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resumo 
 
 

 Os fungos marinhos são um grupo prolífico de organismos que tem sido 
amplamente negligenciado. Ao longo dos últimos anos, as atenções voltaram-
se para o meio marinho, com o reconhecimento de que os organismos 
marinhos constituem uma rica fonte de produtos naturais. O micobioma 
marinho tem muitas espécies ainda por desvendar e subutilizadas para 
aplicação biotecnológica. Em Portugal, apesar da extensa linha costeira e da 
relação privilegiada com o mar, são poucos os estudos sobre fungos marinhos. 
Assim, o objetivo desta tese foi contribuir para a divulgação da diversidade e 
do potencial biotecnológico contido no micobioma marinho da costa 
portuguesa e no estuário da Ria de Aveiro. Para isso, três abordagens foram 
utilizadas. 
Primeiro, os fungos foram isolados de algas, madeira à deriva e submersa, 
água salgada e esponjas. Obtiveram-se 1312 isolados que foram inicialmente 
submetidos a MSP-PCR para analisar os padrões de impressão digital 
genética para discriminar diferentes grupos na coleção. Desta coleção, foram 
identificas 243 espécies diferentes de fungos com base em dados de 
sequência de DNA. Foram identificadas dezoito novas espécies e um novo 
género, que foram descritos com base em análises morfológicas e 
filogenéticas. Além disso, algumas ambiguidades taxonómicas foram 
resolvidas. 
Em segundo lugar, oito estirpes de fungos foram selecionadas para a 
caracterização de bioatividades com base nos seus perfis enzimáticos e 
atividades antimicrobianass. Os extratos aquosos dos micélios e os extratos 
metanólicos dos meios de cultura obtidos por fermentação líquida foram 
caracterizados quanto às atividades antibacteriana, antifúngica, antioxidante e 
citotóxica. De um modo geral, os extratos de Aspergillus affinis, Penicillium 
lusitanum, Emericellopsis cladophorae e Trichoderma aestuarinum 
apresentaram atividade contra bactérias e fungos patogénicos. Os resultados 
demonstraram também que os perfis de atividade dos extratos destes fungos 
marinhos são diferentes em resposta à presença de sal marinho. 
Por fim, A. affinis e E. cladophorae foram estudados mais detalhadamente, 
caracterizando-se os seus metabolomas e genomas. Ambas as espécies 
contêm grupos de genes biossintéticos desconhecidos, genes que codificam 
processos biossintéticos de osmólitos e sistemas de transporte de iões, e são 
ricas em enzimas com atividade sobre hidratos de carbono, o que pode 
contribuir para entender a sua adaptação ao ambiente marinho. Além disso, a 
biblioteca de compostos construída a partir dos extratos brutos para ambas as 
espécies confirmou a presença de metabolitos antifúngicos, antibacterianos, 
antitumorais, antivirais e anti-inflamatórios. 
O resultado deste trabalho confirmou que o micobioma marinho é altamente 
diversificado e pode ter novos taxa de fungos marinhos que devem continuar a 
ser explorados contribuindo para desvendar a sua biodiversidade, importância 
ecológica e pesquisa de produtos naturais. 
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abstract 
 

Marine fungi are a prolific group of organisms that have been largely neglected 
for a long time. Over the last years, attention turned to the marine environment, 
with the recognition that marine organisms represent a rich source of natural 
products. The marine mycobiome has many species still to be identified and 
the ones known still underutilized for biotechnological applications. In Portugal, 
despite its very large coastline and privileged relationship with the sea, there 
are only few studies on marine fungi. Thus, the main goal of this thesis was to 
contribute to disclose the untapped diversity and the biotechnological potential 
of the marine mycobiome from the Portuguese coastline and in the estuary of 
Ria de Aveiro. To achieve this, three different approaches were used.  
First, fungi were isolated from algae, drift- and submerged wood, saline water, 
and sponges. The 1312 isolates obtained were initially subjected to 
microsatellite-primed PCR to analyze the genetic fingerprinting patterns to 
separate and discriminate different groups in the collection. From this 
collection, 243 different fungal species were identified based on DNA sequence 
data. Eighteen fungal species and one new genus were identified, which were 
circumscribed based on morphological and phylogenetic analysis. Furthermore, 
some taxonomic ambiguities have been resolved. 
Secondly, eight fungal strains were selected for biological activities 
characterization based on their enzymatic profile and antibacterial activity. 
Mycelia aqueous extracts and culture media methanolic extracts, obtained from 
liquid fermentation, were characterized regarding their antibacterial, antifungal, 
antioxidant, and cytotoxic activities. In addition, the effect of sea salt on fungal 
bioactivities was evaluated. In general, the extracts of Aspergillus affinis, 
Penicillium lusitanum, Emericellopsis cladophorae and Trichoderma 
aestuarinum were able to inhibit the growth of pathogenic bacteria and fungi. 
Our results also demonstrated that the activity profiles from the extracts of the 
marine fungi studied were different in response to the presence of sea salt. 
Finally, A. affinis and E. cladophorae were characterized in more detail with 
their metabolomes and genomes sequenced. Both species contain many 
unknown biosynthetic gene clusters, genes encoding for osmolytes’ 
biosynthetic processes, ion transport systems, and are rich in carbohydrate 
active enzymes, which can contribute to understand their adaptation to the 
marine environment. Furthermore, the compound library built from the crude 
extracts for both species confirmed the presence of antifungal, antibacterial, 
antitumor, antiviral, and anti-inflammatory metabolites. 
The outcome of this work confirmed that the marine mycobiome is highly 
diverse and can yield novel marine fungal taxa which must continue to be 
explored contributing to unveil their biodiversity, ecological importance, and 
natural products research. 
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Introduction 
 

Origin, classification, and diversity of marine fungi 

Fungi are ubiquitous organisms with a wide range distribution in almost all 

ecosystems, including marine environments (Grossart et al., 2019; Hyde et al., 2020; 

Tarman, 2020). 

Over the past decades, different definitions of marine fungi have been used. First, 

marine fungi were defined based on their physiological characteristics, such as the 

requirement for sea water, i.e., salinity to grow above 30% (Johnson and Sparrow, 1961; 

Tubaki, 1969). The first attempt to define ‘marine fungi’ and the most quoted definition 

was given by Kohlmeyer and Kohlmeyer (1979). These authors restricted ‘marine fungi’ to 

two ecological groups: obligate and facultative marine fungi. Obligate marine fungi are 

those that grow and sporulate exclusively in a marine or estuarine habitat; facultative 

marine fungi are those from freshwater or terrestrial milieus able to grow and sporulate in 

marine environment. However, this distinction is not always easy nor clear to establish, 

and it is still a bit controversial. Later, Jones et al. (2009) labelled as obligate marine fungi 

those isolated from submerged substrates or sediments from marine environments. The 

term “marine derived fungi” has been extensively used in the field of natural product 

chemistry (Jensen and Fenical, 2002). Recently, Pang et al. (2016) reviewed the use of the 

terms “marine fungi” and “marine-derived fungi” and proposed a wide-ranging definition. 

These authors replaced Kohlmeyers' definition by a broader concept. A marine fungi i) is 

able to grow and/or sporulate (on substrata) in marine environments; ii) forms symbiotic 

relationships with other marine organisms; or iii) has adapted and evolved or also are 

metabolically active in marine environments. 

The origin of fungi remains unclear. Fungi are presumed to have evolved in the 

Late of Proterozoic, about 900-570 million years ago (Figure 1) (Remy et al., 1994, 1995; 

Taylor et al. 1992, 1994). However, according to molecular clock analysis based on protein 

sequences by Heckman et al. (2001), fungi emerged in oceans approximately 1 billion 

years ago. Most of the species described in the marine ecosystem have relations to 

terrestrial species. In fact, fungi transitioned several times from marine to terrestrial 

environments, and vice versa (Amend et al., 2019). During the evolution in Precambrian, 

the cooling events with salinity decreased, result in the increase of dissolved oxygen 
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allowing the transition of non-marine early fungi to marine niches (Kumar et al., 2021). 

