIWA5.2 Penicillum sp. OTU13 MK531774 MK543188 MK531705 99.9 100.0 100.0

M16HELTRa3202.II.1 Lulworthia sp. OTU14 MK531776 MK543190 MK531707 98.9 82.9 94.2

M16HEL1360D1-10.1 Mytilinidion sp. OTU15 MK531785 MK543202 MK531717 RF00028 99.4 83.7 96.9

M16HEL1360D1-09.1 Cosmospora sp. OTU16 MK531784 MK543201 MK531716 100.0 100.0 99.1

M16HEL1404A1-01.1 Glaciozyma sp. OTU17 MK531789 MK543207 MK531721 99.5 98.7 97.5

M16HELPVWE4.1 Mucor sp. OTU18 MK531775 MK543189 MK531706 100.0 99.9 99.8

M16HEL1413A3-02 Lulworthiaceae sp. OTU19 MK531790 MK543208 MK531722 95.4 81.6 92.6

M16HELTRa3202.VI.1 Lulworthia sp. OTU21 MK531777 MK543191 MK531708 98.8 81.5 94.1

M16HEL1312S1-05.2 Oomycete sp. OTU22 MK543193 na 80.7 na

M16HEL1386A3-02 Tetracladium sp. OTU23 MK531788 MK543205 RF00028 99.9 99.2 na

Missing locus 4 0 3



Supplementary Table 5

Name TYPE 18S ITS 28S

Achlya bisexualis FALSE MH685199 MH685378

Achlya dubia FALSE HQ643093 AF119578

Achlya racemosa FALSE HQ643105 JX115214

Achlya radiosa FALSE HQ643106 JX115215

Acremonium cereale FALSE AB540571 AB540497

Acremonium persicinum TYPE TRUE NR_131260 AB540501

Atkinsiella dubia FALSE AB284575 AB285221

Cordyceps bifusispora FALSE HQ680636 AY245627

Cosmospora arxii TYPE TRUE NR_145062 NG_058892

Cosmospora coccinea FALSE FJ474072 GQ505990

Cosmospora meliopsicola FALSE HM054159 HM042406

Cosmospora viridescens TYPE TRUE NR_154791 NG_060412

Geomyces pannorum FALSE MH859889 MH871677

Geomyces sp. HL4PH FALSE KU612398 KU612427

Glaciozyma antarctica TYPE TRUE AF444529 NG_057664

Glaciozyma litoralis TYPE TRUE NR_155110 HF934009

Glaciozyma martinii TYPE TRUE NR_132821 NG_058293

Glaciozyma watsonii TYPE TRUE NR_155146 NG_058294

Gymnostellatospora japonica FALSE MF375781 MF375781

Haloguignardia irritans FALSE AY566252 AY581940

Leptolegnia caudata FALSE KP098370 KP098340 KP098357

Leuconeurospora pulcherrima FALSE AF096178 KJ755518 AF096193

Lophium mytilinum FALSE EF596818 EF596819 EF596819

Lulwoana sp. P3 FALSE KY465973 KY486880

Lulwoana uniseptata TYPE TRUE AY879031 LC146746 LC146746

Lulworthia atlantica TYPE TRUE NR_148084 NG_060278

Lulworthia cf. opaca FALSE AY879003 AY878961

Lulworthia cf. purpurea FALSE KT347201 KT347219 JN886824

Lulworthia fucicola TYPE TRUE AY879007 AY878965

Lulworthia grandispora FALSE AF047582 AF047583

Lulworthia medusa FALSE AF195636 AF195637

Lulworthia sp. 107aIA FALSE KM272368 KM272360

Mortierella cystojenkinii TYPE TRUE HQ667504 NR_111581 NG_042564

Mortierella dichotoma TYPE TRUE HQ667477 NR_111568 NG_042552

Mortierella elongatula TYPE TRUE HQ667505 NR_111582 NG_042565

Mortierella fimbricystis TYPE TRUE GU559980 NR_152949 NG_057967

Mortierella indohii TYPE TRUE HQ667461 NR_111561 NG_042545

Mortierella turficola TYPE TRUE HQ667506 NR_111583 NG_042566

Mucor circinelloides TYPE TRUE JF723652 NR_126116 NG_055735

Mucor genevensis TYPE TRUE HM623319 NR_103632 NG_057971

Mucor plumbeus FALSE JN939014 JN942877 JN938896

Mucor racemosus TYPE TRUE JF723672 NR_126135 NG_055727

Mucor spinosus FALSE JF723692 JF723577 JF723763

Mytilinidion australe TYPE TRUE MH855533 NG_057806

Mytilinidion mytilinellum FALSE FJ161144 HM163570 FJ161184

Mytilinidion resinicola TYPE TRUE NG_016511 MH855535 NG_057807

Mytilinidion scolecosporum TYPE TRUE NG_016510 MH855536 NG_057808

Myxotrichum deflexum TYPE TRUE AB015777 NR_156338 NG_057619

Myxotrichum setosum FALSE MH857025 MH868555



Supplementary Table 5

Name TYPE 18S ITS 28S

Oidiodendron tenuissimum TYPE TRUE AB015787 AB040706

Oidiodendron truncatum FALSE MH858549 MH870187

Paracylindrocarpon aloicola TYPE TRUE NR_154346 NG_058238

Penicillium antarcticum TYPE TRUE NR_137880 MH874309

Penicillium bialowiezense TYPE TRUE NR_111323 MH866464

Penicillium brevicompactum TYPE TRUE KF465776 MH866525

Penicillium canescens FALSE MH856353 MH867903

Penicillium chrysogenum TYPE TRUE MH856357 MH867907

Penicillium commune TYPE TRUE NR_111143 MH867909

Penicillium coralligerum FALSE MH860682 MH872388

Penicillium crustosum FALSE JN939046 JN942857 JN938953

Penicillium granulatum FALSE MH865458 MH876918

Penicillium novae-zeelandiae TYPE TRUE NR_111668 MH867584

Penicillium osmophilum FALSE GU733358 MH860734 MH872446

Penicillium polonicum TYPE TRUE JN939264 NR_103687 JN939272

Penicillium sacculum TYPE TRUE NR_156551 MH869599

Penicillium solitum FALSE MH860945 MH872705

Phenoliferia psychrophenolica TYPE TRUE NG_061175 NR_154289 KY108774

Pseudeurotium bakeri TYPE TRUE NR_145345 MH872136

Pseudeurotium hygrophilum TYPE TRUE  AY129282 NR_111128 MH874401

Pseudeurotium ovale TYPE TRUE MH857368 MH868913

Pseudeurotium zonatum TYPE TRUE AF096183 NR_111127 MH867318

Pseudocamaropycnis pini TYPE TRUE NR_153459 NG_058211

Roseodiscus rhodoleucus FALSE KT972703 KT972704 KT972705

Saprolegnia turfosa FALSE HQ644012 HQ665210

Tetracladium marchalianum FALSE EU883417 EU883417 EU883417

Tetracladium maxilliforme FALSE EU883429 EU883429 EU883429

Tetracladium psychrophilum FALSE JX029138 JX029129

Tolypocladium cylindrosporum TYPE TRUE MH859917 MH871712

Tolypocladium endophyticum FALSE KF747321 KF747245 KF747152

Tolypocladium inegoensis FALSE AB027368 AB027368

Tolypocladium inflatum TYPE TRUE MH859963 MH871762

Tolypocladium ophioglossoides FALSE AB027321 AB027367 AB027367

Tolypocladium pustulata FALSE AF389189 AF389190

Tolypocladium sp. ZLY-2010 FALSE HM595510 HM595578

Zalerion maritima FALSE KT347203 KT347216 JN886806

Zalerion xylestrix FALSE EU848591 EU848592

Missing reference locus 44 7 3
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Genomic characterization of three marine fungi, including 26 

Emericellopsis atlantica sp. nov. with signatures of a generalist lifestyle 27 

and marine biomass degradation 28 

Marine fungi remain poorly covered in global genome sequencing campaigns; the 29 

1000 fungal genomes (1KFG) project attempts to shed light on the diversity, 30 

ecology and potential industrial use of overlooked and poorly resolved fungal 31 

taxa. This study characterizes the genomes of three marine fungi. The generalist 32 

Emericellopsis TS7, the saprotrophic Amylocarpus encephaloides and the algae-33 

associated Calycina marina were genome sequenced to study their genomic 34 

features and phylogenetic placement using multilocus data. A. encephaloides and 35 

C. marina were placed in the Helotiaceae and Pezizellaceae, respectively, within 36 

Helotiales based on a 15-gene phylogenetic analysis. These two genomes had 37 

fewer biosynthetic gene clusters (BGCs) and carbohydrate active enzymes 38 

(CAZymes) than Emericellopsis TS7. Emericellopsis TS7 isolate (Hypocreales, 39 

Ascomycota) was isolated from the sponge Stelletta normani and whole genome 40 

sequenced to study the antibacterial activity observed in initial screenings and the 41 

systematic position within the Emericellopsis. A six-gene phylogenetic analysis 42 

placed the isolate TS7 in the marine Emericellopsis clade and morphological 43 

examination confirmed that the isolate represents a new species, described here 44 

as Emericellopsis atlantica. Analysis of its CAZyme repertoire indicated that E. 45 

atlantica is a generalist fungus. FungiSmash revealed the presence of 35 BGCs 46 

including, eight non-ribosomal peptide synthases (NRPSs), six NRPS-like, six 47 

polyketide synthases, nine terpenes and six hybrid, mixed or other clusters. Of 48 

these BGCs, only five were homologs with characterized BGCs. E. atlantica was 49 

grown in 11 different media that were extracted, pre-fractioned and tested for 50 

bioactivity. Several fractions showed antibacterial, anti-biofilm or 51 

immunomodulatory activities. Accurate mass and mass spectrometry 52 

fragmentation pattern indicated the presence of helvolic acid in the antibacterial 53 

fractions. This observation was supported by the presence of the helvolic acid 54 

gene cluster. We provide phylogenetic and genome-based evidence for the first 55 

genome-sequenced Emericellopsis species, E. atlantica, being a sponge-56 

associated fungus that has potential to degrade several types of marine biomass. 57 

The presence of unknown BGCs and peptide signatures in MS from extracts sets 58 

the stage for further investigations of the NRPS peptides produced by E. 59 

atlantica. In addition, we provide the first sequenced representative of 60 
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Pezizellaceae and the first sequenced fungi in the genus Amylocarpus and resolve 61 

their phylogeny using multilocus data. 62 

Keywords: Amylocarpus encephaloides; Calycina marina; carbohydrate active 63 

enzymes; gene cluster; genome; marine fungi; Emericellopsis; 1 new taxon 64 

Introduction 65 

The first genome of a fungus, Saccharomyces cerevisiae, was sequenced in 1996 66 

(Goffeau et al. 1996). Subsequent developments in technology have made sequencing 67 

much more affordable, and the number of fungal genome and transcriptome sequencing 68 

projects has increased exponentially and in 2020 1886 genomes were released 69 

(Grigoriev et al. 2014; Sharma 2015; NCBI 2021). Most of the early sequencing efforts 70 

were focused on terrestrial ecologically or economically significant fungi, crop-71 

pathogens, or fungi related to human health (Sharma 2015). One problem in studying 72 

fungi using comparative genomics, is the lack of available genomic data and proper 73 

taxonomic representation of the known taxa (Naranjo-Ortiz and Gabaldón 2019; 74 

Lücking et al. 2020). This is especially prominent among marine fungi, where few 75 

genomes are available compared to terrestrial fungi. There is also debate about the 76 

definition of the characteristics of marine fungi that has been ongoing for at least half a 77 

century (Kohlmeyer and Kohlmeyer 1979; Raghukumar and Raghukumar 1999; Pang et 78 

al. 2016; Reich and Labes 2017). The 1000 fungal genomes (1KFG) project is 79 

addressing ecologically and taxonomically overlooked fungi like marine fungi in poorly 80 

resolved taxa, such as Helotiales (Leotiomycetes). By making their genomes publicly 81 

available, 1KFG contributes to better elucidate the general features of marine fungi 82 

(Grigoriev et al. 2011; Grigoriev et al. 2014). 83 

The marine environment is vastly different from terrestrial environments, 84 

leading to distinct adaptions by the organisms living there. Such adaptions may take the 85 

form of unique enzymes that withstand low or high temperature, pressure or salt 86 
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concentration, and high potency of signaling molecules and sensitive receptors, specific 87 

pigments, and other unique metabolites (van Noort et al. 2013; Kis-Papo et al. 2014; 88 

Rédou et al. 2015; Oey 2016; Fouillaud et al. 2017; Huang et al. 2017; Trincone 2018). 89 

There are many substrates available in the marine environment that are different 90 

compared to terrestrial substrates. Such substrates include polysaccharides such as 91 

laminarin, carrageenan, fucoidan, alginate, ulvan, galactans, porphyrin, agarose, chitin 92 

among others that do not occur in terrestrial sources or have different modifications 93 

such as sulfation (Barbosa et al. 2019). Fungal enzymes utilizing specific marine 94 

polysaccharides, such as glycoside hydrolase family 29 (GH29) linked to degradation of 95 

algal fucoidan, GH107 for sulfated fucans, GH78 and GH105 for ulvan and GH18 and 96 

GH82 for carrageenan are of interest for industrial processing. These enzymes make 97 

sugars bioavailable and usable in feed for aquaculture and agriculture, in the production 98 

of specific polysaccharides for pharmaceutical purposes or as a carbon source for 99 

bioenergy production. Marine microorganisms also have to communicate with each 100 

other and protect themselves using secondary metabolites. Because the water dilutes 101 

any secreted molecules, the secondary metabolites have to be potent and they are 102 

therefore of special pharmaceutical interest as potential drugs (Berteau et al. 2002; 103 

Haefner 2003; Michel et al. 2006; Collén et al. 2014; Vickers et al. 2018; Reisky et al. 104 

2019; Carroll et al. 2020; Dobrinčić et al. 2020). 105 

Some of the fungi frequently observed in the marine environment include 106 

acremonium-like fungi that are a polyphyletic assembly of mostly indistinct, hyaline, 107 

simple, asexual fungi. Binomially named Acremonium fungi are found within 108 

Glomerellales, Hypocreales, Sordariales, Cephalothecales (Cephalothecaceae) and 109 

Leotiomycetes showing how Acremonium is used collectively on phylogenetically 110 

distinct, but often morphologically indistinct fungi (Summerbell et al. 2011). Many of 111 
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these fungi have close sequence similarity to sexual reproductive morph of described 112 

species and likely represent the asexual morph of these species (Summerbell et al. 113 

2011). Some of the acremonium-like taxa within the Emericellopsis clade are marine, 114 

specifically those closely related to E. maritima and A. fuci, whereas terrestrial isolates 115 

form a distinct clade (Zuccaro et al. 2004). Alkali-tolerant soda soil fungi seem to have 116 

derived from the marine lineage and are nested in their own clade within the marine 117 

clade (Grum-Grzhimaylo et al. 2013). This concept is challenged by recent research 118 

based on rDNA ITS1-5.8S-ITS2 region (ITS) and β-tubulin (TUB2) phylogeny and 119 

should be retested with multilocus gene phylogenies when new species are described 120 

(Gonçalves et al. 2020). 121 

Despite frequent phylogenetic studies and descriptions of new species, relatively 122 

few acremonium-like fungi have had their genome sequenced. For the genus 123 

Emericellopsis, there are no reference genomes available (Grigoriev et al. 2014; NCBI 124 

Resource Coordinators 2018). This means that there is no genomic information 125 

available on the potential of Emericellopsis species to produce secondary metabolites. 126 

From chemical studies, we know that species within the genus of Acremonium and 127 

Emericellopsis can produce a range of known bioactive metabolites (Argoudelis et al. 128 

1974; Rogozhin et al. 2018; Hsiao et al. 2020). Several terpenes and non-ribosomal 129 

peptide synthase (NRPS) peptides have been reported from Emericellopsis isolates 130 

(Argoudelis and Johnson 1974; Argoudelis et al. 1975; Pinheiro et al. 2012). Those 131 

secondary metabolites have shown antibacterial, antibiofilm, antifungal and anticancer 132 

activities (Argoudelis and Johnson 1974; Ishiyama et al. 2000; Pinheiro et al. 2012; Arai 133 

et al. 2013; Rogozhin et al. 2018). Despite evidence of secondary metabolite 134 

production, our understanding of the full biosynthetic potential of Emericellopsis fungi 135 

remain unknown. 136 
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Here, we provide a thorough taxonomic and genomic description of the first 137 

fully sequenced Emericellopsis species along with an investigation of its bioactivities 138 

under different growth conditions. Using the genome sequence, we attempt to identify 139 

likely candidate molecules responsible for the observed bioactivities and find evidence 140 

for the truly marine nature of the TS7 isolate. To further contribute to the knowledge of 141 

marine fungi, we include a description of the two marine fungi, Calycina marina and 142 