The existence of a terrestrial runoff or different migration trajectories from terrestrial to 

marine environment (Sakayaroj, 2005; Raghukumar et al., 2010) was accompanied by the 

development of several adaptations in response to these environmental changes (Sakayaroj 

et al., 2011). However, the origin of marine fungi is still discussed. 

 

 
 

Figure 1. Timeline showing important events of marine fungi as well as the development 

of molecular techniques and sequencing platforms. Mya: millions of years ago. 

 

Fungi in the sea face substantial challenges compared to the terrestrial 

compartment: high salinity, exposure to ultraviolet light, low temperature, limited access to 

substrates for growth and even extreme hydrostatic pressure (Gladfelter et al., 2019). High 

levels of salinity lead to osmotic and ionic stress, but somehow fungi can control the turgor 

in a hypertonic environment due to a conserved pathway known as the high-osmolarity-

glycerol signaling pathway. This pathway is responsible for regulation of the salt efflux 

pumps and creation of osmolytes compatible with cellular functions (Gladfelter et al., 

2019). Another evident adaptation is the production of gels and slimes produced by 

lignicolous marine fungi (fungi that colonize driftwood or submerged wood) which may be 

involved in retaining secreted enzymes at the substrate (Gladfelter et al., 2019). Also, a 

diversity of morphological adaptations contributed for the success of marine fungi, such as 

the presence of a flagellum for dispersing and extensive appendages that keep them in the 

water column longer (Sakayaroj, 2005; Gladfelter et al., 2019). One example are the 

chytrids (Chytridiomycota), also known as zoosporic true fungi. Chytrids are one of the 

early diverging fungal lineages, but the major limitation for the taxonomy of 
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Chytridiomycota is the lack of molecular data (Jones et al., 2019). Many studies reported 

that chytrids are the most common fungal group in marine habitats (Richards et al., 2015; 

Comeau et al., 2016; Hassett et al., 2017; Picard, 2017). However, there is no sufficient 

evidence yet to show that ancestral chytrids were marine (James et al., 2006). As 

mentioned above, marine fungi form a morphologically, phylogenetically, and ecologically 

diverse group in Fungi Kingdom that remains poorly explored. Recent advances in high 

throughput sequencing technologies have been stimulating a new wave of research in this 

field revealing novel fungal biodiversity in the marine realm. Many fungal lineages 

(Figure 2) including early diverging lineages (at the base) have a marine origin, exhibiting 

morphological adaptations in the form of zoospores that are adapted to dispersal in marine 

environments. However, using culture dependent methods, the most common taxa 

recovered are predominantly allied to the phyla Ascomycota and Basidiomycota, with more 

than 90% of the total described marine species (Jones et al., 2019). In marine 

environments, the phylum Ascomycota is represented by the subphyla Pezizomycotina, 

Saccharomycotina and Taphrinomycotina, while Basidiomycota is represented by 

Agaricomycotina, Pucciniomycotina and Ustilaginomycotina (Tedersoo et al., 2018; 

Grossart et al., 2019). 

The subphyla Pezizomycotina, Dothideomycetes, Eurotiomycetes and 

Sordariomycetes include the classes with the highest number of species described (Jones et 

al., 2009). In this context, some of these classes include many marine hyphomycetes, a 

diverse ecological group that contains species that can alternate their life cycle between 

aquatic and terrestrial habitats. They are associated to substrates, such as leaf litter, 

driftwood, water, algae, marine animals, and halophytes plants. Marine hyphomycetes 

most probably has also evolved from terrestrial fungi with some morphological adaptations 

to colonize marine habitats. Yet, attempts are being made to taxonomically resolve several 

taxa incertae sedis in these subphyla.  

Also, yeast-like fungi within the Ascomycota and Basidiomycota have been found 

in marine environments (Grossart et al., 2019).  
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Figure 2. Fungal phyla, subphyla and Pezizomycotina classes illustrating the diversity of 

marine fungi. Typical marine fungi are depicted in blue, those suspected to contain marine 

lineages in turquoise, while in black are displayed terrestrial lineages. 



 

 
7 

The total fungal diversity has been the subject of much discussion. It is estimated 

that the number of fungal species ranges from 1.5 to 5.1 million (Jones, 2011; Richards et 

al., 2012; Sarma, 2019). Marine fungi represent less than 1% of the known species (Jones, 

2011; Richards et al., 2012; Sarma, 2019), remaining a poorly characterized and 

understood group. The total diversity of marine fungi has been estimated to be 10,000 to 

12,500 species (Jones et al., 2011), while more recently Garzoli et al. (2018) suggested that 

up to 1 million species have yet to be discovered. The most up-to-date number of described 

species until February 2021 is only 1901, distributed in 769 genera, 226 families, 88 

orders, 22 classes and 7 phyla (www.marinefungi.org).  

Over the last two decades, attempts to understand the diversity and function of 

fungi in marine habitats were made also via culture-independent approaches (Richards et 

al., 2015; Xu et al., 2017; Picard et al., 2017). More recently, next-generation sequencing 

methods have been used to disclose a considerable hidden fungal diversity from a wide 

range of marine environments (Richards et al., 2015; Reich and Labes, 2017). However, 

from the known marine fungi species, many have a limited number of ITS (internal 

transcribed spacer region) sequences and are mostly identified based on the conserved 28S 

or 18S rRNA genes (large and small subunit of ribosomal RNA). The analysis of these 

conserved regions sometimes is not reliable to delimitate fungal species. Therefore, multi-

gene phylogenetic analyses allied with morphological characteristics are crucial for a 

correct species identification. Furthermore, genome sequencing approaches are helping to 

understand the evolution of fungi particularly those associated with early diverging 

lineages (Jones et al., 2019).   

 

Diversity of marine fungi habitats and their ecological roles  

Even though marine habitats account for 70% of the surface of the planet, they 

remain biologically unexplored. This is especially evident when considering the microbial 

life in these environments, most specifically its fungal component. Fungi are key players in 

terrestrial and marine environments representing a substantial proportion of the microbial 

diversity on Earth (Jones et al., 2019). Despite many difficulties, researchers continue to 

make progress towards uncovering marine fungal species by exploring new and more 

habitats and increasingly using modern techniques. Marine fungal isolates have been 

recovered from organic and inorganic substrata (Figure 3), such as mangrove plants, 
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macroalgae, seagrass, coral reef, drift- and submerged wood, corals, sponges, sea ice, sea 

garbage and coastal and open-ocean water columns (Gnavi et al., 2017; Raghukumar, 

2017; Marchese et al., 2021). As mentioned above, using high-throughput sequencing 

technologies, researchers have found marine fungi species also on deep-sea and benthic 

sediments, hydrothermal vents, oxygen-deficient environments and in global surface 

waters (Richards et al., 2015; Xu et al., 2017; Picard et al., 2017). Table 1 summarizes 

several recent studies (since 2015) of marine fungi diversity covering different substrata. 

 

 
 

Figure 3. Diversity of marine fungal habitats. The figure was created with BioRender.com. 
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Table 1. Substrata from where marine fungi have been identified. Only research published 

after 2015 were included. 

 

Substrata Studies 

Algae Calado et al. (2021); Chin et al. (2021); Garzoli et al. (2015a, 

2018); Gnavi et al. (2017); Gonçalves et al. (2019a, 2019b, 

2020a, 2020b); Hagestad et al. (2020); Hong et al. (2015); 

Kamat et al. (2020); Lee et al. (2019); Martorell et al. (2021); 

Pasqualetti et al. (2020); Poli et al. (2020a, 2020b); Sahoo et 

al. (2021); Venkatachalam et al. (2015a); Vicente et al. (2021) 

Corals Góes-Neto et al. (2020); Paulino et al. (2020); Marchese et al. 