Amylocarpus encephaloides (Helotiales, Ascomycota), and resolve their phylogeny 143 

based on multilocus data extracted from genome sequences.  144 

Materials and Methods 145 

In this manuscript we adhere to italicizing Latin names of organisms and higher order 146 

taxonomic ranks as given in Thines et al. (2020). Several of the methods used here have 147 

previously been published and will only be briefly described here. For full, in depth 148 

methods, see Supplementary data 1 – methods. 149 

Sampling and isolate information 150 

The isolation method of the isolate TS7 was previously described in Batista-García et 151 

al. (2017). Emericellopsis sp. (Class Sordariomycetes, Order Hypocreales, Family 152 

Hypocreales incertae sedis) was obtained from the sponge Stelletta normani (Class 153 

Demospongiae, Order Astrophorida, Family Ancorinidae) collected on 16th June 2010 154 

from 1350 m depth in the Atlantic Ocean (54.0613° N, 12.5518° W), off the west coast 155 

of Ireland using a remote operated vehicle (R.O.V) Holland I on board the R.V. 156 

Explorer (Kennedy et al. 2014). Briefly, one mL of the macerated sponge material was 157 

serially diluted and 100 µL of each dilution was inoculated on agar plates with either 158 

Malt extract agar-ASW or Potato dextrose agar-ASW (DIFCO). Axenic cultures were 159 

obtained after two passages from the primary isolation. The fungus is accessible in the 160 
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fungal collection of the School of Microbiology at University College Cork, under 161 

accession code TS7, and the Westerdijk Fungal Biodiversity Institute (CBS-KNAW) 162 

under the accession CBS 147198. Emericellopsis isolate TS7 was selected for full 163 

genome sequencing in the 1KFG project due to the lack of sequenced Emericellopsis 164 

species, its marine origin, promising antibacterial activity against gram-negative 165 

bacteria in initial bioactivity testing and as a putative novel species (Jackson et al. 166 

2016). 167 

Isolation of Calycina marina TRa3180A (Class Leotiomycetes, Order 168 

Helotiales, Family Pezizellaceae) was described in Baral and Rämä (2015). Spores from 169 

apothecia growing on decaying Ascophyllum nodosum (Class Phaeophyceae, Order 170 

Fucales, Family Fucaceae) at the entrance to Portsmouth Harbor, Portsmouth, 171 

Hampshire, England, were inoculated and isolated on 0.2SeaMEA (4 g/L malt extract 172 

agar with sterile filtered seawater) with antibiotics. The fungus was deposited into the 173 

Norwegian marine biobank (Marbank) with the accession number M16FUN0001. 174 

Isolation of Amylocarpus encephaloides TRa018bII (Class Leotiomycetes, Order 175 

Helotiales, Family Helotiaceae) was described in Rämä et al. (2014). Spores from a 176 

cleistothecium on decaying Betula sp. (Class Magnoliopsida, Order Fagales, Family 177 

Betulaceae) at 70.22874993° N, 19.68153674° E, Troms, Norway, were isolated on 178 

0.2SeaMEA. The fungus was deposited into the Norwegian marine biobank (Marbank) 179 

with the accession number M15FUN0043. 180 

Morphology 181 

Emericellopsis TS7 was incubated on oatmeal agar (OA), potato dextrose agar (PDA) 182 

and malt extract agar (MEA) (recipes in Crous et al. (2019)) for 21 days at 25 °C. The 183 

cultures where then examined using a dissecting and compound light microscope 184 
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equipped with differential interference contrast. Morphological characteristics were 185 

described and compared to closely related species. 186 

Cultivation for nucleic acid extraction, nucleic acid extraction, sequencing and 187 

annotation 188 

Cultivation 189 

For DNA and RNA extractions, mycelium from liquid seed cultures of Emericellopsis 190 

TS7, Amylocarpus encephaloides and Calycina marina in 0.2ASME medium (4 g/L 191 

malt extract, 40 g/L artificial sea salts (Sigma), MilliQ-water – hereafter MilliQ) were 192 

inoculated in 250 mL of the same medium in 1000-mL baffled culture flasks. The media 193 

constituents were dissolved in MilliQ. All media were autoclaved at 121 °C for 30 min 194 

before inoculation. Incubations were performed at 10-16 °C at 140 rpm (shaking for 195 

liquid cultures only). After 13 days the culture was harvested by vacuum filtration 196 

through Miracloth (Merck) and the mycelium was subsequently placed in aluminum foil 197 

and stored at -80 °C until processing. 198 

Isolation of nucleic acids 199 

Genomic DNA from Emericellopsis TS7, Amylocarpus encephaloides and Calycina 200 

marina mycelium was isolated using Quick-DNA Fungal/bacterial Miniprep Kit (Zymo 201 

Research) kit according to supplier’s instructions. The DNA quality was checked by 202 

three methods: To check for DNA degradation a gel electrophoresis on 1 % TBE (Life 203 

technologies) UltraPure agarose (Life technologies) gel stained by GelRed (BioTium) 204 

was run at 180 V for 20 min after loading the samples using Agarose gel loading dye 205 

(Amresco). Samples were compared to GeneRuler High Range DNA ladder 206 

(ThermoFisher). NanoVue Plus (GE healthcare) measurement of wavelength ratio was 207 

used to control for contamination and estimate concentration. Finally, Qubit 208 
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(Invitrogen) measurement using Qubit dsDNA BR Assay Kit (Invitrogen) was used for 209 

accurate concentration determination. The DNA sample was stored at -80 °C. 210 

Total RNA from Emericellopsis TS7, A. encephaloides and C. marina mycelium 211 

was isolated using Quick-RNA Fungal/Bacterial Miniprep Kit (Zymo Research) 212 

according to the supplier’s protocol. All MilliQ used for RNA extraction were treated 213 

with diethyl pyrocarbonate (DEPC - Sigma). Quality control was performed using the 214 

same methods as for DNA with the exception of using RiboRuler High Range RNA 215 

ladder (ThermoFisher) for gel electrophoresis and Qubit RNA BR Assay Kit 216 

(Invitrogen) for concentration determination. 217 

DNA sequencing and assembly 218 

The draft genomes of Emericellopsis TS7, Calycina marina and Amylocarpus 219 

encephaloides were sequenced at the DOE Joint Genome Institute (JGI) using Illumina 220 

technology. For genome sequencing, 100 ng of DNA was sheared to 300 bp using the 221 

Covaris LE220 and size selected using SPRI beads (Beckman Coulter). The fragments 222 

were treated with end-repair, A-tailing, and ligation of Illumina compatible adapters 223 

(IDT, Inc) using the KAPA-Illumina library creation kit (KAPA biosystems). Illumina 224 

Regular Fragment, 300 bp, standard shotgun library (STD) and long insert, 3000 bp, 225 

mate pair library (sLMP) were constructed and sequenced using Illumina NovaSeq. All 226 

raw Illumina sequence data were filtered for artifact/process contamination using the 227 

JGI QC pipeline (Supplementary data 2-4 - sequencing). An automated attempt was 228 

made to reassemble any potential organelle (mitochondrion) from the filtered reads and 229 

remove any organelle-matching reads with kmer matching against the resulting contigs 230 

with an in-house tool (Supplementary data 5 – sequencing (mitochondrion)). An 231 

assembly of the target genome was generated using the resulting non-Organelle reads 232 
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with SPAdes v3.12.0 (Bankevich et al. 2012) using the following parameters [--phred-233 

offset 33 --cov-cutoff auto -t 16 -m 115 –k 25,55,95 --careful]. Similar methodology 234 

(Supplementary data 5 – sequencing (mitochondrion)), employing the UNITE rDNA 235 

database (Kõljalg et al. 2013), was used to reassemble the ribosomal DNA from the 236 

filtered reads. 237 

Completeness of the euchromatic portion of the genome assemblies were 238 

assessed by aligning assembled consensus RNA sequence data with bbtools v38.31 239 

bbmap.sh [k=13 maxindel=100000 customtag ordered nodisk] and bbest.sh 240 

[fraction=85] (Bushnell 2014). This was a routine test by JGI to determine whether 241 

significant portions of the genomes were missing. 242 

RNA library creation, read processing and De novo assembly 243 

For transcriptomics, plate-based RNA sample prep was performed on the PerkinElmer 244 

Sciclone NGS robotic liquid handling system using Illumina's TruSeq Stranded mRNA 245 

HT sample prep kit utilizing poly-A selection of mRNA following the protocol outlined 246 

by Illumina in their user guide: 247 

https://support.illumina.com/sequencing/sequencing_kits/truseq-stranded-mrna.html, 248 

and with the following conditions: total RNA starting material was 1 µg per sample and 249 

8 cycles of PCR was used for library amplification. The prepared libraries were then 250 

quantified using KAPA Biosystem’s next-generation sequencing library qPCR kit and 251 

run on a Roche LightCycler 480 real-time PCR instrument. The quantified libraries 252 

were then multiplexed with other libraries, and the pool of libraries was then prepared 253 

for sequencing on the Illumina NovaSeq 6000 sequencing platform using NovaSeq XP 254 

v1 reagent kits, S4 flow cell, following a 2x150 indexed run recipe. 255 
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Raw reads were filtered and trimmed using the JGI QC pipeline resulting in the 256 

filtered fastq file (*.filter-RNA.fastq.gz files). Using BBDuk (Bushnell 2014), raw reads 257 

were evaluated for artifact sequence by kmer matching (kmer=25), allowing 1 mismatch 258 

and detected artifact was trimmed from the 3' end of the reads. RNA spike-in reads, 259 

PhiX reads and reads containing any Ns were removed. Quality trimming was 260 

performed using the phred trimming method set at Q6. Finally, following trimming, 261 

reads under the length threshold were removed (minimum length 25 bases or 1/3 of the 262 

original read length - whichever is longer).  263 

Filtered fastq files were used as input for de novo assembly of RNA contigs. 264 

Reads were assembled into consensus sequences using Trinity (v2.3.2) (Grabherr et al. 265 

2011). Trinity was run with the --normalize_reads (In-silico normalization routine) and 266 

--jaccard_clip (Minimizing fusion transcripts derived from gene dense genomes) 267 

options. 268 

Genome annotation and functional annotation 269 

The genome was processed through the JGI Fungal Annotation Pipeline according to 270 

the Fungal Genome Annotation Standard Operating Procedure available at 271 

https://mycocosm.jgi.doe.gov/programs/fungi/FungalGenomeAnnotationSOP.pdf 272 

(Grigoriev et al. 2014). Briefly, gene models are iteratively improved using several 273 

gene-predicting tools and comparing it to the RNA transcriptome. Functional annotation 274 

using SignalP (Petersen et al. 2011), TMHMM (Krogh et al. 2001), InterProScan 275 

(Hunter et al. 2009), SwissProt (UniProt Consortium 2013) and KOG (Koonin et al. 276 

2004) follows. Finally, KEGG (Kanehisa et al. 2012) hits are used for EC numbers and 277 

map to metabolic pathways, while Intepro and SwissProt are used to map gene ontology 278 

(GO) terms. Core Eukaryotic Genes Mapping Approach (CEGMA) was used to make a 279 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://mycocosm.jgi.doe.gov/programs/fungi/FungalGenomeAnnotationSOP.pdf


Marine Emericellopsis TS7 sp. nov. 

12 

 

set of reliable genes and determine the completeness of the gene annotation (Parra et al. 280 

2007; Parra et al. 2009). 281 

In addition to the annotations done by JGI, a functional annotation of the 282 

Carbohydrate Active Enzymes was performed using the dbCAN2 meta server (Zhang et 283 

al. 2018). Annotations ran using HMMER (Eddy 2020), Hotpep (Busk et al. 2017) and 284 

DIAMOND (Buchfink et al. 2015) on protein FASTA sequence. Domains were 285 

assigned by HMMER or if HMMER had no results, by HotPep and DIAMOND as long 286 

as both did predicted the same domains. Only genes where two tools had hits were 287 

included as recommended on by dbCAN2s manual. For comparison with other fungi, 288 

two terrestrial and one marine genome were downloaded, Acremonium chrysogenum 289 

ATCC 11550 (Terfehr et al. 2014) (Accession GCA_000769265.1), Aspergillus niger 290 

(Andersen et al. 2011) (Accession GCA_000230395.2) and Sarocladium schorii (Schor 291 

et al. 2018) (Accession GCA_900290465.1). The genome of S. schorii only had the 292 

assembly available on NCBI, and the annotation was received from the authors (Schor 293 

et al. 2018). Furthermore, the CAZyme amino acid sequences were extracted and 294 

searched against the SulfAtlas database (http://abims.sb-roscoff.fr/sulfatlas/) and the 295 

catalytic domain pattern of sulfatases using PROSITE (Sigrist et al. 2002; de Castro et 296 

al. 2006; Barbeyron et al. 2016). 297 

The annotated genomes were also uploaded on antiSMASH fungal version 298 

(v5.0) to detect biosynthetic gene clusters and assess the biosynthetic potential of the 299 

isolates (Blin et al. 2019). Border prediction was manually adjusted; genes with 300 

homology to biosynthetic genes or putative tailoring genes were included in the clusters 301 

and the clusters were compared to previously published clusters using clinker (Gilchrist 302 

and Chooi 2020). 303 
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Finally, the amount of short simple repeats (SSR) was checked using the Repeat 304 

Finder v1.0.1 plugin within Geneious.  305 

Phylogeny 306 

For Emericellopsis isolate TS7: 27 reference sequences including 19 sequences from 307 

ex-type strains or cultures were included in the phylogenetic analyses (Supplementary 308 

data 6 – 6-gene phylogeny). Sequences for each gene were aligned individually using 309 

the E-INS-I and G-INS-I algorithms with PAM100 of MAFFT v7.388 (Katoh et al. 310 

2002; Katoh and Standley 2013) in Geneious Prime v11.0.4 followed by manual 311 

adjustment of alignments. The dataset was concatenated in Geneious. PartitionFinder 312 

v2.1.1 (Lanfear et al. 2017) was run with the concatenated dataset consisting of the 313 

rDNA genes, 18S, ITS barcode region (ITS1-5.8S-ITS2) and 28S, and the protein 314 

coding genes RNA polymerase II subunit 2 (RPB2), transcription elongation factor 1 315 

alpha (TEF1α) and β-tubulin (TUB2) with a single intron. For the protein coding 316 

regions, each position of the codon was split to different partitions. The PartitionFinder 317 

analyses were run with: models MrBayes, linked branchlengths, greedy search, and 318 

AICc and BIC model selection criterion (Lanfear et al. 2012). This suggested 12 319 

partitions (using AICc), of varying models (Supplementary data 6 – 6-gene phylogeny 320 

models). Parallel-MPI MrBayes v3.2.7a with beagle was run for 5.000.000 generations 321 

or until average standard deviation of split frequencies was below 0.01 with sampling 322 

each 2500 generations with the 12 partitions as suggested by ModelFinder (Ronquist et 323 

al. 2012). In addition, PhyML 3.0 was run from the webserver as a single partition with 324 

smart model selection (SMS) using AIC, SPR tree search improvement and aBayes and 325 

aLRT SH-like fast likelihood-based branch support search (Anisimova and Gascuel 326 

2006; Guindon et al. 2010; Anisimova et al. 2011; Lefort et al. 2017). The model 327 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Marine Emericellopsis TS7 sp. nov. 

14 

 

selected was GTR+I+G. The ML tree using aBayes can be found in supplementary data 328 

7 – PhyML-tree. 329 

For Calycina marina and Amylocarpus encephaloides: The 15 gene datasets 330 

from Johnston et al. (2019) containing 265 taxa were downloaded and the genes from C. 331 

marina and A. encephaloides were aligned to each individual gene alignment before it 332 

was concatenated to a single multilocus dataset. The dataset from Johnston et al. (2019) 333 

was modified slightly by removing a few introns from protein coding genes and cutting 334 

edge alignments only present in a minority of sequences. The alignment was loaded into 335 

IQ-TREE v1.6.12, each gene with its own partition (Nguyen et al. 2014). IQ-TREE was 336 

run with the parameters [–m MFP –bb 10000 –alrt 10000 –nt AUTO], such that it 337 

selected the best model for each partition using ModelFinder (Kalyaanamoorthy et al. 338 

2017), performed 10000 ultrafast bootstraps (Minh et al. 2013) and 10000 SH-aLRT 339 

branchtests (Guindon et al. 2010). 340 

Cultivation for metabolite extraction, metabolite extraction and dereplication 341 

The methods for extraction of metabolites, fractionation, UHPLC-HR-MS and 342 

dereplication have previously been described in Schneider et al. (2019). 343 

Extraction of metabolites 344 

To prepare biomass for extraction of metabolites, mycelium of Emericellopsis TS7 was 345 

inoculated in 250 mL media in 1000 mL baffled culture flasks containing YES-ASW, 346 

MPM-ASW, DMB, SAPM-ASW, SDPM-ASW, F1, AF or DPY (Supplementary data 8 347 

– media composition). Solid culture fermentations were performed with BRFT, Verm or 348 

MWM (Supplementary data 8 – media composition). Liquid fermentations of 349 

Emericellopsis TS7 in YES-ASW, MPM-ASW, DMB, SAPM-ASW and SDPM-ASW 350 

was extracted by solid phase extraction (SPE) using Diaion®HP-20 resin (Supelco 351 
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Analytica, Bellefonte, PA, USA). The resin was activated before 40 g of resin was 352 

added to 1 L of culture 3-7 days before extraction. The resin was separated from the 353 

media and washed with MilliQ to remove remnants from the culture media. Methanol 354 

was used to elute metabolites from the resin. Extraction of metabolites from the resin 355 

was repeated once and the extract dried under reduced pressure at 40 °C. The dried 356 

extracts were dissolved in DMSO and stored at -20 °C. 357 

Liquid-liquid and liquid-solid media extraction was performed using 1:1 ethyl 358 

acetate (EtOAc - Sigma) and liquid or solid fermentation culture. The solid culture was 359 

cut into pieces in the culturing flasks before addition of EtOAc. The fermentations of 360 

DPY, F1, AF, BRFT, Verm and MWM was extracted two times, and the organic phase 361 

was separated using a separation funnel or filter before the organic phase was 362 

evaporated to dryness under reduced pressure at 40 °C.  363 

Flash chromatography of extracts 364 

Extracts from both liquid and solid cultures were fractioned into eight fractions using 365 

reversed phase flash liquid chromatography. The dried extracts were dissolved in 90% 366 

MeOH and 2 g of Diaion HP-20ss resin were added before it was dried under reduced 367 

pressure. Fractionation of the loaded resin was performed using a Biotage SP4 system 368 

with a stepwise gradient of MilliQ water to MeOH followed by MeOH:acetone (1:1) to 369 

100% Acetone. The eight resulting fractions were dried under reduced pressure. 370 

Fractions were then dissolved in DMSO and stored at -20 °C. 371 

Mass spectrometry and dereplication 372 

Fractions were diluted in methanol for analysis on an Acquity I-class UHPLC (Waters, 373 

Milford, MA, USA) coupled to a PDA detector and a Vion IMS QToF-MS (Waters). 374 

Separation of the samples was performed on an Acquity C-18 UPLC column (Waters). 375 
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The separation gradient was 10-90 % MilliQ to acetonitrile (HiPerSolv, VWR) with 0.1 376 

% formic acid (Sigma) during 12 min at a flow rate of 0.45 mL/min. Samples were run 377 

in ESI+ or ESI- mode, with the following settings: mass window 150-2000 Da, 378 

capillary voltage 0.8 kV, cone voltage 30 V, Source offset 50V, source temperature 120 379 

°C, desolvation-gas N2, desolvation-gas temperature 350 °C, desolvation-gas flow 600 380 

L/h, cone gas flow rate 50 L/h and analyzed using the software UNIFI v1.9.4 (Waters). 381 

Bioactivity 382 

Bioactivity assays were performed as described in Lind et al. (2013), Lauritano et al. 383 

(2016) and Schneider et al. (2020). 384 

Growth inhibition assay 385 

Briefly, the human pathogens Staphylococcus aureus (ATCC 25923), Escherichia coli 386 

(ATCC 259233) and Pseudomonas aeruginosa (ATCC 27853) from precultures in 387 

Muller Hinton Broth (MH, Becton, Dickinson and Company) and Enterococcus faecalis 388 

(ATCC 29122) and Streptococcus agalactiae (ATCC 12386) from precultures in Brain 389 

Heart Infusion Broth (BHI, Sigma-Aldrich) were grown to exponential growth phase, 390 

and a total of 1500-15000 CFU were added to each well of a 96-well plate (Nunclon, 391 

Thermo Scientific) with a total volume of 100 µL/well. Flash fractions were added to 392 

the wells with a final concentration of 100 µg/mL. The plates were incubated at 37 °C 393 

overnight before measuring the absorbance at 600 nm with a 1420 Multilabel Counter 394 

Victor3™ (Perkin Elmer, Waltham, MA, USA). Bacterial suspension diluted with 395 

MilliQ (1:1) acted as growth control, growth medium without bacteria as negative 396 

growth control. A dilution series of gentamycin was used as a positive assay control. 397 

Active fractions were tested at a serial dilution from 100 to 0.8 µg/mL. 398 
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Biofilm inhibition assay 399 

To test for biofilm formation inhibition, a Tryptic Soy Broth (TSB, Merck, Kenilworth, 400 

NJ, USA) preculture of Staphylococcus epidermidis (ATCC 35984) was diluted in 401 

media containing 1 % glucose before being transferred to a 96-well microtiter plate at 402 

50 µL/well. Fifty microliters of each flash fraction were added to separate wells and 403 

incubated overnight. The bacteria were then removed and the plate washed in tap water. 404 

The biofilm was fixed before crystal violet was added to the wells followed by a 10 min 405 

incubation. Excess crystal violet solution was removed and the plate was dried, then 70 406 

% EtOH was added and the plate incubated on a shaker for 10 min. To assess biofilm 407 

inhibition absorbance at 600 nm (OD600) was detected using a 1420 Multilabel Counter 408 

Victor3 plate reader. S. haemolyticus (clinical isolate 8-7A, University hospital, UNN, 409 

Tromsø, Norway), a non-biofilm forming clinical isolate, was used as a control and 50 410 

µL TSB with Milli-Q (1:1) was used as media blank control. If the compounds tested 411 

inhibited bacterial growth such that the bacterial suspension was clear before removal, 412 

this was noted as bacterial inhibition rather than antibiofilm activity. 413 

Removal of established biofilm was tested in a similar way as described above. 414 

Staphylococcus epidermidis (ATCC 35984) was incubated in TSB with 1 % glucose 415 

overnight at 37 °C. The next day the bacterial suspension was removed and washed 416 

carefully with PBS before the sample was added. After one day of incubation, the 417 

sample was removed and the biofilm was colored using crystal violet. The OD600 was 418 

measured using 1420 Multilabel Counter Victor3 plate reader. S. haemolyticus was used 419 

as a non-biofilm producing bacterial control. 420 

Cell proliferation assay 421 

Toxicity of the fractions were assessed using a cell viability assay. Fractions were tested 422 
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at 50 µg/mL final concentration in an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-423 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) in vitro cell proliferation 424 

assay against A2058 human melanoma cancer cell line (ATCC CRL-11147). Final 425 

measurement of absorbance at 485 nm was performed on a DTX 880 multimode 426 

detector (Beckman Coulter) and cell viability was calculated. Growth media with and 427 

without 10 % DMSO was used as positive and negative control respectively. 428 

Anti-inflammatory and immunostimulatory assay 429 

Anti-inflammatory: Prepared THP-1 cells (ATCC TIB-202) was seeded in 96-well 430 

plates at 106 cells/ml and incubated for 48 h. The cells were checked and fresh media 431 

added, followed by 24 h incubation. Then, fresh media and 10 µL of sample (100 432 

µg/mL final concentration) was added to each well. After 1 h of incubation 1 ng/mL of 433 

LPS (final concentration, Sigma) was added, followed by a 6 h incubation at 37 ºC. The 434 

reaction was stopped by freezing the plates at -80 °C immediately after incubation in 435 

preparation of Enzyme-linked immunosorbent assay (ELISA) assay. Positive and cell 436 

control is with and without LPS addition, respectively. 437 

Immunostimulatory: This assay generally followed the exact same procedure as 438 

the anti-inflammatory assay, except after cell differentiation 90 µL fresh media and 10 439 

µL of sample (100 µg/mL final concentration) was added to each well (omitting LPS 440 

addition). The reaction was stopped by freezing the plates at -80 °C immediately after 441 

incubation in preparation of ELISA. Positive and cell control is with and without LPS 442 

addition, respectively. 443 

The secretion of TNFα was measured using ELISA. Between each of the 444 

following steps, the plates were washed with washing buffer (TBS with 0.05 % Tween-445 

20, Sigma). All incubations were performed in room temperature in a shaking incubator. 446 

Samples were diluted 1:20 using assay diluent (Tris buffered saline - TBS with 1 % 447 
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BSA) in the plate and a TNFα-standard dilution series was added to a prepared plate 448 

before incubation for 2 h. Biotin coupled anti-human antibody was added to each well 449 

followed by a 1 h incubation before diluted ExtrAvidin-Alkaline Phosphatease (Sigma) 450 

was added followed by 30 min incubation. Finally, 100 µL pNPP substrate (Sigma, 1 M 451 

dietanolamin, pH 9.8) was added to each well, incubated for 45 min and the plates were 452 

read in DTX 880 plate reader at 405 nm. 453 

Results 454 

Genome features 455 

The Emericellopsis sp. genome was assembled into 114 scaffolds, with a total size of 456 

27.3 Mbp, Table 1. The three largest scaffolds were 1.47, 1.29 and 1.25 Mbps, 457 

respectively. The number of scaffolds needed to contain half the assembly (N50) was 14 458 

and the L50 was 0.76 Mbp. There were 22 bridged gaps in the assembly of negligible 459 

size, and the G+C content was 54.2 %. The average read coverage depth was 225.6x 460 

and the genome contained 9964 predicted gene models with 2.59 exons on average. 461 

Mapping of RNA-Seq reads and de novo assembled contigs revealed that 99.2 % and 462 

97.3 %, respectively, mapped back to the genome. The mitochondrial genome was 463 

separately assembled into a single scaffold of 25,688 bp and is likely to be circular. The 464 

genome characteristics of Amylocarpus encephaloides and Calycina marina are 465 

presented at the end of the results section. 466 

Table 1 - Overview of genome assembly and gene statistics for Emericellopsis TS7, 467 

Calycina marina and Amylocarpus encephaloides. 468 

Isolates Emericellopsis 

sp. TS7 

C. marina A. encephaloides 

Genome statistics    

Genome assembly size (Mbp) 27.3 34.21 46.29 

Coverage 225.6 185.26 127.83 
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# of scaffolds 114 1318 2381 

# of scaffolds >= 2k 105 1168 1600 

Scaffold N50 14 173 168 

Scaffold L50 (Mbp) 0.76 0.05 0.07 

# of gaps 22 37 68 

% of scaffold length in gaps 0.0 0.0 0.0 

Largest scaffold 1.47 0.38 0.42 

% GC 54.2 47.6 44.9 

Transcriptome and gene models    

EST mapped to genome (%) 99.2 98.8 99.0 

Average gene length 1832 1758 1770 

exons per gene 2.59 3.13 3 

# of gene models 9964 9558 11869 

Genes/Mbp 364.98 279.39 256.41 

CEGMA (%) 99.34 99.34 99.54 

BGCs 36 21 34 

CAZyme genes 396 217 356 

KOG annotated 5201 4723 5413 

KEGG annotated 1969 1670 2041 

Gene features and functional annotation of Emericellopsis TS7 469 

The 9964 predicted gene models gave a gene density of 365 genes/Mbp. CEGMA 470 

estimated that 99.34 % of the core genes were present, which indicate a nearly complete 471 

genome. There were 162 tRNAs and a single complete rDNA region in the assembly. A 472 

total of 4331 (43 %) genes were generically annotated with hypothetical (3252) or 473 

expressed (1079) proteins. The MAT-1-1 mating locus was also identified via BLAST 474 

in the assembly. 475 

A total of 5201 (52 %) genes were recognized as orthologous genes based on 476 

hits in the KOG database (Table 1), of these 1317 (25 %) received general functional 477 

predictions or were conserved genes with unknown functions (Supplementary data 9 – 478 

KEGG-KOG). This indicates that 4763 of 9964 (47.8 %) of the predicted genes do not 479 

have characterized orthologs or are lineage specific genes. A small portion of these 480 

genes could be pseudogenes that are not functional or genes that have been incorrectly 481 

predicted from the annotation pipeline. The largest group of identified orthologs 482 
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belonged to the posttranslational modification, protein turnover and chaperones 483 

category (483). Signal transduction (377), energy production and conversions (323), 484 

carbohydrate transport and metabolism (318) and translation, ribosomal structures and 485 

biogenesis (317) were the next four highly represented categories. Secondary metabolite 486 

biosynthesis, transport and catabolism (268) made up 2.5 % of the functionally 487 

annotated orthologs.  488 

Of the 9964 genes, only 1969 were classified based on the KEGG database, 489 

Table 1. The largest group of these were enzymes with known function but 490 

undetermined pathways (688) (Supplementary data 9 – KEGG-KOG). This was 491 

followed by enzymes involved in amino acid metabolism (618), carbohydrate 492 

metabolism (433), metabolism of complex carbohydrates (314), and biodegradation of 493 

xenobiotics (298). Pathways associated with biosynthesis of secondary metabolites had 494 

99 enzymes assigned to it. 495 

Phylogenetic placement 496 

Preliminary ITS analysis indicated that Emericellopsis TS7 was likely to be a new 497 

species and for this reason, a thorough multigene phylogenetic analysis was performed. 498 

A concatenation of nuclear rDNA 18S, ITS barcode region and 28S, and the protein 499 

coding genes RPB2, TEF1α and TUB2 were made and run through MrBayes using 12 500 

partitions with different models (Supplementary data 6 – 6-gene phylogeny) as 501 

suggested by PartitionFinder and PhyML using the smart model selection. The 502 

Acremonium/Emericellopsis species split into three clades; terrestrial soil, marine, and 503 

alkaline or “soda soil” (Figure 1) as previously reported by Grum-Grzhimaylo et al. 504 

(2013). Emericellopsis TS7 was grouped in the marine clade as an early branch, close to 505 

E. pallida with branch support based on posterior probability and high bootstrap values. 506 
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All three major clades have support in both Bayesian and maximum likelihood models, 507 

while individual taxon and branches in some cases have different branching in Bayesian 508 

and maximum likelihood trees. There is no support for Acremonium sp. A106 branching 509 

close to the soda soil clade. The terrestrial clade and outgroup have long branches and 510 

polytomy, but it is also the clade with the largest portion of missing data (70.1 % - 511 

missing 18s, RPB2 and TEF1α) compared to the marine and alkaline clade (20.1 %). 512 

The alkaline clade contains E. cladophorae that was isolated from marine algae and not 513 

from alkaline soil. E. donezkii was isolated from fresh water and E. enteromorphae was 514 

isolate from marine algae, not from a terrestrial source. However, these isolates all miss 515 

data from several of the loci used in this analysis. 516 

Figure 1 - Phylogenetic tree from MrBayes of the genus Emericellopsis based on a six 517 

gene multilocus alignment of available ex-type and representative sequences. Branch 518 

support values are from Bayesian posterior probability (top) and Maximum Likelihood 519 

aBayes support test (bottom). Branch length represent substitutions per sequence site. 520 

The taxon in bold is the studied fungus. The bold letter T denotes sequences of ex-type 521 

cultures. Sequence accession numbers for each isolate are found in supplementary data 522 

6 – 6 gene-phylogeny, PhyML tree can be found in supplementary data 7 – PhyML-tree. 523 

CAZymes and other industrially relevant genes 524 

Fungi are known to secrete a wide array of carbohydrate-active enzymes (CAZymes), 525 

which often reflects their specialized habitat-related substrate utilization. These 526 

CAZymes are responsible for the breakdown, biosynthesis or modification of different 527 

types of carbohydrate substrates. The number of CAZymes in Emericellopsis TS7 was 528 

396 (3.97 % of total genes), of which 149 possessed secretory peptide signal indicating 529 

that they are likely to be secreted into the external environment or across other 530 

membranes (38 % of CAZymes). A comparison of Emericellopsis TS7, Amylocarpus 531 

encephaloides and Calycina marina with three other fungal genomes, namely 532 
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Aspergillus niger, Sarocladium schorii and Acremonium chrysogenum (two 533 

terrestrial/pathogens and one from sewage water outlet to the sea) indicated that 534 