(2021) 

Invertebrates Godinho et al. (2019); Marchese et al. (2020); Shaumi et al. 

(2021) 

Mangroves Abdel-Wahab et al. (2017, 2019); Dayarathne et al. (2020); 

Devadatha et al. (2018a, 2018b) Devadatha and Sarma (2018); 

Hyde et al. (2019, 2020); Manivel et al. (2020); Norphanphoun 

et al. (2018); Phookamsak et al. (2019); Yuan et al. (2020); 

Zhang et al. (2021) 

Ocean crust Ivarsson et al. (2015a, 2015b, 2016); Quemener et al. (2020) 

Plastic debris  Kettner et al. (2019); Kirstein et al. (2018); Lacerda et al. 

(2020) 

Salt marsh plants Calado et al. (2015); Gonçalves et al. (2019c); Park et al. 

(2021) 

Sandy beaches Velez et al. (2021); Walker et al. (2021) 

Seagrasses and seaweeds Abdel-Wahab (2021); Baral and Rämä (2015); Ettinger and 

Eisen (2019, 2020); Ettinger et al. (2021); Gonçalves et al. 

(2019c); Kirichuk and Pivkin (2015); Kwon et al. (2021); 

Pasqualetti et al. (2020); Poli et al. (2020a, 2020b); 

Subrmaniyan et al. (2016); Supaphon et al. (2017); Torta et al. 

(2015); Venkatachalam et al. (2015a, 2015b); Vohník et al. 

(2016, 2019)  

Sea and ice water Bovio et al. (2017); Comeau et al. (2016); Crous et al. (2019a, 

2020); de Menezes et al. (2021); Fotedar et al. (2018); 

Gonçalves et al. (2019a, 2019c, 2019d, 2020a, 2020b); 

Hagestad et al. (2020); Hassett et al. (2017, 2019); Jeffries et 

al. (2016); Kilias et al. (2020); Li et al. (2018, 2019); Richards 
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et al. (2015); Wang et al. (2018a, 2019) 

Sediments or soil Bovio et al. (2017); Bubnova and Konovalova (2019); Cecchi 

et al. (2021); Crous et al. (2016, 2017, 2019a, 2020); Gao et al. 

(2020); Hagestad et al. (2020); Keeler et al. (2021); Luo et al. 

(2020); Nagano et al. (2017); Ogaki et al. (2020, 2021); Park 

et al. (2019); Picard (2017); Richards et al. (2015); Rédou et 

al. (2015); Xu et al. (2016, 2018, 2019); Wentzel et al. (2019); 

Yang et al. (2020); Zhang et al. (2015, 2016, 2020); Zhou et 

al. (2021) 

Sponges Batista-García et al. (2017); Bolaños et al. (2015); Bovio et al. 

(2018, 2019); Calabon et al. (2019); Chin et al. (2021); Crous 

et al. (2019a); Gonçalves et al. (2020a); Handayani et al. 

(2020); Lekshmi et al. (2020); Paulino et al. (2020) 

Wood (drift or submerged) Azevedo et al. (2017); Crous et al. (2015, 2016, 2018, 2019b); 

Dayarathne et al. (2020); Garzoli et al. (2015b); Gonçalves et 

al. (2019a, 2020a, 2021); Greco et al. (2020); Hagestad et al. 

(2020); Kunttu et al. (2020); Rämä et al. (2016); Tibell et al. 

(2020) 

 

 

Although marine fungi are ubiquitous, some fungal species are found only in 

certain geographic regions, such as the tropics, subtropics, temperate or polar waters (Hyde 

and Jones, 1988) or substrates (Table 1).  

To sustain the biodiversity and marine ecosystem functioning, the energy fixed by 

primary photosynthetic producers in the ocean is controlled to various trophic levels (Jones 

et al., 2019). Microorganisms play a key role in nutrient recycling and in regulation of this 

energy flow in marine ecosystems (Jones et al., 2009). Marine fungi are one of the major 

components in marine food webs and occur as saprobes, mutualists, endobionts and 

parasites (Jones et al., 2019). Figure 4 shows such ecological functions of marine fungi.  
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Figure 4. Ecological interactions of marine fungi.  

 

As saprobes, fungi can colonize and transform into valuable nutrients the organic 

matter originated from plants, algae, and animals. One evident example that fungi can 

affect the energy flow in the oceans is the conversion of dissolved organic matter from 

macrophytes into microbial particulate organic matter. The conversion of dissolved organic 

matter to particulate organic matter makes energy available to detritivores and gears up 

energy flow to the higher trophic levels (Grossart et al., 2019; Jones et al., 2019). Some of 

the best evidence of this process is the detritus produced by coastal macrophytes, such as 

mangrove plants, salt marsh grasses and macroalgae (Lee et al., 2017; Raghukumar, 2017). 

As mutualists, fungi can be associated to organisms like sponges and protozoans, where 

both individuals benefit. As endobionts provide energy to the host or even be commensals 

benefiting from host protection. They can live in macrophytes, algae, seagrass, and marine 

mangrove plants. As parasites of phytoplankton, macrophytes and algae they can cause 

leaching of dissolved organic matter and destruction of several populations (Jones et al., 

2019). For example, Senga et al. (2018) showed that parasitic fungi, such as chytrids, 

efficiently utilize living diatoms, and have the ability to change the quality and quantity of 

algal dissolved organic matter which could influence higher trophic levels. Therefore, by 

virtue of their interactions with diverse living or dead organisms, marine fungi can 

transform and incorporate organic matter into the food web regulating the energy flow in 

marine ecosystems (Grossart et al., 2019). 
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A source of potential bioactive compounds       

 The recent advances in several biotechnological fields and the urgent need of new, 

safer, eco-friendly, and sustainable substances as alternatives to chemically synthetized 

products, support the intensive exploration of new natural products from organisms for 

applications in many sectors to benefit the society. Natural products are pharmacologically 

or biologically active chemical compounds or molecules (often below 1,000 Da), found in 

nature and produced by a biological source (Reich and Labes, 2017). However, high 

molecular weight compounds such as proteins and polysaccharides also show therapeutics 

potential and can be regarded as natural products. Referred to as secondary metabolites, 

these compounds are not directly known to be involved in any primary function related to 

growth, development, and reproduction of an organism (Malve, 2016), but more 

commonly are associated with organism’s survival prospects, such as, defense, 

competition, and communication (Demain and Fang, 2000).  

 With the recognition that marine organisms are genetically and chemically unique 

(Malve, 2016), the continued study of these organisms will lead to the intensive 

exploration of new natural products from marine sources with biologically active 

properties of interest. Initially, the study of marine natural products was limited to 

organisms easy to collect such as corals and sponges, leading to the isolation for example 

of the toxin tedanolide from the sponge Tedania ignis, and prostaglandins from the 

Caribbean Sea whip Plexaura homomalla (Gerwick and Moore, 2012). In fact, marine 

invertebrates, and other organisms such as algae and seagrasses represent an excellent 

source of marine microorganisms for drug discovery and development (Jimenez, 2018). It 

has been indicated that many marine natural products isolated may in fact be synthesized 

by microorganisms (Rinehart, 2008). In this respect, and when considering that about 5% 

of the world’s fungal taxa have been described, especially in marine environment, marine 

fungi only recently have attracted attention and are yet to find a prominent place in 

biotechnology (Bugni and Ireland, 2004; Imhoff, 2016; Overy et al., 2014; 2019). 

 Over than 3500 marine fungal secondary metabolites have already been reported 

(Carroll et al., 2019), but a higher number surely remains untapped, considering the marine 

ecological niches unexploited and their almost ubiquitous distribution, and as well as the 

high number of biosynthetic clusters that are silent in the fungal genomes (Imhoff, 2016; 

Reich and Labes, 2017). In 1945, the first group of natural products from marine fungi was 
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described as cephalosporins, a class of β-lactam antibiotics isolated from the Acremonium 

chrysogenum (previously known as Cephalosporium chrysogenum) (Rotter et al., 2021). 