Emericellopsis TS7 had the second highest number of CAZyme genes (Figure 2). A 535 

relatively high number of CAZymes in Emericellopsis TS7 and A. chrysogenum had a 536 

secretory signal compared to the other species, 38 % compared to 23-33 %. 537 

Emericellopsis TS7 had a higher number of polysaccharide lyase (PL), glycosyl 538 

transferase (GT) and glycoside hydrolase (GH) domains compared to the other marine 539 

isolates. A. encephaloides on the other hand contained the highest number of carboxyl 540 

esterases (CEs), carbohydrate binding modules (CBMs) and auxiliary activity (AA) 541 

domains of the marine fungi. CAZyme genes are often modular with many genes 542 

containing one or more enzymatic domains along with CBMs that bind to substrates and 543 

have no catalytic function. Examples of this are the putatively secreted CAZyme gene 544 

217297 in Emericellopsis TS7 with the domain GH18 and CBM18 (putative chitinase) 545 

or 546426 (putative cellulase) with the domains CBM1, AA3_1 and AA8 (Figure 3). 546 

Figure 2 - Overview of the distribution of CAZymes in Emericellopsis TS7 and five 547 

other fungi. The lines indicate the number of genes and number of genes with putative 548 

secretion signal and uses the secondary Y-axis. 549 

Figure 3 – Examples of putatively secreted modular CAZymes from Emericellopsis 550 

atlantica, Amylocarpus encephaloides and Calycina marina. The illustration is not to 551 

scale. SP – Secretion signal peptide, GH – Glycoside hydrolase, CBM – Carbohydrate 552 

binding module, AA – Auxiliary activity, CE – Carboxyl esterase. Number indicates 553 

enzyme class. Number in brackets is protein identifier. 554 

The different classes of CAZymes followed a similar putative secretion signal 555 

pattern in the fungi compared here (Supplementary data 10 - CAZymes). Generally, few 556 

genes (4-6 %) with predicted GT activity contained putative signal peptide for secretion, 557 

but these are often involved in intracellular synthesis. Genes with polysaccharide lyase 558 
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(PL) activity contained secretion signal in 80-88 % of cases, with the exception in 559 

Calycina marina and Sarocladium schorii that only had signal in 50 % and 60 % of 560 

genes, respectively. Amylocarpus encephaloides had the highest ratio of CBM 561 

containing genes with secretion signal (66.7 %) and C. marina had the lowest ratio of 562 

genes with secretion signal for all classes except GHs. For example, Emericellopsis TS7 563 

genes with AA had secretion signal in 42.3 % of cases, CBM in 55.0 %, CE in 66.7 %, 564 

GH in 42.5%, GT in 6.7 % and PL in 88.2 %. 565 

The domains that occurred in the highest numbers across the six genomes 566 

analyzed were associated with cellulose, hemicellulose, xylan, mannose, fucose, 567 

pectate, and chitin. In the secreted enzymes mainly cellulose-, chitin- and xylan-568 

interacting domains were abundant. The unclassified domain GH0 was found in 569 

Emericellopsis TS7 (1), Calycina marina (1) and Amylocarpus encephaloides (2). In 570 

total, Emericellopsis TS7 had 176 different classes of CAZymes (Supplementary data 571 

10 - CAZymes).  572 

Emericellopsis TS7 does not appear to possess genes encoding polyphenol 573 

oxidases or fucoidanase, but does have genes encoding fucosidase (GH29 and GH95), a 574 

fucose transporter and a few GTs that could have fucose activity (GT1 and GT31). In 575 

addition, Emericellopsis TS7 also contains seven potential sulfatase genes based on the 576 

sulfatase catalytic site pattern (Barbeyron et al. 2016). 577 

The gene for the industrially relevant enzyme phytase was also found (Lei et al. 578 

2013) in Emericellopsis atlantica, Calycina marina and Amylocarpus encephaloides, 579 

along with histidine acid phosphatases that share the same enzyme classification (EC 580 

3.1.3.8) with phytase. 581 
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Biosynthetic gene clusters of Emericellopsis TS7 582 

A total of 35 biosynthetic gene clusters (BGCs) were predicted using 583 

antiSMASH, with 27 of these gene clusters being shown in Figure 4. Eight are not 584 

included in the figure because they were solitary core genes not surrounded by other 585 

tailoring, transport or transcription genes or they were likely precursor genes in sterol 586 

synthesis such as squalene and lanosterol synthase (Supplementary data 11 – BGCs of 587 

E. atlantica). The clusters contained a range of oxidoreductases, transcription factors, 588 

tailoring genes and transporters together with core biosynthetic gene(s). These BGCs 589 

included, eight NRPS clusters, six NRPS-like clusters, nine terpene clusters, six PKS 590 

clusters, three mixed NRPS-PKS clusters, one hybrid NRPS-PKS cluster, one 591 

phosphonate cluster and one indole cluster. 592 

Figure 4 - Overview of BGC structure of the predicted clusters in Emericellopsis TS7 593 

with functionally coded coloring. Clusters marked in red were on the end of scaffolds 594 

and may be incomplete. The leucinostatin-like cluster was split in two, but is presented 595 

as one cluster with a gap. Helvolic acid, produced by the cluster in bold, was detected in 596 

MS analysis. 597 

Several of the clusters had homology to known clusters according to 598 

KnownClusterBlast, these were further investigated by a synteny analysis using clinker 599 

(Gilchrist and Chooi 2020). Only the BGC for ascochlorin (Araki et al. 2019), 600 

leucinostatin A/B (Wang et al. 2016), botrydial (Pinedo et al. 2008), cephalosporin C 601 

(Terfehr et al. 2014) and helvolic acid (Mitsuguchi et al. 2009) showed a high degree of 602 

conserved genes in the Emericellopsis clusters (Supplementary data 12 – clinker). 603 

Several of the NRPS-genes without homologous hits had a configuration of 4-13 604 

modules according to antiSMASH. 605 
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Bioactivity and dereplication of extracts from Emericellopsis TS7 606 

Emericellopsis TS7 cultures were grown for 3-6 weeks before being extracted using 607 

liquid-liquid or liquid-solid extraction with ethyl acetate, or SPE of liquid cultures with 608 

HP-20 resin followed by methanol elution of the extracted metabolites. The extracts 609 

were fractioned into eight fractions using flash chromatography. The bioactivity in the 610 

fractions from different cultures varied, indicating the likelihood of expression of 611 

potentially different active compounds. A total of 11 different extracts and eight 612 

different fractions from each extract (except F1, Verm and MWM) were tested. 613 

Fractions from fermentations in MPM-ASW, DMB and SAPM-ASW-media were 614 

active against biofilm formation (25 µg/mL) while fermentations in F1, AF, DPY, 615 

BRFT, Verm and MWM showed anti-bacterial activity to varying degree, Table 2. The 616 

highest antibacterial activity was observed in fermentations using AF and DPY. 617 

Fermentation in media containing both yeast extract and peptone such as DPY and AF 618 

showed activity against E. faecium. None of the fractions showed toxic activity against 619 

A2058 melanoma cells. Fractions from the DMB-fermentation displayed an 620 

immunostimulatory effect down to a level of 10 µg/mL in a dose dependent manner. 621 

Table 2 - Bioactivity from the fractions of the Emericellopsis TS7 fermentations.  622 

Frac. no. – Fraction number, Ext. met. – Extraction method, IS – Immunostimulatory, 623 

AIF – Anti-inflammatory, Form. – Biofilm formation, Estab. – Established biofilm, 624 

Growth inh. – Growth inhibition, EF – Enterococcus faecium, EC – Escherichia coli, 625 

PA – Pseudomonas aeruginosa, SA – Staphylococcus aureus, Str.B – Streptococcus 626 

agalactiae 627 

Dereplication was performed using UHPLC-QToF-MS where the fractions were 628 

compared against each other and media controls. The second highest peak in the active 629 

fraction 5 from the AF and DPY fermentations was not present in the inactive fractions. 630 

The peak had a retention time of 7.45 min and a m/z of 567.2883 [M-H]- in ESI- and a 631 
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calculated elemental composition of C33H43O8 (calculated deprotonated monoisotopic 632 

mass: 567.2958 Da). A search in ChemSpider indicated that this compound could be 633 

helvolic acid (Fumigacin). To confirm the identity, we compared the endogenous 634 

compound with a commercial standard of helvolic acid (Sigma) on the UHPLC-QToF-635 

MS. Both compounds had identical retention times, accurate mass and fragmentation 636 

pattern. The presence of the gene cluster of helvolic acid further supported the correct 637 

identification. The helvolic acid peak was followed by a smaller peak at m/z 569.3010 638 

Da. This compound had a similar fragmentation pattern as helvolic acid (fragments 639 

were consistently 2 Da larger with few exceptions), and this was most likely 1,2-640 

dihydrohelvolic acid. 641 

The third most abundant peak in the fermentation using DMB had a m/z of 642 

1050.7529 Da [M+H]+  with a calculated elemental composition of C54H100N9O11 643 

(Calculated protonated monoisotopic mass: 1050.7542 Da). The fragmentation pattern 644 

indicated that the compound was a peptide, and a search in ChemSpider matched the 645 

elemental composition of the peptide acrepeptin C. However, the fragmentation pattern 646 

did not match with the amino acid composition of this peptide. Several other probable 647 

peptides (based on fragmentation) in the range of 800-1100 Da were also observed 648 

among the most abundant ions in the DMB sample, and these signals were not detected 649 

in the media control. However, none of the calculated elemental compositions matched 650 

known peptides in the ChemSpider database. 651 

Genome description of Calycina marina 652 

The genome assembly of Calycina marina was more fragmented when compared to 653 

Emericellopsis TS7. The assembly statistics reveal that the N50 was 173 with an L50 of 654 

50 kbp and the final assembly consisted of 1318 scaffolds with a total length of 34.2 655 
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Mbp. The number of predicted genes in C. marina was 9558, which was slightly fewer 656 

than in Emericellopsis TS7 despite the fact that C. marina has a larger genome. C. 657 

marina distinguished itself from the other genomes analyzed in having comparatively 658 

few CAZyme genes, totaling 217; and the lowest proportion of potentially secreted 659 

CAZyme genes at 51 (24 % of CAZymes). The genome contained 21 potential BGCs 660 

distributed as nine NRPS/NRPS-like, five PKS (including two type 3), three terpene, 661 

one indole, one hybrid, one aromatic prenyltransferases (PTase) and one ribosomally 662 

synthesized and post-translationally modified peptide (RiPP, for predicted BGCs see 663 

Supplementary data 13 – BGCs for C. marina).  664 

Genome description of Amylocarpus encephaloides 665 

The genome assembly of Amylocarpus encephaloides was also more fragmented than 666 

Emericellopsis TS7 with an N50 value of 168 and L50 of 74 kbp. The genome assembly 667 

consisted of 2381 scaffolds with a total length of 46.3 Mbp, which was larger than that 668 

for Emericellopsis TS7 and Calycina marina. The total number of predicted genes was 669 

11869, which was again more than both Emericellopsis TS7 and C. marina. Despite 670 

being fragmented, the genome was complete in terms of core gene presence with a 671 

CEGMA value of 99.56 %. A. encephaloides had 356 CAZyme genes, of which 115 are 672 

potentially secreted. The genome showed a higher portion of CAZyme genes with 673 

CBM1 (Cellulose binding) modules and secretion of these (15 genes, 80 % secreted). A. 674 

encephaloides also had the largest portion of CBM containing CAZymes with secretion 675 

signal (66.7 %). A total of 34 BGCs were detected in the genome, distributed as 14 PKS 676 

(one type 3), 10 NRPS/NRPS-like, five terpene, four hybrid clusters and one RiPP 677 

(Supplementary data 14 – BGCs of A. encephaloides).  678 
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Helotiales phylogeny of Amylocarpus encephaloides and Calycina marina 679 

A 15-gene multilocus phylogenetic analysis was performed using a slightly modified 680 

dataset that was first published by Johnston et al. (2019) examining the phylogenetic 681 

placement of the two fungi within Leotiomycetes. Johnston et al. (2019) only looked at 682 

Amylocarpus encephaloides in the ITS tree because there were no available sequences 683 

for the multilocus phylogenetic analysis, while the isolates of Calycina included lacked 684 

several of the loci examined. C. marina was placed together with the rest of Calycina 685 

within Pezizellaceae, where it formed a monophyletic clade (Figure 5). A. 686 

encephaloides was placed within Helotiaceae on a branch with “Hymenoscyphus” 687 

repandus. H. repandus was not placed together with the rest of the Hymenoscyphus that 688 

formed a distinct monophyletic clade. Both of these clades were within Helotiales. 689 

Figure 5 –Phylogeny of Helotiales using a 15 gene multilocus dataset for analysis. 690 

Amylocarpus encephaloides was placed in the Helotiaceae and Calycina marina within 691 

Pezizellaceae within Helotiales. The support values are from the ultrafast bootstrap in 692 

IQ-TREE. The bold letter T denotes ex-type sequences. Xylaria hypoxylon was used as 693 

an outgroup. 694 

Taxonomy 695 

Emericellopsis atlantica L.W. Hou, Crous, Rämä & Hagestad, sp. nov.  696 

MycoBank MB838493 697 

Figure 6 698 

Figure 6 - Emericellopsis atlantica (ex-type CBS 147198). Colonies on OA (A), MEA 699 

(B) and PDA (C) after 21 d at 25 C. D–F, I. Monophialides. G–H. Branched 700 

conidiophores. J. Conidia. Scale bars = 10 μm.  701 

Etymology: atlantica, referring to the Atlantic Ocean where the fungus was isolated. 702 

Diagnosis: Emericellopsis atlantica can be distinguished by the production of conidia 703 
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with irregular-shaped guttules, and longer phialides measuring 24.5–50(–64) μm. 704 

Furthermore, E. atlantica occasionally produces polyphialides with two conidiogenous 705 

loci. E. atlantica differed by its longer conidiogenous cells, which were 19.0 ± 7.5 × 1.5 706 

± 0.5 μm in E. enteromorphae. Colonies of E. atlantica also grew faster than the three 707 

other marine species (Gonçalves et al. 2020). 708 

Typus: Ireland, from 1350 m depth in the Atlantic Ocean (54.0613N, 12.5518W), from 709 

the sponge Stelletta normani, 16 June 2010, T.D.S. Sutton (holotype CBS H-24579, ex-710 

type living culture TS7 = CBS 147198). 711 

Description: After 21 d at 25 °C: On OA reaching 65 mm diam., flat, entire margin, 712 

dusty and rosy buff at centre, dirty white at periphery, reverse ochreous. On MEA 713 

reaching 70 mm diam., flat, entire margin, felty, pale ochreous at centre, dirty at 714 

periphery, reverse ochreous. On PDA reaching 80 mm diam., flat, entire margin, 715 

cottony, rosy buff at centre, buff at periphery, reverse buff. Mycelium consisting of 716 

branched, septate, hyaline, smooth- and thin-walled hyphae, up to 2 μm wide. 717 

Conidiophores arising from submerged or superficial hyphae, sometimes radiating out 718 

from sterile coils formed by the mycelium, (sub-)erect or slightly curved, simple or 719 

poorly branched, ca. up to 66 μm long, 1.5–3 μm wide at the base, hyaline, smooth-720 

walled, with cell walls usually thicker than those of the vegetative hyphae. 721 

Conidiogenous cells mono- or polyphialidic, terminal, lateral, straight to slightly 722 

flexuose, cylindrical, 24.5–50(–64) μm long, 1.5–2.5 μm wide at the base, with 723 

inconspicuous collarette and periclinal thickening at the conidiogenous locus, hyaline, 724 

thick- and smooth-walled, polyphialides with up to two conidiogenous loci. Conidia 725 

formed in globose slimy heads at the apex of phialides, obovoid or ellipsoidal with 726 

truncate base, aseptate, hyaline, thin- and smooth-walled, 3–6(–9) × 2–2.5 μm, with 1–2 727 
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irregular shaped guttules. Chlamydospores and sexual morph not observed. 728 

Habitat/host: Isolated from marine environment, from the host sponge Stelletta 729 

normani.  730 

Distribution: Currently unknown. 731 

Notes: Emericellopsis atlantica was represented by a single isolate which clusters on a 732 

solitary branch basal to the clade containing the “Marine clade” and “Soda soil” clade 733 

of Emericellopsis. Morphologically, E. atlantica was similar to other species in having 734 

comparable conidiophores and conidia, but it can be distinguished by the production of 735 

conidia with irregular-shaped guttules, and longer phialides measuring 24.5–50(–64) 736 

μm. The closely related species “Acremonium” fuci, E. alkalina, E. maritima, E. 737 

minima, E. pallida and E. stolkiae that were described based on characters of both 738 

sexual and asexual morphs had phialides as follows: 20–35 μm long in E. alkalina, 7.5–739 

23.5 μm in “Acremonium” fuci, (17–)20–26(–29) μm in E. maritima, 20–30 μm in E. 740 

minima, 25–45 μm in E. pallida and 18–40 μm in E. stolkiae (Stolk 1955; Davidson and 741 

Christensen 1971; Beliakova 1974; Zuccaro et al. 2004; Grum-Grzhimaylo et al. 2013). 742 

E. phycophila and E. cladophorae that were described as asexual morphs from 743 

macroalgae collected in an estuarine environment had phialides measuring 15.0 ± 4.0 744 

μm and 21.0 ± 5.0 μm, respectively (Gonçalves et al. 2020). Furthermore, E. atlantica 745 

also differed from the other species by occasionally producing polyphialides with two 746 

conidiogenous loci, while the other species were mostly producing monophialides that 747 

were simple or poorly branched. Compared to the other recently described marine 748 

species E. enteromorphae, E. atlantica differed by its longer conidiogenous cells, which 749 

were 19.0 ± 7.5 × 1.5 ± 0.5 μm in E. enteromorphae. Colonies of E. atlantica also grew 750 

faster than the three marine species (Gonçalves et al. 2020). 751 
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Material examined: Ireland, from 1350 m depth in the Atlantic Ocean (54.0613N, 752 

12.5518W), from the sponge Stelletta normani, 16 June 2010, T.D.S. Sutton (holotype 753 

CBS H-24579, ex-type living culture TS7 = CBS 147198). 754 

Discussion 755 

The driftwood inhabiting Amylocarpus encephaloides and brown seaweed 756 

endophyte Calycina marina 757 

The genome assemblies of Amylocarpus encephaloides and Calycina marina were 758 

significantly more fragmented than Emericellopsis atlantica; this is potentially due to a 759 

larger portion of repetitive elements which can complicate genome assemblies (Sotero-760 

Caio et al. 2017; Tørresen et al. 2019). CEGMA analysis indicated that nearly all core 761 

genes were accounted for, so the genome can be considered complete with respect to 762 

gene content. However, the many small contigs made it more difficult to identify 763 

complete BGCs. A. encephaloides had the largest genome of the three genomes 764 

presented here, with about 2000 more genes than the two other fungal genomes. Despite 765 

the high gene count, the number of CAZymes was lower than in E. atlantica, but the 766 

number of secreted CAZymes containing CBMs in A. encephaloides outnumbered the 767 

other genomes. CBMs are important for binding to insoluble substrates such as cellulose 768 

(Boraston et al. 2004; Zhao et al. 2014). In addition, A. encephaloides had a higher 769 

number of CEs and AAs than the two other genomes. Specifically, it had seven AA1 770 

laccases acting on phenolic substrates and can be involved in lignin degradation. AAs 771 

are often associated with degradation of lignin and the high amounts of CBMs, AAs and 772 

CEs shows an adaption towards woody substrates that sporocarps of A. encephaloides 773 

are exclusively found on. 774 

Calycina marina had the lowest number of genes, despite having a larger 775 

genome compare to Emericellopsis atlantica. C. marina also had the fewest BGCs and a 776 
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significantly smaller amount of CAZymes. This requires further investigation to 777 

determine if this is due to dependency on its algal host as an endophyte, a notion 778 

suggested in Baral and Rämä (2015).  779 

The genome of Emericellopsis atlantica 780 

The size of the genome assembly of Emericellopsis atlantica was 27.3 Mbp. The 781 

assembly was approximately 3 Mbp smaller than the average genome size of 782 

karyotyped Acremonium (Walz and Kück 1991) and 1.3 Mbp smaller than the 783 

sequenced A. chrysogenum ATCC 11550 (Terfehr et al. 2014). However, they are not 784 

part of the Emericellopsis clade. Unfortunately, there is no information on the number 785 

of chromosomes in Emericellopsis in order to assess the fragmentation, but fungi in 786 

Ascomycota that has been investigated had between 4-17 chromosomes (Wieloch 2006). 787 

E. atlantica has a smaller genome than Calycina marina, but contains 15 more BGCs. 788 

However, this could be due to missed genes caused by the fragmentation of the C. 789 

marina genome. Genome size in prokaryotes are proportionally linked with the number 790 

of secondary metabolite genes (Konstantinidis and Tiedje 2004), and in fungi this is at 791 

least partially true (Rokas et al. 2018). Fungal genomes smaller than 20 Mbp harbored 792 

few if any BGCs (Rokas et al. 2018). The fungi examined here all contain a number of 793 

BGCs, but the fragmentation of both C. marina and A. encephaloides could reduce the 794 

number of BGCs detected. The findings still support that fungal genomes above 20 Mbp 795 

can have diverse and numerous BGCs. 796 

The G+C content of Emericellopsis atlantica was 54.2 %, which is higher than 797 

the median (48.9 %) for Pezizomycotina (Storck 1966; Nishida 2015) and the average 798 

for Ascomycota (>50%) (Li and Du 2014). High GC content has been indicated to play 799 

a role in complex environmental adaption and horizontal gene transfer (Mann and Chen 800 
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2010) and is linked with halotolerance in prokaryotes (Jacob 2012). A slight positive 801 

correlation between chromosome length and GC content was also found by Li and Du 802 

(2014) in fungi. High GC content has also been linked with thermal stability of the 803 

DNA through base pair stacking (Yakovchuk et al. 2006), higher affinity of the histones 804 

(Nishida 2015), and lower occurrence of transposable elements (TEs) (Muszewska et al. 805 

2017), while high AT content has been linked to anaerobic fungi (Wilken et al. 2020). 806 

This indicates that E. atlantica is adapted to an environment with high salt content or an 807 

environment with active exchange of genes, increasing the GC content, which in turn 808 

decreased the portion of TEs or indicates that it has fewer but longer chromosomes. The 809 

amount of short simple repeats was only about 1.16 % in E. atlantica, 4.32 % in 810 

Amylocarpus encephaloides and 1.48 % in Calycina marina, but only the assembly of 811 

E. atlantica contained long scaffolds. This indicates a low portion of repetitive elements 812 

in E. atlantica compared to the other species described here. 813 

Biosystematics and sexual reproduction 814 

Morphologically, Emericellopsis atlantica is differentiated from the other 815 

Emericellopsis species in the marine and alkaline clade by irregularly shaped guttules, 816 

longer phialides and the occasional production of polyphialides with two conidiogenous 817 

loci, which were absent in the other species. The distinct morphology supported the 818 

phylogenetic placement on a separate branch within the marine clade of Emericellopsis, 819 

closely related to E. pallida and E. phycophila that were morphologically different. The 820 

major branches in the three clades of “terrestrial”, marine and “soda soil” 821 

Emericellopsis were supported in both Bayesian and maximum likelihood models. As 822 

Gonçalves et al. (2020) noted, the clades do not contain species with the same traits and 823 

isolation locality. E. cladophorae and E. enteromorphae were isolated from algae in 824 
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estuarine environments and were placed in the “alkaline soda soil” and “terrestrial” 825 

clade, respectively. The long branches of the terrestrial clade were likely induced by 826 

missing data in three to four of the six loci in terrestrial isolates (Wiens 2006; Darriba et 827 

al. 2016) and in the three newly described species in Gonçalves et al. (2020). Only one 828 

of the terrestrial sequences, E. minima CBS871.68, contained all six loci. The close 829 

relation of these species makes it difficult to establish proper phylogenetic relations 830 

without sequence data from several loci. The type species of the genus is E. terricola 831 

and it was placed in the terrestrial clade (Grum-Grzhimaylo et al. 2013; Gonçalves et al. 832 

2020). The lack of sequence data, together with “Acremonium” species in each of the 833 

three clades, as well as the placement of the algae associated E. cladophorae and E. 834 

enteromorphae outside of the marine clade shows the necessity of a taxonomic revision 835 

and addition of sequences of Emericellopsis and closely related genera supporting the 836 

conclusions of Gonçalves et al. (2020). 837 

Despite the lack of sporocarps during isolation and morphological studies, 838 

Emericellopsis atlantica contained a complete MAT1-1 mating locus (SLA2, MatA-3, 839 

MatA-2, MatA-1, APN1, COX6a) on scaffold_14 and pheromone sensing protein. This 840 

indicates that sexual reproduction and sporocarp formation could be possible in the 841 

species if MAT1-2 exists (Klix et al. 2010). However, one can ask the question whether 842 

sexual reproduction would take place in the sponge-host in deep-sea environment. It is 843 

possible that the fungus is present elsewhere in other marine substrates or habitats that 844 

could function as suitable places for sexual reproduction. So far, we have no evidence 845 

for this. Information about the distribution and ecology of E. atlantica remains to be 846 

further elucidated in future environmental sequencing studies where the fungus can be 847 

identified after our thorough characterization and submission of marker gene sequences 848 

to NCBI. 849 
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A generalist fungus with symbiotic lifestyle  850 

The adaption of Emericellopsis atlantica to the marine environment is supported by the 851 

presence of CAZyme classes relating to utilization of marine polysaccharides such as 852 

fucose, carrageenan and laminarin. However, no modular sulfatases with a CAZyme 853 

domain as described in Helbert (2017) were predicted from the JGI annotation. A 854 

manual search using the SulfAtlas database (Barbeyron et al. 2016) revealed several 855 

CAZymes with low E score against putative sulfatases and sulfatase domains. However, 856 

they did not contain the conserved peptide pattern of the catalytic site. Many marine 857 

polysaccharides have attached sulfate groups and removal of these are necessary for 858 

utilization of the sugars (Schultz-Johansen et al. 2018; Kappelmann et al. 2019). E. 859 

atlantica contained six putative sulfatases annotated by JGI in the genome, which is 860 

three times more than Amylocarpus encephaloides and Calycina marina, but less than 861 

the terrestrial species (11 and 22 genes). Similar to the other marine clade 862 

Emericellopsis, E. atlantica lacked genes for polyphenol oxidase, of which the activity 863 

has been observed in the terrestrial clade of Emericellopsis (Zuccaro et al. 2004; Grum-864 

Grzhimaylo et al. 2013). The absence of polyphenol oxidase and the presence of 865 

fucosinase (GH29/95/141) is in line with the detected phenotype of the marine clade of 866 

Emericellopsis (Zuccaro et al. 2004). The absence of polyphenol oxidase indicates that 867 

E. atlantica does not degrade gallotannins and ellagitannins from terrestrial sources 868 

(Cammann et al. 1989; Salminen et al. 2002; Zuccaro et al. 2004). There are other types 869 

of tannins in for example brown algae, such as phlorotannins, which might require other 870 

enzymes to degrade it (Jormalainen et al. 2003; Zuccaro et al. 2004). Loss of the ability 871 

to break down gallotannins and ellagitannins is likely a specialization to the available 872 

substrates in the marine environment (Zuccaro et al. 2004). 873 
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Generalists tend to have a higher amount of CAZymes than specialists do in 874 

order to utilize a wider range of substrates (Zhao et al. 2014). Emericellopsis atlantica 875 

showed a wider range of enzymatic classes than the other fungi in this study (176 876 

different classes). Considering that E. atlantica did not have the highest number of 877 

genes, but still had the highest diversity of enzymatic classes indicates an adaption to 878 

utilize a wide diversity of substrates available in water. The ability to process any 879 

source of nutrients efficiently would be beneficial in a nutrient poor ocean environment 880 

(Turley 2000). Sponges are natural filters for organic matter such as marine snow and 881 

naturally increases the availability of different nutrients, therefore fungi may exploit this 882 

by living within the sponge and adapt specifically to that environment (Anteneh et al. 883 

2019). 884 

Polysaccharide lyases occurred in fewer numbers in terrestrial saprophytic and 885 

facultative parasitic fungi, where some even lacked PLs altogether (Soanes et al. 2008; 886 

Zhao et al. 2014). PLs have been shown to be related to breakdown of pectins from cell 887 

walls in marine diatoms and seagrasses (Desikachary and Dweltz 1961; Ovodova et al. 888 

1968; Hehemann et al. 2017; Hobbs et al. 2019). Emericellopsis atlantica had almost 889 

twice the number of PLs (17) compared to the other fungi in the CAZyme analysis. 890 

Furthermore, the relative number of CAZymes with secretory signal was also high (38 891 

%). This indicates that it can break down cell remnants in marine snow or pectin rich 892 

substrates in marine sediments or within the sponge host (Smith et al. 1992). 893 

The presence of DNA photolyases in the genome could indicate that the species 894 

is not specifically adapted to dark deep-sea environments (Núñez-Pons et al. 2018). 895 

Partial loss of photolyases have previously been reported in white-nose fungi from bats 896 

as an adaption to the darkness (Palmer et al. 2018). The host sponge Stelletta normani 897 

was collected from 1350 meters depth, but the type specimen of the species was 898 
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collected from 330 meters depth in Southern Norway (Sollas 1880). Other sources 899 

report specimens collected from the twilight (dysphotic) zone with small amounts of 900 

light penetration (Murillo et al. 2012). The sponge occurrence is not restricted to the 901 

deep-sea environment, which makes it logical that the associated Emericellopsis 902 

atlantica has not lost its photolyases and is not an obligate deep-sea dweller. 903 

Biosynthesis potential and bioactive secondary metabolites  904 

The antibacterial activity observed in fractions of Emericellopsis atlantica cultivated in 905 

AF and DPY is likely explained by helvolic acid. Helvolic acid has previously been 906 

reported with antibacterial activity against Escherichia coli, Bacillus subtilis, 907 

Micrococcus lysodeikticus, and Staphylococcus aureus down to 0.78 µg/mL (Lee et al. 908 

2008; Xu et al. 2019), but we could not confirm this activity in our assays. This may be 909 

due to different composition of the fractions and the fact that we did not test purified 910 

compounds. There were several smaller peaks in the chromatogram of fractions from 911 

the extracts of the DPY and AF fermentations with masses corresponding to different 912 

intermediates in the helvolic acid biosynthesis pathway and fragmentation similar to 913 

helvolic acid (Lv et al. 2017). These intermediates (such as 3,7-diketo-cephalosporin P1 914 

and helvolinic acid) have previously been reported as antibacterial, especially against S. 915 

aureus, and in some cases with higher activity than helvolic acid (Lv et al. 2017). The 916 

fractions containing helvolic acid only showed activity against S. epidermis, 917 

Enterococcus faecium and Streptococcus agalactiae that are gram-positive. No activity 918 

against gram-negative bacteria was observed, despite E. atlantica showing activity in 919 

the initial screening against gram-negative bacteria. None of the other molecules 920 

predicted from the homologous clusters were detected from the fermentations using 921 

monoisotopic mass searches. 922 
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Compounds such as acrepeptins, ascochlorin, cephalosporins, emericellipsins, 923 

emericellopsins, emerimicins (later zervamicin), helvolic acid, heptaibin and 924 

leucinostatins have previously been isolated from acremonium-like or Emericellopsis 925 

species (Cole and Rolinson 1961; Argoudelis et al. 1974; Argoudelis and Johnson 1974; 926 

Argoudelis et al. 1975; Strobel et al. 1997; Ishiyama et al. 2000; Degenkolb et al. 2003; 927 

Bills et al. 2004; Degenkolb and Brückner 2008; Summerbell et al. 2011; Khan 2017; 928 

Rogozhin et al. 2018; Araki et al. 2019; Hsiao et al. 2020). Many of these compounds 929 

are modified peptides and peptaibols, likely produced by NRPSs. Of the different gene 930 

clusters detected in Emericellopsis atlantica with known products, only botrydial has 931 

not been described from Acremonium or Emericellopsis. The total number of BGCs 932 

detected by antiSMASH were 35 clusters, slightly lower than average for 933 

Sordariomycetes (Rokas et al. 2018; Robey et al. 2020), but higher than for the two 934 

other marine fungi in this study. Compared to Calycina marina and Amylocarpus 935 

encephaloides with 9 and 10 NRPS and NRPS-like clusters, respectively, E. atlantica 936 

has 16. Isolates within Emericellopsis are capable of producing a range of NRPS 937 

derived peptides (Cole and Rolinson 1961; Argoudelis et al. 1974; Ishiyama et al. 2000; 938 

Rogozhin et al. 2018; Baranova et al. 2019). This together with the detection of 939 

molecules with peptide-like fragmentation pattern indicate that that E. atlantica is a 940 

promising source of potentially novel NRPS produced peptides. However, application 941 

of the OSMAC approach in culturing or heterologous expression and gene-knockout 942 

experiments may be needed to produce these putatively novel NRPS-peptides and 943 

characterize the gene clusters (de Mattos-Shipley et al. 2018). 944 

Emericellopsis atlantica is the first genome sequenced Emericellopsis species 945 

and a distinct species of marine fungi showing adaptions to utilize a range of different 946 

substrates in the marine environment. The nature of the relationship to the host sponge 947 
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cannot be determined based on our study. The function of a large portion of the genes 948 

(61 %) remains unknown or have a general function prediction, which underlines the 949 

need to sequence the genomes of more marine fungi and characterize their genes, and 950 

elucidate the produced metabolites. This is necessary to improve our understanding of 951 

the unique adaptions in marine fungi using comparative genomics studies. The E. 952 

atlantica genome also contained several unknown NRPS clusters and enzymes that 953 

warrant future research and may be of biotechnological and industrial interest. Together 954 

with the two other marine fungal genomes analysed, we contribute to the increase of 955 

marine fungal genomes and shedding light on the characteristics of marine fungi. 956 
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Table 2 

    

Frac. 
no. 