Marine fungi produce terpenes, steroids, polyketides, peptides, alkaloids, and 

polysaccharides (Imhoff, 2016; Reich and Labes, 2017). These metabolites are associated 

with a wide range of activities like antimicrobial (Silber et al., 2014, Xu et al., 2015), 

anticancer (Deshmukh et al., 2018), antiviral (Moghadamtousi et al., 2015), antioxidant (Li 

et al., 2014; Rédou et al., 2016) and anti-inflammatory activities (Kumar et al., 2015), 

holding a promise for use in the medical and pharmaceutical industries, in agriculture, in 

cosmetics, among others. They are also useful in the production of biosurfactants (Pitocchi 

et al., 2020), enzymes (Bonugli-Santos et al., 2015; Nicoletti and Andolfi, 2018), and in 

bioremediation (Bovio et al., 2017; Paço et al., 2017). However, despite most of the 

research on secondary metabolites of marine fungi being focused on a few and known 

genera, such as Penicillium, Aspergillus, Fusarium, and Cladosporium (Imhoff, 2016; 

Marchese et al., 2020), studies of natural products from marine fungi continue to rise, 

revealing a tremendous potential. The number of studies published increases every year 

(Figure 5), with the majority coming from species associated with different substrata and 

new habitats, like deep sea. Most of these metabolites are derivatives of those found on 

terrestrial fungi with significant differences in their biological activities (sometimes more 

effective, strong, and specific). 

 

 
Figure 5. Number of publications describing marine natural products from marine fungi 

available in Scopus from 1980 – 2020. The keywords used were marine fungal natural 
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products (("Marine fungi" OR "Marine fungus") AND (natural product OR secondary 

metabolites OR metabolites)). 

 

Omics (genomic, transcriptomic, proteomic and metabolomic approaches) have 

become popular due to the advances in high-throughput sequencing technologies, 

bioinformatics tools and mass spectrometry techniques. Metabolomic approaches have 

been embraced in the natural products drug discovery (Reich and Labes, 2017). To date, 

mass spectrometry (MS) has become a highly sensitive analytical tool used for 

identification and quantification of metabolites (Gowda and Djukovic, 2014). Analytical 

techniques (e.g., nuclear magnetic resonance (NMR) and types of mass analyzers are used 

for metabolomics studies, such as capillary electrophoresis mass spectrometry (CE-MS), 

gas chromatography mass spectrometry (GC-MS), liquid chromatography mass 

spectrometry (LC-MS), and matrix assisted laser desorption/ionization mass spectrometry 

(MALDI-MS). The review by Stuart et al. (2020) summarizes the applications and 

limitations of the different types of mass analyzers and techniques commonly used in MS. 

Table 2 sums up recent studies of marine fungi’s metabolome using different MS 

techniques. The most used techniques are GC-MS and LC-MS (Stuart et al., 2020). GC-

MS separate a mixture of compounds according to their compound’s volatility/molecular 

weight and LC-MS to polarity or hydrophobicity for example (Stuart et al., 2020). 

However, LC-MS represents the most versatile approach for profiling extracts (Wolfender 

et al., 2015). 

 

Table 2. Marine fungi metabolomics using different MS techniques. Only studies 

published after 2015 were included. 

 

Technique Studies Species Host/Habitat 

GC-MS Harikrishnan et al. (2021) Grammothele fuligo, Rigidoporus 

vinctus, Cystobasidium minutum, 

Candida railenensis, Pichia 

kudriavzevii 

Algae 

GC-MS Taritla et al. (2021) Aspergillus sp. Algae 

GC-MS Parthasarathy et al. (2020) Penicillium chrysogenum Algae 

GC-MS/NMR de Paula and Porto (2020) Aspergillus sydowii Sponge 
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GC-MS Teixeira et al. (2019) Aspergillus flavus, Penicillium 

echinulatum, Microascus croci, 

Penicillium purpurogenum 

Seaweed 

GC-MS/LC-MS Vinale et al. (2020) Penicillium brevicompactum Anemone 

GC-MS Barra et al. (2017) Emericella sp. Sponge 

GC-MS Yan et al. (2016) Aspergillus versicolor Sediments 

GC-MS Abd El-Hady et al. (2015) Aspergillus unguis Sponge 

GC-MS/LC-MS de Jesus et al. (2017) Botryosphaeria sp. Alga 

HPLC-HRMS Roullier et al. (2016) Penicillium canescens, 

Penicillium sp. 

Sediments 

Mussel 

LC-MS Adpressa and Loesgen (2016) Aspergillus terreus Marine 

environment 

LC-MS Liaw (2015) Trichoderma reesi, Trichoderma 

atroviride  

Sponge 

LC-MS/NMR Yu et al. (2015) Aspergillus flavipes Sediments 

LC-MS Wang et al. (2018b) Aspergillus sydowii Sea water 

LC-MS Farha and Hatha (2019) Penicillium sp. Sediments 

LC-MS/GC-MS Bhatnagar et al. (2019) Piriformospora indica Algae 

LC-MS Zhang et al. (2018) Aspergillus sydowii, Penicillium 

chrysogenum 

Corals 

LC-MS Hwang et al. (2019) Aspergillus allahabadii, 

Aspergillus ochraceopetaliformis 

Sediments 

LC-MS/NMR Navarri et al. (2017) Oidiodendron griseum Sediments 

LC-MS Ulikere et al. (2016) Cladosporium cladosporioides Seaweed 

LC-MS Loges et al. (2020) Aspergillus welwitschiae Sponge 

LC-MS Saraiva et al. (2015) Aspergillus sp. Sediments 

 

Metabolomics has become an essential analytical tool for the drug discovery 

process. Nonetheless, for marine natural products identification from marine fungi 

metabolomics is still in its infancy, remaining changeling. Untargeted metabolomics 

generates massive data sets whose analysis is time consuming due to the lack of user 

friendly bioinformatic annotation pipeline tools and open access data repositories. 

Furthermore, the prediction of the biological activity of the secondary metabolites 

identified is a challenging task – if not impossible – because small structural differences in 

the molecules may lead to different bioactivities (Reich and Labes, 2017).  
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Recently, Rotter et al. (2021) listed an overview of databases useful for the marine 

biotechnology pipelines. Briefly, the major massive MS/MS data organization tool and 

open access is the Global Natural Products Social (GNPS) Molecular Networking. 

However, most of the specific databases that contain already some marine natural products 

from fungi origin, as Marine Lit and Dictionary of Natural Products are not open access. 

Recently, van Santen et al. (2019) developed the Natural Products Atlas, an open access 

database for microbial natural products discovery. In any case, until now, no marine fungi-

specific database exists that combines mass spectra data. 

Marine fungal genomes sequencing adds more in-depth information to search for 

natural products from these microorganisms. The increasing number of fungal genomes 

sequenced has revealed that fungi contain an enormous potential for secondary metabolite 

production. Unfortunately, most of these biosynthetic gene clusters (BGCs) have not been 

linked to their corresponding natural products (Reich and Labes, 2017). Furthermore, gene 

clusters can be involved in different biosynthetic pathways, resulting in a variety of 

possible final products (Keller et al., 2005). So far, more than 4000 fungal species have 

completed or ongoing genome projects (Hill et al., 2021), with more than 8000 genomes 

available. The shortage of genomes of marine fungi in public databases, such as Genome - 

NCBI (National Center for Biotechnology Information) and JGI Genome Portal (Joint 

Genome Institute), impairs the fast identification of BGCs and consequently of new 

compounds from these organisms. Table 3 shows an overview of the marine fungi 

genomes sequenced that are deposited at Genome – NCBI and at JGI. The Ascomycota is 

the phylum that contains more sequenced marine fungal genomes (21 isolates of 12 

different families).  

  

Table 3. Overview of the marine fungi genomes sequenced. Phylum Ascomycota in blue, 

Basidiomycota in green and Chytridiomycota in yellow.  