Ext. 
met. 

Cell 
prolif. 

Immuno Biofilm inhibition Growth inhib. assay 

State Medium IS AIF Form. Estab. 
Growth 

inh. EF EC PA SA Str.B 

Liquid YES 5 SPE - - - - - - - - - - - 

Liquid MPM 5 SPE - - - 25 - - - - - - - 

Liquid DMB 5 SPE - 10 - 25 - - - - - - - 

Liquid SAPM 5 SPE - - - 25 - - - - - - - 

Liquid SDPM 5 SPE - - - - - - - - - - - 

Liquid F1 - EtOAc -     - n.t. - - - - - 25 

Liquid AF 5 EtOAc - - - - - 50 12.5 - - - 6.3 

Liquid DPY 5 EtOAc - - - - - 50 25 - - - 6.3 

Solid BRFT 5 EtOAc - - - - - - - - - - - 

Solid Verm - EtOAc - n.t. n.t. - - 50 - - - - 6.3 

Solid MWM - EtOAc - n.t. n.t. - - - - - - - 25 
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Pitfalls in biodiscovery – a case study of Mytilinidion sp. M16HEL1360D1-11 

10.1, a wood-associated fungus from the marine environment in the Arctic 12 

An ascomycete fungus M16HEL1360D1-10.1 was isolated from a waterlogged piece of 13 

driftwood collected at 120 m depth 4 km off the west coast of Kvitøya (White Island), 14 

Svalbard. The identity of the isolate established in an earlier study was confirmed through 15 

a nine gene multilocus phylogenetic analysis. Based on the phylogenetic analysis, the 16 

fungus was placed on a sister branch to M. mytilinellum CBS 303.34. Mytilinidion sp. 17 

M16HEL1360D1-10.1 was selected for fermentation based on antibacterial activity in an 18 

initial screening. Fermentation was performed in DPY medium. In search of new 19 

secondary metabolites secreted by the fungus, the fermentation broth was extracted and 20 

fractionated, and the fractions were analyzed by UHPLC-HR-MS and compared to media 21 

controls. Compounds that were exclusively present in the fermentation broth were 22 

dereplicated by searching for their elemental compositions in relevant databases. A 23 

potential novel compound remained after the dereplication, and it was isolated using 24 

preparative HPLC. The structure of the isolated compound was elucidated using 2-D 25 

NMR which revealed a modified octapeptide (1) with a pyroglutamate at the N-terminal 26 

end. Comparison of the partial peptide sequence to peptide databases indicated similarity 27 

to bovine casein. The modified peptide was tested for antimicrobial, anticancer, 28 

antibiofilm, anti-inflammatory and ACE-inhibition activities as well as modulation of 29 

cytokine-induced cell death. The screening revealed that the compound has a weak 30 

activity against ACE with an IC50 of 42.86 µM. Compound 1 could potentially be a 31 

modified media component, but represents a novel chemical entity and is reported here 32 

with results on its bioactivity. 33 

Keywords: ACE inhibitor, Dereplication, Marine fungi, Modified peptide, Natural 34 

product artefact 35 

Introduction 36 

Mytilinidiales (Subclass: Pleosporomycetidae, Class: Dothideomycetes, Subphylum: 37 

Pezizomycotina, Phylum: Ascomycota), according to NCBI taxonomy , is an order of fungi that 38 

contains two families, Mytilinidiaceae and Argynnaceae (Schoch et al. 2020). Mytilinidiaceae 39 

contains three genera, Lophium, Mytilinidion and Pseudocamaropycnis, all of them wood-40 

associated. In contrast, literature states that the order only contains a single family 41 



3 

 

Mytilinidiaceae that consist of Actidium, Lophium, Mytilinidion, Ostreola, Peyronelia 42 

(anamorphs), Pseudocamaropycnis, Quasiconcha, Slimacomyces, Septonema (anamorphs) and 43 

Zoggium (Schoch et al. 2009; Spatafora et al. 2012; Hyde et al. 2013; Wijayawardene et al. 44 

2014; Delgado et al. 2019; Hongsanan et al. 2020). Actidium, Ostreola, Peyronelia and 45 

Zoggium does not have sequence data associated with them and it is therefore not possible to 46 

compare them in molecular studies. The same is true for the type specimen of Mytilinidion, M. 47 

aggregatum (Mathiassen et al. 2015). There are two genera incertae sedis in Mytilinidiales, 48 

Halokirschsteiniothelia and Quasiconcha (Schoch et al. 2020). Furthermore, there are four 49 

families and genera incertae sedis (Gloniaceae, Halojulellaceae, Neodactylariaceae and 50 

Pseudoberkleasmium) within Pleosporomycetidae (Hyde et al. 2013; Qiao et al. 2020; Schoch 51 

et al. 2020). The obvious taxonomic uncertainties is due to the lack of reference sequences and 52 

type species of the different genera associated with the order Mytilinidiales. 53 

Mytilinidion species are regarded as terrestrial by world registry of marine species 54 

(WoRMS Editorial Board 2021). Encyclopedia of Life and Global Biodiversity Information 55 

Facility shows that all registered Mytilinidion species have been detected in terrestrial 56 

environments and occur across the globe on all continents except Antarctica (Parr et al. 2014; 57 

GBIF Secretariat 2019). Most papers on Mytilinidiales are phylogenetic investigations or 58 

descriptions of new species. Mytilinidion species are typically gymnosperm-associated fungi 59 

and have been isolated from e.g. Pinus, Cupressus, Eucalyptus, and coniferous litter (Minter 60 

2007; Boehm et al. 2009; Jayasiri et al. 2018; Lacerda et al. 2018; Koukol et al. 2020). The 61 

main challenge in characterizing isolates within Mytilinidiales is that sequence data is sparse 62 

and patchy. Some species have only one locus sequenced, while other species have different 63 

loci sequenced, which makes it impossible to accurately determine and compare species 64 

relations from sequences. 65 
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There are few studies examining Mytilinidiales isolates for their ability to produce 66 

secondary metabolites. Two metabolites, ascochital and ascochitine, have been isolated from 67 

the marine fungus Halokirschsteiniothelia maritima. These metabolites had MICs of 0.5 µg/mL 68 

and 0.1 µg/mL against Bacillus subtilis, respectively, and asochital had cytotoxic activity (95-69 

100% cell death) against human amniotic epithelial cells (FL cells) at 15 µg/mL (Kusnick et al. 70 

2002; Von Woedtke et al. 2002). To our knowledge, there are no reports of secondary 71 

metabolites isolated from other genera in Mytilinidiaceae. There might be several reasons why 72 

Mytilinidion spp. have not been screened for secondary metabolites previously. The fruiting 73 

bodies are small, the lack of sequences makes species determination difficult and some of these 74 

fungi are rare and not often detected in metagenomic or culturing studies. The only report of 75 

bioactivity from Mytilinidion is in Hagestad et al. (2019). That was also the first report of a 76 

Mytilinidion isolated from the marine environment. 77 

We conducted an in depth study of the fungus since it can produce antibacterial 78 

metabolites, there are no reported metabolites from Mytilinidion, and Hagestad et al. (2019) 79 

indicated that the isolate M16HEL1360D1-10.1 is a putative novel species. The aim of this 80 

paper is to perform an in depth phylogenetic analysis to test the initial systematic placement of 81 

the fungus and to isolate potential bioactive secondary metabolites it secrete into the 82 

fermentation broth. 83 

Methods and materials 84 

Fungal isolate and cultivation 85 

Mytilinidion sp. M16HEL1360D1-10.1 was isolated from a piece of driftwood collected at 120 86 

m depth 4 km of the coast off Kvitøya (White Island), Svalbard (80.08007713 °N 31.20546539 87 

°E) using a triangle dredge as described in Hagestad et al. (2019). The isolate was cultured in 88 

DPY (250 mL culture medium consisting of 20 g/L dextrin (MP Biomedicals), 10 g/L peptone, 89 
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5 g/L yeast extracts, 5 g/L KH2PO4, 0.5 g/L MgSO4 7H2O in 1 L baffled aerated culture flasks) 90 

by cutting up agar with mycelium and adding the agar pieces to the culture medium. The 91 

fermentation was incubated at 13 °C at 130 rpm for 25 days before extraction. 92 

PCR, sequencing and phylogenetic analysis 93 

Genomic DNA from fresh mycelium was isolated using Quick-DNA Fungal/bacterial Miniprep 94 

Kit according to supplier’s instructions (Zymo Research, CA, USA). The gDNA was used as 95 

template for a PCR reaction with primers for targeted loci (TUB2, TEF1, MCM7, ACT, RPB1, 96 

RPB2 and MCM7 – see Table 1 for primers) in DreamTaq Green PCR Master Mix. This was 97 

used for a template in the sequencing reaction with BigDye 3.1. The amplicons were sent to the 98 

sequencing lab at the University Hospital of North Norway utilizing Applied Biosystems 99 

3130xl Genetic Analyzer (Life Technologies/Applied Biosystems). 100 

Table 1 – Overview of the primers used in this study. 101 

Locus Primer name Sequence Reference 
18S NS1 

NS4 

GTAGTCATATGCTTGTCTC 

CTTCCGTCAATTCCTTTAAG 

(White et al. 1990) 

ITS1 ITS5 

LR0Ri 

GGAAGTAAAAGTCGTAACAAGG 

GCTTAAGTTCAGCGGGT 

(White et al. 1990) 

(Hagestad et al. 2019) 

28S LR0R 

LR5 

ACCCGCTGAACTTAAGC 

TCCTGAGGGAAACTTCG 

(Vilgalys & Hester 

1990; Rehner & 

Samuels 1994; 

Moncalvo et al. 1995) 

TEF1 EF1-983F 

EF1-1620R 

GCYCCYGGHCAYCGTGAYTTYAT 

GACGTTGAADCCRACRTTGTC 

(Rehner & Buckley 

2005; Stielow et al. 

2015) 

RPB1 RPB1-Af 

RPB1-Cr 

GARTGYCCDGGDCAYTTYGG 

CCNGCDATNTCRTTRTCCATRTA 

(Bischoff et al. 2006; 

Carvajal-Campos et al. 

2017) 

RPB2 fRPB2-5f 

fRPB2-7cR 

GAYGAYMGWGATCAYTTYGG 

ATGGGYAARCAAGCYATGGG 

(Liu et al. 1999) 

TUB2 Btub2Fd 

Btub4Rd 

GTBCACCTYCARACCGGYCARTG 

CCRGAYTGRCCRAARACRAAGTTGTC 

(Woudenberg et al. 

2009) 

ACT ACT512f 

ACT783r 

ATGTGCAAGGCCGGTTTCG 

TACGAGTCCTTCTGGCCCAT 

(Carbone & Kohn 1999) 

MCM7 Mcm7-709for 

Mcm7-1348rev 

ACIMGIGTITCVGAYGTHAARCC 

GAYTTDGCIACICCIGGRTCWCCCAT 

(Schmitt et al. 2009) 

1 The Mytilinidion in this study cannot be amplified using ITS5/4 primer pair 102 

 103 
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Sequences were manually controlled for errors and the two directional sequencing 104 

assemblies provided high sequence quality. Individual loci were aligned using MAFFT v7.450 105 

[Algorithm AUTO, Pam 200, Gap 1.53, Offset 0.123] in Geneious v10.2.6 and manually 106 

controlled before concatenating the sequences (Katoh et al. 2002; Kearse et al. 2012; Katoh & 107 

Standley 2013). IQ-Tree v1.6.12 was used for tree construction with the following commands 108 

[-m MFP -bb 10,000 -nt AUTO] (Minh et al. 2013; Nguyen et al. 2014; Kalyaanamoorthy et al. 109 

2017; Hoang et al. 2018). Each gene had separate partitions, 18S, ITS, 28S, RPB1, RPB2, 110 

TUB2, TEF1, ACT and MCM7 (ITS was split into ITS1, 5.8S and ITS2), for a total of 11 111 

partitions. Total amount of missing data was 67 %. Accession numbers of all sequences used 112 

in this study can be found in Supplementary table S1. 113 

Metabolite extraction and flash fractioning 114 

The liquid fermentation medium of Mytilinidion sp. was extracted using solid phase extraction 115 

(SPE) with Diaion®HP-20 resin (13607, Supelco Analytica, Bellefonte, PA, USA). The resin 116 

was activated in MeOH (PrepSolv, VWR, Radnor, Penns., USA) for 30 minutes before being 117 

washed in MilliQ for 15 minutes. The SPE resin (40 g/L) was added to the fermentation broth 118 

3-7 days before extraction. The resin was separated from the medium by vacuum filtration 119 

through a cheesecloth mesh (1057, Dansk Hjemmeproduktion, Ejstrupholm, Danmark) and 120 

subsequently washed with MilliQ to remove remnants from the culture media. Metabolites were 121 

eluted from the resin by washing with 400 mL MeOH per 40 g of resin and vacuum filtration 122 

through a Whatman No. 3 filterpaper (Whatman plc, Buckinghamshire, UK). The elution from 123 

the resin was repeated one more time and the extract dried under reduced pressure at 40 °C. 124 

The dried extract was dissolved in DMSO and stored at -20 °C. 125 

The extract was fractioned into eight fractions using reversed phase flash liquid 126 

chromatography. The dried extract was dissolved in 10 mL 90 % MeOH, then 2 g of Diaion® 127 

HP-20ss resin were added and the mixture was dried under reduced pressure. Separation 128 
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columns were prepared by activating 6.5 g of Diaion® HP-20ss resin in 75 mL MeOH for 30 129 

min before washing it with Milli-Q water for 15 min. The resin was packed into a flash cartridge 130 

(Biotage® SNAP Ultra, Biotage, Uppsala, Sweden). The column was equilibrated with 5% 131 

MeOH in Milli-Q before the resin/extract was loaded on top. Fractionation was performed using 132 

a Biotage SP4™ system with a flowrate of 12 mL/min and a stepwise gradient of 5, 20, 40, 60, 133 

80, 100 % MeOH in Milli-Q over 32 min and MeOH:acetone (1:1) to 100 % acetone over 18 134 

min. The eight resulting fractions were dried under reduced pressure at 40 °C. Fractions were 135 

then stored at 4 °C. 136 

Purification and isolation of metabolites 137 

Purification was performed by preparative HPLC-MS using a 600 HPLC pump, a 3100 mass 138 

spectrometer, a 2996 photodiode array detector and a 2767 sample manager (Waters, MA, 139 

USA). For infusion of the eluents into the ESI-quadrupole-MS, a 515 HPLC pump (Waters) 140 

and a flow splitter were used and 80% methanol in MilliQ (v/v) acidified with 0.2% formic acid 141 

(Sigma) as make-up solution at a flow rate of 0.7 mL/min. The columns used for the isolation 142 

and purification were Atlantis (Prep dC18 10 µm 10x250 mm Column, Waters) and XSELECT 143 

CSH (Prep Phenyl-Hexyl 5µm 10x250 mm Column, Waters). The mobile phases for the 144 

gradients were A (MilliQ with 0.1% (v/v) formic acid) and B (acetonitrile with 0.1% (v/v) 145 

formic acid) and the flow rate was set to 6 mL/min. The gradient was 10-80 % B over 10 146 

minutes, followed by 80-100 % B over 2.5 minutes. The fraction trigger was set activate on 147 

detection of the mass 818.8 m/z. The isolated compound was dried at 40 °C in reduced pressure 148 

and freeze dried in an 8 L laboratory freeze dryer (Labconco, Fort Scott, KS, USA).  149 