 

Family or Class Species  Strain Host/Substrate NCBI JGI 

Aspergillaceae 
Aspergillus affinis CMG 70 Sea water JAGXNN000000000 - 

Aspergillus 
flocculosus 

CBS 
112785 Saltern - 1052366 

Bionectriaceae 
Emericellopsis 
atlantica TS7 Sponge JAFMPH000000000 1092660 

Emericellopsis MUM 19.33 Cladophora sp. JAGIXG000000000 - 
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cladophorae 

Chaetomiaceae 

Achaetomium 
macrosporum  CBS 532.94 Mangrove mud - 1151607 

Trichocladium 
antarcticum 

CBS 
123565  Antarctic lichen 

- 1018949 

Dothideomycetes Lineolata 
rhizophorae  

ATCC 
16933  

Marine 
environment 

JAAEJC000000000 1051209 

Halojulellaceae Halojulella 
avicenniae 

ATCC 
66911 

Roots of 
Avicennia 
marina 

- 1042899 

Halosphaeriaceae 
Corollospora 
maritima 

CBS 
119819  

Marine detritus - 1024020 

Lulworthiaceae Lindra thalassiae JK4322  Thalassia sp. - 1070663 

Pleosporaceae 

Decorospora 
gaudefroyi CBS 332.63 

Salicornia 
fruticosa JAADKE000000000 1032354 

Paradendryphiella 
salina 

CBS 
112865 Fucus serratus CAAAGB000000000 - 

Sporormiaceae Westerdykella 
ornata CBS 379.55  Mangrove mud JAAEJA000000000 1019763 

Teratosphaeriaceae 

Hortaea werneckii MC848 Sea water PRJNA641248 - 

 EXF-2788 
Hypersaline 
water 

PRJNA428320 - 

 MC873 Sea water PRJNA641248 - 

 EXF-120 
Hypersaline 
water 

PRJNA428320 - 

  EXF-10513 Deep sea water PRJNA428320 - 

Torpedosporaceae Torpedospora 
radiata JK5252C Woody debris  - 1019473 

Trichocomaceae 
Eurotium rubrum CBS 

135680 
Dead Sea brine - 1078839 

Penicillium 
antarcticum IBT 31811 Seaweed MDYN00000000 1188177 

Atheliaceae Digitatispora 
marina 008cD1.1 Driftwood - 1081701 

Chytridiaceae Chytridium 
lagenaria Arg66 Algae - 1098839 

 

The ‘unculturable’ species represent one of the major problems and challenges for 

marine mycology. Isolation into pure culture remains the gold standard for the 

identification, description, and genome sequencing of new marine fungi species. Another 

challenge for marine natural products identification from fungi is that BGCs may remain 

silent under laboratory culture conditions, as mentioned before. To overcome this, different 
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methods have been developed to ‘awake’ or stimulate the expression of silent genes. 

Different strategies such as the use of epigenetic modifiers, of natural or chemical elicitors 

(microbial cells components, microbial lysates, or non-biological origin compounds), and 

the co-cultivation with other species (Scharf and Brakhage, 2013) have been used to induce 

the production of BGCs coded compounds. This strategy is known as OSMAC (One Strain 

MAny Compounds) approach (Bode et al., 2002), which can activate many silent BGCs in 

microorganisms to induce the expression of more natural products and of those that are 

poorly expressed (Pan et al., 2019).  
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Aims of the work           

 

In this context, the marine environments, despite being known as part of highly 

productive ecosystems, are still poorly investigated regarding the biodiversity of their 

mycobiome. Although Portugal has a very large coastline and a privileged relationship 

with the ocean, there are only few studies on marine fungi. 

The exploration of marine fungi serves three purposes:  

i) increasing the knowledge of marine fungi diversity, thus contributing to the 

description of new lineages; 

ii) searching for biotechnological relevant compounds; 

iii) producing these compounds in large-scale cultures efficiently, leading to the 

generation of economic value, ocean valorization and sustainability.  

The objectives of this thesis are also aligned with the objectives of the UN “2030 

Agenda for Sustainable Development”, specifically with goals 3, 12 and 14, by 

contributing to an efficient use of natural resources, fight disease and improve health, fight 

pollution, and protect the marine environment. 

 

The work presented here had the following aims: 

 

1. Collect, isolate, identify, and characterize marine fungi isolates from marine 

habitats in Portugal 

 

2. Screen the isolates for biotechnological relevant enzymes, anti-bacterial, anti-

fungal, antioxidant and cytotoxic activities  

 

3. Characterize the metabolome of two selected marine fungal isolates and assess the 

effect of sea salt on secondary metabolites production 

 

4. Sequence the genomes of the selected strains  
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Revealing the hidden diversity of marine fungi in Portugal with the description of two 
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Abstract  

Fungi are ubiquitous organisms with a wide distribution in almost all ecosystems, 

including marine environments. Coastal and estuarine ecosystems remain poorly 

unexplored as fungal habitats, potentially harbouring a hidden diversity with important 

ecological roles. During an extensive survey of marine fungi in coastal and estuarine 

Portuguese environments, a collection of 612 isolates was obtained from water, algae, 

sponges and driftwood. From these, 282 representative isolates were selected through 

microsatellite-primed PCR (MSP-PCR) fingerprinting analysis, which were identified 

based on DNA sequence data. The collection yielded 117 taxa from 38 distinct genera, 

which were identified using DNA sequence analysis. Overall, fungal com- munity 

composition varied with host/substrate, but the most abundant taxa in the collection were 

Cladosporium cladosporioides, Penicillium terrigenum, Penicillium brevicompactum and 

Fusarium equiseti/incarnatum complex. The occurrence of a high fungal diversity 

harbouring novel species was disclosed. Through a multilocus phylogeny based on ITS, 

tub2 and tef1-α sequences, in conjunction with morphological and physiological data, we 

propose Neoascochyta fuci sp. nov. and Paraconiothyrium salinum sp. nov. 

 

Keywords: fungal diversity; Didymellaceae; Didymosphaeriaceae; phylogeny; taxonomy. 
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Introduction 

The marine environment is an inexhaustible resource for the isolation of 

unexploited microorganisms with unique characteristics, in particular marine fungi 

(Garzoli et al., 2018). 

Over time, different definitions have been given to marine fungi and it remains 

controversial (Jones et al., 2019). Marine fungi were first defined based on their 

physiological characteristics, such as the requirement for seawater (salinity ≥ 30%) to grow 

(Johnson and Sparrow, 1961; Tubaki, 1969). However, the definition generally quoted is 

that proposed by Kohlmeyer and Kohlmeyer (1979). These authors restricted the term 

marine fungi to two major ecological groups: (a) obligate, those that grow and sporulate 

exclusively in a marine or estuarine habitat; and (b) facultative, those from freshwater or 

terrestrial milieus that are able to grow and sporulate in marine environments. Recently, 

other authors have replaced Kohlmeyers' definition by using a broader definition, 

overcoming the issue related to marine-derived isolates (Jones et al., 2019), referring to 

fungi isolated from marine or marine- related habitats or substrates (Jensen and Fenical, 

2002). In this context, Pang et al. (2016) reviewed the use of the terms ‘marine fungi’ and 

‘marine- derived fungi’ and proposed a wide-ranging definition of a marine fungus, 

including any fungus that is able to grow and/or sporulate (on substrata) in marine 

environments; those that form symbiotic relationships with other marine organisms; or 

those that have adapted and evolved or also are metabolically active in marine 

environments. We will use this definition from this point forward. 

Currently, the total diversity of marine fungi is estimated to be 10 000–12 500 

species (Jones, 2011; Jones and Pang, 2012) with 1257 species described so far, distributed 

in 539 genera, 74 orders, 168 families, 20 classes and five phyla (Jones et al. 2019). 