UHPLC-HR-MS and Dereplication 150 

The fractions (dereplication analysis) and purified compound (purity control) was diluted in 151 

methanol for analysis on an Acquity I-class UHPLC (Waters, Milford, MA, USA) coupled to a 152 
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PDA detector and a Vion IMS QToF-MS (Waters). Separation was performed on an Acquity 153 

C-18 UPLC column (Waters). The separation gradient was 10-90 % acetonitrile (HiPerSolv, 154 

VWR) with 0.1 % formic acid (Sigma) in Milli-Q during 12 min at a flow rate of 0.45 mL/min. 155 

Samples were run in ESI+ and ESI- mode, with the following settings: mass window 150-2,000 156 

Da, capillary voltage 0.8 kV, cone voltage 30 V, Source offset 50 V, source temperature 120 157 

°C, desolvation-gas N2, desolvation-gas temperature 350 °C, desolvation-gas flow 600 L/h, 158 

cone gas flow rate 50 L/h and analysed using the software UNIFI v1.9.4 (Waters).  159 

NMR 160 

NMR spectra were acquired in DMSO-d6 on a Bruker Avance III HD spectrometer (Bruker, 161 

Billerica, MA, USA) operating at 600 MHz for protons, equipped with an inverse TCI cryo 162 

probe enhanced for 1H, 13C, and 2H. All NMR spectra were acquired at 298 K, in 3-mm solvent-163 

matched Shigemi tubes using standard pulse programs for proton, carbon, HSQC, HMBC, 164 

COSY, and ROESY with gradient selection and adiabatic versions where applicable. 1H/13C 165 

chemical shifts were referenced to the residual solvent peak (DMSO-d6: δH = 2.50, δC = 39.51). 166 

Bioactivity 167 

Growth inhibition assay 168 

Briefly, the human pathogens Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 169 

259233) and Pseudomonas aeruginosa (ATCC 27853) from precultures in Muller Hinton Broth 170 

(MH, Becton, Dickinson and Company) and Enterococcus faecalis (ATCC 29122) and 171 

Streptococcus agalactiae (ATCC 12386) from precultures in Brain Heart Infusion Broth (BHI, 172 

Sigma-Aldrich) were grown to exponential growth phase, and a total of 50 µL (1,500-15,000 173 

colony forming units) were added to each well of a 96-well plate (Nunclon, Thermo Scientific). 174 

The purified compound was added to the wells for a total of 100 µL/well with a final 175 
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concentration of 50 µM. The plates were incubated at 37 °C overnight before measuring the 176 

absorbance at 600 nm with a 1420 Multilabel Counter Victor3™ (Perkin Elmer, Waltham, MA, 177 

USA). Bacterial suspension diluted with MilliQ (1:1) acted as a growth control, growth medium 178 

without bacteria as a negative growth control. A dilution series of gentamycin was used as a 179 

positive assay control. 180 

Biofilm inhibition assay 181 

To test for biofilm formation inhibition, a Tryptic Soy Broth (TSB, Merck, Kenilworth, NJ, 182 

USA) preculture of Staphylococcus epidermidis (ATCC 35984) was diluted in media 183 

containing 1 % glucose before being transferred to a 96-well microtiter plate at 50 µL/well. 184 

Fifty microliters of the purified compound (final concentration of 50 µM) was added to wells 185 

and incubated overnight. The bacteria were then removed and the plate washed in tap water. 186 

The biofilm was fixed before crystal violet was added to the wells followed by a 10 min 187 

incubation. Excess crystal violet solution was removed and the plate was dried, then 70 % EtOH 188 

was added and the plate incubated on a shaker for 10 min. To assess biofilm inhibition, 189 

absorbance at 600 nm (OD600) was detected using a 1420 Multilabel Counter Victor3 plate 190 

reader. S. haemolyticus (clinical isolate 8-7A, University hospital, UNN, Tromsø, Norway), a 191 

non-biofilm forming clinical isolate, was used as a control and 50 µL TSB with Milli-Q (1:1) 192 

was used as a media blank control. 193 

Cell proliferation assay 194 

Toxicity of the purified compound was assessed using a cell viability assay. The compound was 195 

tested at 50 µM final concentration in an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-196 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) in vitro cell proliferation assay 197 

against A2058 human melanoma (ATCC CRL-11147), MRC-5 (ATCC CCL-171) and MDA-198 

MB-468 (ATCC HTB-132) cancer cell line. The final measurement of absorbance at 485 nm 199 
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was performed on a DTX 880 multimode detector (Beckman Coulter, Wals, Austria) and cell 200 

viability was calculated. Growth media (D-MEM – A2059, MEM-Eagle – MRC5, Leibovitz 201 

L15 – MDA-MB-468 all with 10 % FBA and 1 % glutamine) with and without 10 % DMSO 202 

was used as positive and negative controls respectively. 203 

Cytokine induced apoptosis assay (RIN) 204 

RIN-m5f cells were seeded at 10,000 cells/well in 100 uL culture medium (RPMI with 10 % 205 

FBS, 2 mM L-glutamine, 1 mM sodium pyruvate) in 96-well plates. After 72 h of incubation, 206 

culture medium was replaced with 90 μL culture medium and 10 µL purified compound (50 207 

µM final concentration). Cells were incubated for 24 h before 5 µL cytokine mix (1:1:48 human 208 

IL-1β, IFN-γ and 0.1 % BSA in PBS) was added to every well. After 72 h, 10 μL AQueous One 209 

Solution was added. Absorbance was measured after 90 min incubation using a DTX 880 210 

multimode detector (Beckman Coulter). 211 

Angiotensin I Converting Enzyme (ACE)-Inhibition 212 

The ACE inhibitory activity of the purified compound was measured based on the method of 213 

Cushman and Cheung (1971) and modified as described in Dragnes et al. (2009). This method 214 

is based on the quantitative HPLC measurement of hippuryl-histidine-leucine (HHL) converted 215 

to hippuric acid (HA) by ACE and was performed at Nofima (Tromsø, Norway). 216 

In a typical run, 300 µL of volume reaction mixture, containing 2 mM HHL (Sigma H 217 

1635) and 42.86 µM purified compound (final concentration) in 100 mM sodium borate buffer, 218 

pH 8.3, was incubated at 37 °C for 10 min. The reaction was initiated by the addition of 50 µL 219 

of ACE (10 mU, Sigma A 6778), followed by incubation at 37 °C for 30 min at a final volume 220 

of 350 µL. The reaction was stopped by the addition of 430 µL 1 M HCl. This was followed by 221 

Quantitative HPLC analysis on a Waters 2695 Separations Module equipped with a Waters 222 

2996 photodiode array detector (Waters Corporation, MA, USA), using a SymmetryShield 223 
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reverse phase C-18 Intelligent Speed column (Waters, 20 mm × 3.0 mm id, 3.5 μm). The HA 224 

was eluted at ambient temperature using a mobile phase that consisted of 0.05 % aqueous 225 

trifluoroacetic acid and HPLC-grade acetonitrile. A 2-min linear gradient was used, beginning 226 

after 0.5 min isocratic elution with 5 % acetonitrile and ending with 90 % acetonitrile. The 227 

flow-rate was maintained at 2 mL min−1 and the UV absorption was measured at 228 nm. The 228 

concentration of an inhibitor that was required to inhibit 50 % of ACE activity was defined as 229 

the IC50 value. 230 

Results and discussion 231 

Phylogeny 232 

Previous phylogenetic analysis using three nuclear rDNA genes (18S-SSU, ITS, 28S-LSU) 233 

revealed that the isolate Mytilinidion sp. M16HEL1360D1-10.1 is most closely related to M. 234 

mytilinellum CBS 303.34, but distinct from it (Hagestad et al. 2019). To promote production of 235 

sexual fruiting bodies, the fungus has been cultured on several different media (DPY, 236 

0.2ASMEA, FMAP, 0.2ASCMA and birch seawater media (Kirk 1969)). Despite these efforts 237 

the fungus has remained in an asexual state. An extensive phylogenetic analysis, Figure 1, with 238 

available sequences from all species within Mytilinidiales and some sequences within 239 

Pleosporomycetidae was conducted to retest the results from the previous study with a dataset 240 

that include additional loci (TEF1, TUB2, RPB1, RPB2, ACT and MCM7). 241 
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Figure 1 – Phylogenetic tree of Mytilinidiales with groups from Pleosporomycetidae based on 243 

nine genes (individual taxa are represented by 1-9 genes). Clade names are based on sequenced 244 

types within the clades. Support values (>90) from ultrafast bootstrap test are presented by the 245 

branch (Minh et al. 2013; Hoang et al. 2018). The study isolate is in bold font. Bold T denotes 246 

type, holotype and epitypes. “\\” indicate branches of half length. The type of the genus 247 

Mytilinidion has not been sequenced. The outgroup belongs to Arthoniomycetes, 248 

Dothideomyceta. 249 

Mytilinidiales splits into several clades with varying support, Figure 1, designated clade 250 

A-D. The clades have received names based on the sequenced type(s) in the clade. The 251 

branching of clade A and B and the deeper branch between clade A-B and C-D have high 252 

support. The lack of support for many branches is likely due to the high amount of missing 253 

sequence data (67 %). Mytilinidion sp. M16HEL1360D1-10.1 branch out with M. mytilinellum 254 

CBS 303.34 on an unsupported branch in clade C. The lack of the sequence for the original type 255 

specimen (M. aggregatum and L. mytilinum) and the sequence of the neotype specimen (M. 256 

mytilinellum) means that the polyphyletic Mytilinidion, Lophium and Septonema remains 257 

unresolved. Description of new species is difficult without morphological data as there are so 258 

many species without sequence data. Mytilinidion sp. M16HEL1360D1-10.1 does not cluster 259 

close enough to any sequenced species to believe this is an already described sequenced species. 260 

The isolate M16HEL1360D1-10.1 originated from a waterlogged piece of unidentified 261 

wood collected at 120 m depth off the coast of Svalbard. This is the first report of a Mytilinidion 262 

isolated in the marine environment on driftwood. The only species previously detected in 263 

driftwood within Mytilinidiales is Halokirschsteiniothelia (Siepmann & Johnson 1960; Rees & 264 

Jones 1985; Prasannarai & Sridhar 1997; Rämä et al. 2014; Garzoli et al. 2015; Blanchette et 265 

al. 2016; Kunttu et al. 2020). Driftwood generally stay afloat for an average of 6-10 months 266 

before sinking (Hellmann et al. 2013). In addition, Arctic driftwood can stay trapped in ice for 267 

long periods before finally sinking (Hellmann et al. 2013). Since this is not a cosmopolitan 268 

species, it is doubtful this is an airborne contamination (Bridge & Spooner 2012). There is one 269 
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case of Mytilinidion mytilinellum detected on whale bone on a beach in South Georgia (British 270 

Antarctic Survey 1978), which is within the Antarctic polar front. The isolate in this paper and 271 

M. mytilinellum from whale bone are isolated outside of the normal habitat of Mytilinidion. 272 

Species within Mytilinidiales have been isolated from Islands around the world, but not directly 273 

tied to the marine environment (GBIF Secretariat 2019). Isolation from the marine habitat 274 

increases the likelihood that this is a novel species, but the lack of sequenced types and 275 

morphological characters prevents further description at this time. 276 

Chemical and bioactivity investigation of Mytilinidion sp. 277 

Antibacterial characterization of isolates in Hagestad et al. (2019) revealed that Mytilinidion sp. 278 

M16HEL1360D1-10.1 produced metabolites able to inhibit Streptomyces aureus. The 279 

Mytilinidion isolate was selected for a more in-depth study since the family is understudied, the 280 

isolate had a significant ITS sequence difference to known isolates and it showed promising 281 

bioactivity in an initial screening on solid medium. In order to isolate secondary metabolites 282 

from the fungi, the fermentation broth was extracted, fractionated and the fractions were 283 

analysed on a UHPLC-HR-MS. Compounds that were exclusive to the fermentation broth were 284 

dereplicated by searching with their elemental composition in relevant databases. The 10 largest 285 

non-lipid peaks without hits in databases or where the instrument were unable to get a molecular 286 

formula were isolated in two steps. First, the individual peaks were isolated using an Atlantis 287 

(C18) column before further purification on an XSELECT (Phenyl-hexyl) column, these 288 

columns provided the best peak resolution for each isolation step. The purity of the compounds 289 

were then controlled on the UHPLC-HR-MS system and only one compound was deemed of 290 

high enough purity and amount to perform further analysis on. The pure compound was tested 291 

in several bioassays. A single compound with the neutral mass 818.4539 u (C39H62N8O11 – 292 

calculated monoisotopic mass: 818.4538 u) was isolated. The peak of this compound was one 293 

of the smaller peaks of the 10 initially targeted and eluted at 6.7 min on Atlantis and 6.6 min 294 
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on XSELECT. The elemental composition suggested a peptide-like compound. 295 

Compound 1 was tested in antimicrobial, anticancer, antibiofilm, anti-inflammatory, 296 

Angiotensin converting enzyme-inhibition and modulation of cytokine-induced cell death 297 

assays. It had weak activity in ACE-inhibition assay with an IC50 of 42.85 µM, but no activity 298 

in the other assays. Due to no hits in the databases for this molecule and the activity in the ACE-299 

assay, the structure of the peptide-like compound was determined using 1D (1H and 13C) and 300 

2D (HSQC, HMBC, COSY, TOCSY, ROESY, HSQCTOCSY, H2BC and 15N-HSQC) NMR 301 

experiments (Table 1, Supplementary figures S1-S12). It turned out to be a linear octapeptide 302 

with a modified N-terminal glutamine (pyroglutamate). The peptide sequence was determined 303 

to be pGln-Thr-Pro-Val-Val-Val-Pro-Pro (C39H62N8O11), Figure 2. 304 

 305 

Figure 2 – Compound 1, the structure was determined to be an octapeptide, pGln-Thr-Pro-Val-306 

Val-Val-Pro-Pro (ZTPVVVPP). 307 

The individual amino acids were assembled based on correlations found in the HSQC, 308 

HMBC, COSY, TOCSY and H2BC spectra (Figures S3 – S8 and S11). Modification of the N-309 

terminal amino acid was supported by detection on non-equivalent protons on carbon atoms 310 

pGln1β and pGln1γ, which would not be the case for the corresponding CH2 groups in 311 

glutamine. This structural modification also matched the calculated elemental composition of 312 

the compound (Figure S13). The amino assay sequence was assembled based on ROSEY data 313 

(Figure 3 and S9). Consequently, the structure of the peptide was assigned. 314 
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Table 1. 1H, 13C and 15N NMR Assignments for the peptide.  315 

Position δC, type δH (J in Hz)  Position δC, type δH (J in Hz) 

pGln1 C=O 172.3, C   Val5 C=O 170.6, C  

 NH 121.1, HN 7.84, s   NH 117.1, NH 7.75, d (8.8) 

 α 55.2, CH 4.12, m   α 57.4, CH 4.20, m* 

 β' 
25.0, CH2 

1.84, m*   β 30.0, CH 1.93, m* 

 β'' 2.22, m   γ' 18.0, CH3 0.79, m* 

 γ' 
29.2, CH2 

2.07, m   γ'' 19.1, CH3 0.80, m* 

 γ'' 2.12, m*  Val6 C=O 169.1, C  

 δ 177.4, C    NH 119.8 7.81, d 

Thr2 C=O 168.6, C    α 55.5, CH 4.31, t (8.4) 

 NH 115.6, NH 7.99, d (7.5)   β 30.5, CH 1.93, m* 

 α 56.5, CH 4.43, m*   γ' 18.3, CH3 0.84, m* 

 β 67.0, CH 3.83, t (6.5)   γ'' 19.0, CH3 0.89, m* 

 γ 19.2, CH3 1.12, d (6.3)  Pro7 C=O 179.6, C  

Pro3 C=O 171.4, C    α 57.4, CH 4.52, dd (8.4, 5.0) 

 α 59.2, CH 4.42, m*   β' 
27.8, CH2 

1.75, m* 

 β' 
29.1, CH2 

1,78, m*   β'' 2.13, m* 

 β'' 2.02, m   γ 24.5/24.4, CH2" 1.91 - 1.82, m'' 

 γ 24.5/24.4, CH2" 1.91 - 1.82, m''   δa 47.0, CH2 
3.76, m 

 δa 
47.3, CH2 

3,71, m   δb 3.53, m* 

 δb 3.66, m*  Pro8 COOH 173.3, C  

Val4 C=O 170.8, C    α 58.4, CH 4.20, m* 

 NH 115.6, NH 7.90, d (8.9)   β' 
28.4, CH2 

1.83, m* 

 α 57.8, CH 4.15, m   β'' 2.13, m* 

 β 30.3, CH 1.94, m*   γ 24.5/24.4, CH2" 1.91 - 1.82, m'' 

 γ' 18.2, CH3 0.83, m*   δa 
46.2, CH2 

3.63, m* 

  γ'' 19.2, CH3 0.83, m*    δb 3.52, m* 

*Signals are overlapping, ‘’Peaks are indistinguishable 316 

 317 

Figure 3 – Key ROESY correlations (black arrows) used to assemble the amino acid sequence.  318 
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To the best of our knowledge this novel modified peptide has not been examined for 319 

bioactivity previously. The N-terminal pyroglutamate, the high amount of proline and valine 320 

(6/8 residues) and proline motif at the C-terminal end of the peptide is similar to what is found 321 

in many ACE-inhibitory peptides and drugs (Fitzgerald et al. 2004; Lee et al. 2006; Morais et 322 

al. 2013; Pasqualoto et al. 2018). Specifically the tripeptide VPP from whey and milk has been 323 

studied for its hypotensive effects, reducing blood pressure up to 32 mm Hg in hypertensive 324 

rats (Masuda et al. 1996; Abubakar et al. 1998; Fitzgerald et al. 2004). Nakamura et al. (1995) 325 

reported an IC50 of 9 µM for VPP which is 4 times lower than the IC50 of 1. The peptide 326 

TPVVVPPFLEP had a considerable higher IC50 of 749 µM (Abubakar et al. 1998), suggesting 327 

a possible relation to peptide length and activity. Direct comparison of the IC50 values of VPP, 328 

TPVVVPPFLEP and 1 is not possible since the tests are performed using different protocols, 329 

but all IC50 values were based on biochemical assays. The ACE-inhibitory activity of peptides 330 

observed in biochemical assays and rats have not always been successfully reproduced in 331 

human trials because peptides have poor absorption and rapid elimination (Wuerzner et al. 332 

2009). However, more recent studies on marine protein hydrolysates have shown efficacy in 333 

human trials (Musa-Veloso et al. 2019). Larger and shorter peptides containing an almost 334 

identical peptide sequence of 1, QTPVVVPP, were examined in fermentations of Lactococcus 335 

lactis (Huang & Kok 2020). The hydrolysate was based on enzymatic digests of β-casein and 336 

hydrolysates of casein has been extensively studied (Silva & Malcata 2005; Irshad et al. 2015; 337 

Mohanty et al. 2016; Huang & Kok 2020).  338 

Peptone from casein (Sigma 82303-5kg-F), used here as a media component, is 339 

produced by proteolytic cleavage of casein by pepsin. Pepsin has a broad substrate preference 340 

(or cleavage site preference), but generally favors cleavage at Phe or Leu followed by Met. It 341 

also readily accepts Tyr, Trp, Cys and Glu in the P1 position. His, Lys, Arg and Pro in P1 are 342 

inhibitory to the peptidase activity, as well as Pro in P2 and to a certain extent in P2’ and P3’ 343 
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position (Ehren et al. 2008; Ahn et al. 2013). Proline containing peptides are fairly resistant to 344 

degradation by ordinary peptidases (Hausch et al. 2002; Shan et al. 2002).  345 

There are two fungi within Mytilinidiales that has been whole genome sequenced, 346 

Lophium mytilinum CBS 269.34 and Mytilinidion resinicola CBS 304.34 (Haridas et al. 2020). 347 

Because of the available genomes, it is possible to say something about their biosynthetic 348 

potential and this is to some extent indicative for the potential of the genus as a whole. L. 349 

mytilinum contains 22 biosynthetic gene clusters and M. resinicola contains 32 biosynthetic 350 

gene clusters, responsible for secondary metabolite production (Grigoriev et al. 2014; Joint 351 

Genome Institute 2021). Nonribosomal peptide synthases are responsible for the production of 352 

peptide-like secondary metabolites and L. mytilinum and M. resinicola contain 4 and 7 NRPSs, 353 

respectively (Joint Genome Institute 2021). This indicate that species within this genus has 354 

some capabilities to produce NP peptides. However, the high similarity to peptide fragments 355 

from casein, whey and milk (Abubakar et al. 1998; Fitzgerald et al. 2004; Duchrow et al. 2009), 356 

the absence of N-methylation of peptide bonds (Velkov et al. 2011), no non-proteinogenic 357 

amino acids and the linearity of the peptide; it was questioned whether it actually originated 358 

from the fungus studied here. The only difference between the isolated peptide, ZTPVVVPP, 359 

and the peptide sequence in bovine β-casein, QTPVVVPP, is the cyclized glutamine. The 360 

amount of proline and the pyroglutamate modification increases the stability and resistance to 361 

degradation of the peptide, which could explain why the fungus had not degraded and utilized 362 

the peptide further (Rink et al. 2010). 363 

The modification of the N-terminal glutamine can be catalyzed by the enzymes 364 

glutaminyl cyclase or glutamyl-peptide cyclotransferase (Schilling et al. 2008; Wu et al. 2017) 365 

or by spontaneous cyclization (Gazme et al. 2019). The enzyme glutaminyl cyclase has been 366 

characterized from Saccharomyces cerevisiae (Boswell et al. 2007) and homologs have been 367 

detected in most fungi using protein queries (Wu et al. 2017). There are also homologs 368 
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identified as putative glutaminyl cyclase in the sequenced genomes within Mytilinidiales 369 

(Haridas et al. 2020). In Neurospora crassa, glutaminyl cyclase is secreted into the endoplasmic 370 

reticulum (Wu et al. 2017), and could in some cases be released to the extracellular 371 

environment. The spontaneous cyclization reaction can occur in alkaline and acidic solutions 372 

or if heat and pressure is used when handling peptides or proteins containing glutamic acid or 373 

glutamine (Gazme et al. 2019). The cyclization of the pyroglutamate is known to change 374 

retention time of proteins since it changes the functional groups that can interact with the 375 

stationary phase of the isolation column (Liu et al. 2019), increasing the difficulty of identifying 376 

modified media components.  377 

Modifications of compounds during extraction have been documented for several 378 

natural products, which include amine groups reacting to silanol groups in glassware (Nielsen 379 

et al. 2015), formation of artificial compounds by condensation with solvents or changes or 380 

degradation of compounds due to high or low pH or temperature (Maltese et al. 2009; Salim et 381 

al. 2020). These modifications can happen to media components as well as natural products and 382 

introduces a confounding factor in dereplication of extracts, and increases the difficulty to 383 

identify actual metabolites of the organism that is studied. This problem has been somewhat 384 

neglected and underreported by scientists and reviewers (Bianco et al. 2014; Venditti 2018; 385 

Capon 2020), and may be a larger issue than many researchers think. This means that all novel 386 

compounds should undergo careful consideration as being artefacts. In addition, selection of 387 

fermentation media, extraction method and solvents, as well as which modifications and 388 

artefacts can occur when using a specific set of these methods has to be considered. One method 389 

which could have provided an earlier indication that the compound was a medium component 390 

is molecular networking (Purves et al. 2016). Compound 1 would likely have grouped together 391 

with peptide fragments of casein and allowed for an earlier comparison and putative 392 

identification as a medium component (Zdouc et al. 2021).  393 
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In order to determine if 1 is spontaneously or enzymatically modified the medium 394 

control and fermentation medium should be compared directly before extraction. The pH of the 395 

fermentation medium and the control should also be measured to check if the fermentation had 396 

significant effect on pH. This was not done during the extraction described here. A small sample 397 

for MS analysis should be taken directly from the fermentation medium before extraction to 398 

compare to the later extracts to serve as a control against solvolysis or changes due to the 399 

repeated heating, freezing and general processing of the extract (Hanson 2017; Capon 2020).  400 

Conclusion 401 

The order of Mytilinidiales requires revision using both morphological and molecular markers. 402 

Currently, the morphological and the molecular taxonomy are disconnected due to lacking types 403 

and types with available sequences. Currently, molecular phylogeny yields clades containing 404 

mixed genera despite support of branching clades. Available herbarium specimens of identified 405 

samples and types should be sequenced and a revision of the clade would provide a basis for 406 

future description of new species within the order. 407 

The search for natural product from microorganisms is a challenging exercise with many 408 

stumbling blocks. Novel compounds can turn out to be artefacts due to modifications of the 409 

chemical structure resulting from reactions with media, solvents and acid/bases rather than a 410 

metabolite of the organisms that is examined. The fermentation of this fungus from a poorly 411 

explored order and subsequent isolation of a new chemical entity resulted in the identification 412 

of a casein peptide that has been partially hydrolyzed and modified. This study shows the 413 

importance of consider all possible origins for novel compounds, especially when they differ 414 

from or lack modification common to other NPs. A comprehensive database of medium 415 

components, chemical groups that can undergo spontaneous reactions and common solvolysis 416 

groups could be introduced to more easily identify artefacts. Compounds, such as the one 417 
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isolated here, should be reported despite not being a metabolite of the organism originally 418 

studied to establish them in databases and aid in future dereplication. 419 

Despite likely not originating from the fungus, compound 1 is a novel compound with 420 

bioactivity that has not been characterized previously. It has an IC50 against ACE of 42.86 µM, 421 

which is approximately four times higher than for the partial peptide of VPP (Nakamura et al. 422 

1995). 423 
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Supplementary table S1 - Accession number of sequences

Locus

Sequence name 18S ITS 28S TEF1 RPB1 RPB2 TUB2 ACT MCM7 Genome accession

Alternaria_alternata_CBS916.96 KC584507 KF465761 KC584375 JN672967

Ascomycota_sp._BBC GU453169

Cenococcum_geophilum_1.58 Genome Genome Genome Genome Genome Genome Genome GCA_001692895.1

Dendrographa_decolorans_AFTOL_ID307 DQ883725 DQ883718 DQ883715

Dendrographa_decolorans_Ertz5003 AY548809 AY548808 AY548815

Dendrographa_decolorans_UPS KJ851054 KJ851141

Emarellia_grisea LT160922 LT160923 LT160934 LT160933 LT160932

Glonium_chambianum_ANM1484 GQ221883

Glonium_circumserpens_CBS123343 FJ161160 FJ161200 FJ161108 GU371806 FJ161126

Glonium_pusillum_ EU552134

Glonium_pusillum_fung28 MT635300

Glonium_pusillum_GA_S10 KX661381

Glonium_pusillum_RP390_11 KX067812

Glonium_stellatum_CBS207.34 Genome Genome Genome Genome Genome Genome Genome Genome GCA_001692915.1

Halojulella_avicenniae_BCC20173 GU371830 GU371822 GU371815 GU371786

Halokirschsteiniothelia_maritima_CBS221.60 GU323203 GU349001

Hysterium_angustatum_CBS_236.34 GU397359 FJ161180 FJ161096 GU456341 FJ161117

Hysterium_thailandica_MFLU180551 MN017900 MN017832 MN077055 MN077077

Lepidopterella_palustris_CBS459.81 GU266227 NR_160162 NG_066253 Genome Genome Genome Genome GCA_001692735.1

Lepidopterella_palustris_F32_3

Lepidopterella_tangerina_strain_ATCC_MYA4212 FJ172274

Lophium_arboricola_16H107 MK159395

Lophium_arboricola_ATCC24411 NR_153447

Lophium_arboricola_CBS758.71 NG_064094

Lophium_arboricola_FMR3868 KU705825 KU705842

Lophium_elegans_EB0366 GU323184 GU323210

Lophium_mytilinum_AFTOL_ID1609 DQ678030 DQ678081 DQ677926 DQ677979

Lophium_mytilinum_CBS114111 EF596818-19 EF596819 EF596819

Lophium_mytilinum_CBS123344 FJ161203

Lophium_mytilinum_CBS269.34 Genome Genome Genome Genome Genome Genome Genome GCA_010093605.1

Lophium_mytilinum_EB0248 FJ161163 FJ161110 FJ161128

Lophium_mytilinum_OTU0173

Lophium_mytilinum_OTU0680 MT925006

Lophium_zalerioides_MFLUCC14_0417 MF621592 MF621583 MF621587

Mytilinidiaceae_sp._JH14525 MN384597

Mytilinidion_acicola_EB0349 GU323185 GU323209 GU371757

Mytilinidion_acicola_EB0379 GU397362 GU397346 GU397355

Mytilinidion_andinense_EB0330 FJ161159 FJ161107

Mytilinidion_australe_CBS301.34 NR_160067 FJ161183

Mytilinidion_californicum_EB0385 GU323186 GU323208

Mytilinidion_californicum_LTL50 MF663546



Supplementary table S1 - Accession number of sequences

Locus

Sequence name 18S ITS 28S TEF1 RPB1 RPB2 TUB2 ACT MCM7 Genome accession

Mytilinidion_decipiens_CBS302.34 MH855534 MH867036

Mytilinidion_didymospora_MFUCC160619 MH535891 MH535902 MH535877

Mytilinidion_mytilinellum_CBS303.34 FJ161144 HM163570 FJ161100 GU357810 FJ161119

Mytilinidion_mytilinellum_EB0386 GU397363 GU397347 GU397356 JN673016

Mytilinidion_resinicola_CBS304.34 FJ161145 MH855535 FJ161185 Genome Genome Genome Genome Genome Genome GCA_010093595.1

Mytilinidion_rhenanum_CBS135.34 FJ161136 FJ161175 FJ161092 FJ161115

Mytilinidion_rhenanum_EB0341 GU323187 GU323207

Mytilinidion_scolecosporum_CBS305.34 FJ161146 MH855536 FJ161186 FJ161102 GU357811 FJ161121

Mytilinidion_sp._M16HEL1360D1_10.1 MK531785 MK543202 MK531717 This study This study This study This study This study

Mytilinidion_thujarum_EB0268 GU323188 GU323206

Mytilinidion_tortile_CBS306.34 FJ161147 MH855537 FJ161187

Mytilinidion_tortile_EB0377 GU323189 GU323205

Neodactylaria_obpyriformis NR_154267 NG_060361

Neodactylaria_simaoensis_YFM1.03984 MK562747 MH379209 MH379210 MK562748 MK562749

Pseudoberkleasmium_acaciae_MFLUCC172590 NG_065782 NR_163343 NG_066316 MK360073

Pseudoberkleasmium_chiangmaiense_MFLUCC171809 MK131259 MK131260 MK131261

Pseudocamaropycnis_pini_CBS115589 NR_153459 NG_058211 KU728594 KU728632

Pseudocenococcum_floridanum_BA4b007 LC095448 LC095213 LC095431 LC095383 LC095414 LC095399

Purpurepithecium_murisporum NG_065680 NG_059797 KY887666 KY799176

Quasiconcha_reticulata_EB_QR GU397349

Septonema_crispulum_CBS735.96 MH862607 NG_068576 MK442679

Septonema_fasciculare LS998794

Septonema_fasciculare_CBS127862 MH864666 MH876104

Septonema_fasciculare_MUCL8886 LS998795 LS998798

Septonema_secedens_CBS174.74 MH878272

Septonema_secedens_CBS469.48 MH856437 MH867983

Septonema_sp._DAOMC226875 MT026473

Septonema_sp._NK413__PRC LS998796 LS998796 LS998799

Septonema_sp._NK413_BPI LS998797 LS998797 LS998800

Slimacomyces_isiola KP739877

Slimacomyces_isiola_FP1465 AB597227 AB597207 AB597217

Slimacomyces_isiola_FP1482 AB597225 AB597216 AB597218

Slimacomyces_isiola_FP1484 AB620068 AB597208 AB618625

Slimacomyces_isiola_P10433 AB620069 AB597209 AB618626

Slimacomyces_isiola_P10438 AB597228 AB597211 AB597224

Slimacomyces_isiola_P42102 AB597226 AB597210 AB597222

Venturia_inaequalis_CBS_120627 MK810983 MK810868 MK888804 MK887865 MK926538

Missing loci 67.24 %
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S1. 1H NMR spectrum 

 

 

S2. 13C spectrum 

 

 



S3. HSQC + HMBC spectrum 

 

S4. Zoom in HSQC spectrum 

 



S5. Zoom in HSQC spectrum 

 

S6. Zoom in HMBC spectrum 

 



S7. COSY spectrum 

 

S8. TOCSY spectrum 

 



S9. ROESY spectrum 

 

S10. HSQCTOCSY spectrum 

 

 

 



S11. H2BC spectrum 

 

S12. 15N-HSQC 

 

 



S13. Comparison of predicted chemical shifts for pGln and Gln. Calculated using ChemDraw 

professional.  

 



 



 

 

 