Marine fungi represent less than 1% of described fungal species (Kis-Papo, 2005; Richards 

et al., 2012) and are particularly poorly characterized. They have been isolated from a wide 

range of organic and inorganic substrata such as marine mangrove plants, 

macroalgae/seaweed, drift- and intertidal wood, marine animals (corals, sponges, 

nematodes, etc.), sediments, and coastal and open-ocean water columns (Pang et al., 2012; 

Raghukumar, 2017) they can occur as saprobes, endobionts, parasites and mutualists 

(Jones et al., 2019). Also, they play a major role in nutrient recycling and in the regulation 

of energy flow in marine ecosystems (Jones et al., 2019). 
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Marine fungi are distributed throughout the world and certain fungi are found only 

in certain geographical regions, such as the tropics, subtropics, and temperate or polar 

waters (Hyde, 1986; Hyde and Jones, 1988; Schmit and Shearer, 2003). Culture-dependent 

studies with morphology-based analyses have retrieved fungi from marine environments 

(Garzoli et al., 2018; Burgaud et al., 2015; Damare and Raghukumar, 2008; Rédou et al., 

2015). Recently, advances in high-throughput sequencing technologies have enabled 

research on marine fungi using culture-independent methods on deep-sea and benthic 

sediments (Nagahama et al., 2011; Nagano et al., 2010), hydrothermal vents (Burgaud et 

al., 2009; Le Calvez et al., 2009; Xu et al., 2017), oxygen-deficient environments (Jebaraj 

et al., 2012; Wang et al., 2014), global surface waters (Richards et al., 2015; Stern et al., 

2015) and coastal habitats (Jeffries et al., 2016; Picard, 2017). 

In this context, coastal marine environments, despite being known as part of highly 

productive ecosystems, remain poorly investigated regarding the biodiversity of their 

mycobiota. Some diversity studies are available, in particular regarding algicolous (Garzoli 

et al., 2015a, 2018; Gnavi et al., 2017; Vohník et al., 2019) and lignicolous fungi (Azevedo 

et al., 2011; Garzoli et al., 2015b), sponges (Höller et al., 2000), sediments and seawater 

(Richards et al., 2015; Jeffries et al., 2016; Picard, 2017) and marine animals (Godinho et 

al., 2019). 

The diversity of fungi from Portuguese marine environments is poorly known. To 

address this knowledge gap, an extensive survey of the fungal diversity associated with 

various substrates/hosts across coastal and estuarine environments in Portugal was 

performed, using culture-dependent methods. A robust identification was allowed based on 

microsatellite-primed PCR (MSP-PCR) fingerprinting to group isolates according to their 

genetic fingerprinting patterns and then sequencing of DNA markers of representative 

isolates of the collection, such as internal transcribed spacer (ITS), beta-tubulin gene (tub2) 

and translation elongation factor 1 alpha (tef1-α). Here we also report the morphological, 

cultural, and phylogenetic characterization of two novel fungal species in the genera 

Paraconiothyrium (Didymosphaeriaceae) and Neoascochyta (Didymellaceae). 
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Material and Methods 

Collection and isolation 

Water (3 liters at 2 m deep), algae – mainly Fucus and Ulva species (n=60) – and 

driftwood (n=14) were collected from various Portuguese coastal beaches, while sponges 

(n=15) and water were collected from different sites in the estuary of Ria de Aveiro, 

Portugal (Figure 1, Table 1). Samples were placed in sterile plastic containers and 

maintained at 4°C until fungal isolation. Water samples were vacuum filtered with sterile 

0.22 μm cellulose membranes (Lifesciences). Then, the membranes were vigorously 

washed in 10ml of autoclaved filtered saline water (AFSW). Aliquots of 100μl from each 

water sample were spread onto potato dextrose agar (PDA) (Merck, Darmstadt, Germany) 

containing 3% sea salts (Sigma-Aldrich, Darmstadt, Germany). Algae, sponges and 

driftwood samples were washed with AFSW, cut into small pieces and placed on PDA 

with 3% sea salts. Streptomycin and tetracycline, at final concentrations of 100 mg/L, were 

added to PDA medium to inhibit the growth of bacteria. Five replicates of PDA plates were 

used for each sample. The plates were incubated at 25°C and examined daily to observe the 

growth of fungal hyphae. Distinct fungal colonies were then transferred to new PDA plates 

with sea salts for further isolation and purification. 
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Figure 1. Location of sampling sites in the current study. A, Viana do Castelo; B, 

Matosinhos; C, Aveiro; D, Mira; E, Nazaré; F, São Pedro do Estoril; G, Sines, H/I, 

Algarve. For more rigorous localizations, see Table 1. 

 

Table 1. List of the sampling sites in this study. C: coastal; E: estuary. 

Locality code Locality name Origin GPS coordinates 
Sampling 
time 

A Viana do Castelo C 41°41'57"N 8°51'22"W 08/10/17 

  C 41°44'07"N 8°52'26"W 08/10/17 

  C 41°46'50"N 8°52'17"W 08/10/17 

  C 41°48'50"N 8°52'03"W 08/10/17 

  C 41°51'05"N 8°52'03"W 08/10/17 

B Matosinhos C 41º10'39''N 8º41'46''W 08/10/17 

  C 41º13'05''N 8º43'00W 08/10/17 

  C 41º11'43''N 8º42'35''W 08/10/17 

C Barra C 40º38'38''N 8º44'57''W 12/09/17 

  
C 40º38'37''N 8º44'58''W 12/09/17 

  
C 40º38'29''N 8º45'00''W 12/09/17 

  
C 40º38'32''N 8º45'25''W 12/09/17 

  
C 40º38'30''N 8º45'27''W 12/09/17 

    C 40º38'11''N 8º44'55''W 16/09/17 

 Cortegaça C 40°56'16"N 8°39'33"W 15/10/17 

  C 40°56'39"N 8°39'31"W 15/10/17 

 
Costa Nova C 40°37'10"N 8°45'14"W 16/09/17 

    C 40º36'55''N 8º45'18''W 16/09/17 

 Esmoriz C 40°57'46"N 8°39'14"W 15/10/17 

 Espinho C 41°00'07"N 8°38'51"W 15/10/17 

  C 41°00'35"N 8°38'52"W 15/10/17 

 
Vagueira C 40º33'33''N 8º46'17''W 16/09/17 

 Ria de Aveiro E 40°37'48"N 8°43'58"W 26/09/18 

  E 40°39'33"N 8°43'27"W 26/09/18 

  E 40°40'38"N 8°42'20"W 26/09/18 

  E 40°43'00"N 8°42'04"W 26/09/18 

  E 40°38'54"N 8°44'23"W 26/09/18 

D Areão C 40º31'7''N 8º47'3''W 16/09/17 

 
Mira C 40º29'22''N 8º47'34''W 16/09/17 

E Marinha Grande C 39°46'21"N 9°01'39"W 30/09/17 

 
Nazaré C 39º35'26''N 9º04'37''W 30/09/17 
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  C 39º35'49''N 9º04'22''W 30/09/17 

 Paredes da Vitória C 39º42'19''N 9º03'05''W 30/09/17 

  C 39º42'01''N 9º02'56''W 30/09/17 

 S. Pedro de Moel C 39°45'21"N 9°01'57"W 30/09/17 

F S. Pedro do Estoril C 38º41'28''N 9º21'55''W 01/10/17 

  
C 38º41'32''N 9º22'03''W 01/10/17 

  
C 38º41'33''N 9º22'05''W 01/10/17 

    C 38º41'33''N 9º22'18''W 01/10/17 

G Sines C 37°55'31"N 8°48'21"W 19/10/17 

  C 37°57'15"N 8°52'01"W 19/10/17 

 Porto Covo  C 37°49'44"N 8°47'28"W 19/10/17 

 
Vila Nova de Milfontes C 37°43'18"N 8°47'25"W 19/10/17 

 
Costa Vicentina C 37°17'41"N 8°51'59"W 19/10/17 

    C 37°26'25"N 8°47'58"W 19/10/17 

H Lagos C 37°05'48"N 8°40'06"W 19/10/17 

 
Albufeira C 37º04'32''N 8º18'32''W 19/10/17 

 Portimão C 37°07'08"N 8°33'01"W 19/10/17 

I Vila Real de Santo António C 37º09'54''N 7º24'04''W 19/10/17 

 

DNA extraction, amplification, and sequencing 

Genomic DNA was extracted from fresh mycelium of cultures growing on PDA 

according to Möller et al. (1992). MSP-PCR fingerprinting with the (GTG)5 primer (5’-

GTGGTGGTGGTGGTG-3’) was used for molecular typing of all isolates, following 

Alves et al. (2007). Briefly, analysis of the genetic fingerprinting patterns was performed 

with GelCompar II software (Applied Maths, Sint-Martens-Latem, Belgium). The Pearson 

correlation coefficient was applied, and cluster analysis was performed using the UPGMA 

algorithm. The resulting dendrograms were analysed in order to obtain groups of isolates 

with at least 85% similarity. This cut-off was determined so that patterns that were known 

to be equal would be considered to be in the same cluster. Representative isolates of each 

group were randomly selected and subjected to PCR amplification of the ITS region of the 

rDNA (using primers ITS1 and ITS4, White et al., 1990) as described by Alves et al. 

(2004). For isolates whose ITS region was not sufficient for identification, additional 

molecular markers were used for each taxonomic group, such as tub2 using a combination 

of Bt2a/T1 and Bt2b primers (Glass and Donaldson, 1995; O'Donnell and Cigelnik, 1997) 

and tef1-α with EF1-688F and EF1-2218R primers (Alves et al., 2008; Rehner, 2001) with 
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the cycling conditions previously described by Lopes et al. (2017). The amplified PCR 

fragments were purified with the NZYGelpure kit (NZYTech, Lisbon, Portugal) before 

sequencing at GATC Biotech (Cologne, Germany). The nucleotide sequences were 

analysed with FinchTV v.1.4.0 (Geospiza, Seattle, Washington). A BLASTn search against 

the nucleotide collection (nr/nt) database using the ITS, tub2 and tef1-α sequences was 

carried out to determine the closest matching sequences. Information from the 

representative isolates was used to provide a taxonomic affiliation to all isolates from the 

collection. 

Four isolates (CMG 47, CMG 48, CMG 49 and CMG 50) could not be affiliated to 

any of the currently known species and probably represented undescribed species. Thus, 

the closest related sequences were added to the sequence alignment to determine the 

taxonomic affiliation, and morphological characterizations were performed. Sequences 

were aligned with ClustalX v.2.1 (Thompson et al., 1997), using the following parameters: 

pairwise alignment parameters (gap opening = 10, gap extension = 0.1) and multiple 

alignment parameters (gap opening = 10, gap extension = 0.2, transition weight = 0.5, 

delay divergent sequences = 25%). Alignments were checked and edited with BioEdit 

Alignment Editor v.7.2.5 (Hall, 1999). Phylogenetic analyses were done with MEGA v.7.0 

(Kumar et al., 2016). All gaps were included in the analyses. MEGA v.7.0 was also used to 

determine the best substitution model to be used to build the maximum-likelihood (ML) 

tree. ML analyses was performed on a neighbour-joining (NJ) starting tree automatically 

generated by the software. Nearest-Neighbour-Interchange (NNI) was used as the heuristic 

method for tree inference with 1000 bootstrap replicates. Maximum-parsimony (MP) 

analysis were performed with PAUP v.4.0b10 (Swifford, 2000). All characters were 

unordered and of equal weight, and gaps were treated as missing data. The heuristic search 

option with 100 random taxon additions and subtree pruning and regrafting (SPR) method 

as the branch-swapping algorithm were applied. Bayesian inference (BI) was performed 

using MrBayes v.3.0b4 (Ronquist and Huelsenbeck, 2003). Four Markov chain Monte 

Carlo (MCMC) chains were set to run for 10 million generations, sampling every 100th 

generation for a total of 10 000 trees. The first 1000 trees were eliminated from further 

analysis. The remaining were used to generate a majority-rule consensus tree and calculate 

the posterior probabilities (PP). Trees were visualized with TreeView (Page, 1996). The 
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sequences generated in this study were deposited in GenBank and taxonomic novelties in 

MycoBank. The alignment and tree were deposited in TreeBASE (S24639, S25049). 

 

Morphology and growth studies 

The new species identified through phylogenetic analyses were observed with a 

Nikon SMZ1500 stereoscopic microscope (Tokyo, Japan) and a Nikon Eclipse 80i 

microscope equipped with differential interference contrast. Fungal structures were 

mounted in 100% lactic acid. Photographs and measurements were taken with a Nikon 

DSRi1 camera and the NIS-Elements D program (Nikon). Colony characters and pigment 

production were registered after 5 and 7 days of growth on PDA, malt extract agar (MEA) 

and oatmeal agar (OA) incubated at 25°C for Neoascochyta sp. and Paraconiothyrium sp., 

respectively. Colony colours (obverse and reverse) were assessed according to the colour 

charts of Rayner (1970). Morphological descriptions were based on cultures sporulating on 

OA and PDA/pine needles, after 2 months of incubation at 25°C, for Neoascochyta sp. and 

Paraconiothyrium sp., respectively. 

Temperature growth studies were performed for the new species described. A 5-

mm-diameter plug was taken from the margin of an actively growing colony (7 days old) 

and placed in the centre of PDA, MEA and OA plates. Three replicate plates per isolate 

were incubated at 10, 15, 20, 25, 30 and 35°C in the dark. Colony diameter was measured 

after 5 days and 1 week for Neoascochyta sp. and Paraconiothyrium sp, respectively. 

To evaluate the growth requirements for sea salts, the new species was cultured in 

PDA with 3% (w/w) sea salts. Three replicate plates per isolate were incubated at 25°C for 

5 and 7 days in the dark. After incubation the diameter of the colonies was measured and 

compared. 

 

Results 

Diversity of fungal isolates 

This study addressed for the first time the diversity of the fungal species in coastal 

marine environments from Portugal and in the estuary of the Ria de Aveiro (Table 1). A 

total of 525 fungal isolates were obtained from seawater (n=283), algae (n=214) and 

driftwood (n=28) from Portuguese beaches, while 89 fungal isolates were collected from 

saline water (n=24) and sponges (n=65) in the estuary of the Ria de Aveiro. Molecular 
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typing of the collection using MSP-PCR yielded 282 representative isolates for which 

sequences of the ITS rRNA region were obtained. BLASTn searches against the nucleotide 

collection (nr/nt) database unambiguously affiliated the isolates from Portuguese coastal 

beaches (Figure 2) and estuary (Figure 3) to 31 and 23 distinct genera, respectively. 

Details of each species found are given in Tables S1 and S2. The Penicillium species from 

Portuguese coastal beaches described previously (Gonçalves et al., 2019a) were included 

here in the analysis of fungal diversity on coastal marine environments from Portugal. 

Among the different taxa identified, the majority of fungal isolates belonged to the 

genera Cladosporium (39.2%, n=206), Penicillium (31.4%, n=165) and Fusarium (8.8%, 

n=46), in the samples from Portuguese coastal beaches, and Trichoderma (19.3%, n=19), 

Penicillium (15.9%, n=14), Verticillium/Gloeotinia (11.4%, n=10) and Fusarium (10.2%, 

n=9) in the samples from the Ria de Aveiro estuary. When analysing the collection of 

isolates from coastal beaches, 64 different fungal species were found in seawater, 46 in 

algae and 17 in driftwood (Figure 4a; Table S1). However, fewer samples of driftwood 

were analysed, which could justify the lower diversity found in these samples. Likewise, 

12 different species were found in saline water and 42 in sponges (Figure 4b, Table S2). 
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Figure 2. Distribution of the 31 genera by host or substrate from samples of Portuguese 

coastal beaches. 
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Figure. 3. Distribution of the 23 genera by host or substrate from samples of the estuary of 

the Ria de Aveiro. 

 

 

 

Figure 4. Venn diagram of the number of fungal species isolated from (a) coastal beaches 

and (b) estuary of the Ria de Aveiro. 
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Phylogenetic analysis 

BLASTn searches against the NCBI nucleotide database using the ITS sequences 

for isolates CMG 47 and CMG 48 identified the closest matches as Neoascochyta paspali 

[GenBank accession no. MH861378; similarities 503/506 (99%), 2 gaps], Phoma sp. 

(GenBank accession no. FJ228201; similarities 501/504 (99%), no gaps] and Fungal sp. 

strain OTU23 (GenBank accession no. KT923242; similarities 502/506 (99%), 2 gaps]. 

Beta-tubulin was also sequenced to confirm the phylogenetic placement within the genus 

Neoascochyta. The highest similarities, using the tub2 gene sequence, were to N. paspali 

[GenBank accession no. FJ427158; similarities 338/344 (98%), no gaps], N. soli [GenBank 

accession no. KY742363; similarities 330/334 (99%), no gaps] and N. paspali (GenBank 

accession no. GU237640; similarities 328/334 (98%), no gaps]. Therefore, sequences 

(ITS+tub2) of CMG 47 and CMG 48 were aligned with those of several related 

Neoascochyta species (Table 2). Alignment of the ITS+tub2 comprised 31 sequences 

(including the outgroup), and there was a total of 1001 positions in the final dataset. In the 

ML phylogenetic tree (Figure 5), the novel isolates clustered in a clade that received high 

(97%) bootstrap support with high PP values (0.98) within the genus Neoascohyta with a 

close relationship with N. soli and N. paspali. 

Regarding isolates CMG 49 and CMG 50, the closest matches for the ITS sequence 

retrieved various hits, of which those with the highest sequence similarity belonged to 

unidentified isolates of the family Didymosphaeriaceae, such as Paraphaeosphaeria sp. 

[GenBank accession no. FJ770071; similarities 563/564 (99%), no gaps], Pleosporales sp. 

[GenBank accession no. KP263116; 539/541 (99%), 1 gap) and Paraphaeosphaeria sp. 

(GenBank accession no. MH383206; 537/539 (99%), 1 gap]. The closest match of an 

identified species was Paraconiothyrium cyclothyrioides [GenBank accession no. 

MH383206; 535/565 (95%), 7 gaps] and P. estuarinum [GenBank accession no. 

MH383206; 532/565 (94%), 7 gaps]. ITS sequences were aligned separately with those of 

related genera/species of Didymosphaeriaceae (Table 2) to identify the species that are 

closest to our isolates, before performing a multilocus phylogenetic analysis. Additional 

molecular markers using tub2 and tef1-α gene sequences were used to confirm the 

phylogenetic placement within the genus Paraconiothyririum. The closest hit using the 

tub2 gene sequence was P. hakeae [GenBank accession no. KY979920; 509/604 (84%), 14 

gaps] and using the tef1-α gene sequence was Austropleospora keteleeriae [GenBank 
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accession no. MK360045; 892/920 (97%), no gaps], Cylindroaseptospora siamensis 

[GenBank accession no. MK360048; 891/920 (97%), no gaps] and Pseudopithomyces 

entadae [GenBank accession no. MK360083; 890/920 (97%), no gaps]. Thus, the 

alignment of the ITS, ITS+tub2 and ITS+tef1-α contained 54, 34 and 28 sequences 

(including the outgroup), and there was a total of 836, 1317 and 1761 positions in the final 

dataset, respectively. 

In all ML phylogenetic trees (Figure 6; Figures S1 and S2), all novel isolates 

clustered in a clade that received high (74, 97 and 85%) bootstrap support with high PP 

values (0.96, 0.84 and 1.00) within the family Didymosphaeriaceae with a close 

relationship to the genus Paraconiothyrium (ITS+tub2, ITS+tef1-α, Figures S2 and 6) with 

the following p-distances of nucleotide sites with P. estuarinum and P. cyclothyrioides: 

ITS+tub2=0.066– 0.080) and ITS+tef1-α=0.032. 

These two novel lineages in the genera Neoascochyta and Paraconiothyrium are 

phylogenetically well delimited and are clearly distinct from other closely related species 

described so far and therefore are proposed here as novel species. 
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Table 2. List of isolates used in this study. 

 

     GenBank Accession Number 
Species Family Strain Host/Substrate Country ITS tub2 tef1-α 

Alloconiothyrium aptrootii Didymosphaeriaceae CBS 980.95* Soil Papua New Guinea JX496121 JX496460 - 

  CBS 981.95 Soil Papua New Guinea JX496122 JX496461 - 

Austropleospora archidendri Didymosphaeriaceae CBS 168.77* Archidendron bigeminum Myanmar MH861045 JX496388 - 

Austropleospora keteleeriae Didymosphaeriaceae MFLUCC 18–1551* Keteleeria fortunei China MK347802 - MK360045 

Bimuria novae-zelandiae Didymosphaeriaceae CBS 107.79* Soil New Zealand MH861181 - DQ471087 

Coniothyrium palmarum (Outgroup) Leptosphaeriaceae CBS 400.71* Chamaerops humilis Italy AY720708 KT389792 DQ677903 

Cucurbitaria berberidis (Outgroup) Cucurbitariaceae CBS 130007* Berberis vulgaris Austria MH865620 LT717676 MF795846 

Cylindroaseptospora siamensis Didymosphaeriaceae MFLUCC 17–2527* Leucaena sp. Thailand MK347760 - MK360048 

Didymocrea sadasivanii Didymosphaeriaceae CBS 438.65 Soil India DQ384103 - - 

Didymocrea leucaenae Didymosphaeriaceae MFLUCC 17–0896* Leucaena sp. Thailand MK347721 - MK360052 

Kalmusia italica Didymosphaeriaceae MFLUCC 13-0066* Spartium junceum Italy KP325440 - - 

Kalmusia longispora Didymosphaeriaceae CBS 582.83* Arceuthobium pusillum Germany MH861658 JX496436 - 

Kalmusia variispora Didymosphaeriaceae CBS 121517* Grapevine Syria JX496030 JX496369 - 

Karstenula rhodostoma Didymosphaeriaceae CBS 691.94 Frangula alnus Sweden LC014559 - AB808506 

Leptosphaeria doliolum (Outgroup) Leptosphaeriaceae CBS 505.75* Urtica dioica Netherlands JF740205 JF740144 - 

Laburnicola centaureae Didymosphaeriaceae MFLUCC 13-0601* Centaurea sp. Italy KX274239 - - 

Laburnicola hawksworthii Didymosphaeriaceae MFLUCC 13-0602* Laburnum sp. Italy KU743194 - - 

Laburnicola muriformis Didymosphaeriaceae MFLUCC 16-0290* Laburnum anagyroides Italy KU743197 - KU743213 

Letendraea cordylinicola Didymosphaeriaceae MFLUCC 11-0150 Cordyline sp. Thailand KM213996 - - 

  MFLUCC 11-0148* Cordyline sp. Thailand KM213995 - - 

Montagnula bellevaliae Didymosphaeriaceae MFLUCC 14-0924* Bellevalia romana Italy KT443906 - KX949743 



 

 
55 

Montagnula cirsii Didymosphaeriaceae MFLUCC 13-0680* Thistle Italy KX274242 - KX284707 

Montagnula opulenta Didymosphaeriaceae UTHSC DI16-208 - USA LT796834 LT796914 LT797074 

Montagnula saikhuensis Didymosphaeriaceae MFLUCC 16-0315* Forest soil Thailand KU743209 KU743216 - 

Neoascochyta adenii Didymellaceae CBS 142108* Adenium obesum Thailand KY173423 KY173607 - 

Neoascochyta argentina Didymellaceae CBS 112524* Triticum aestivum Argentina KT389524 KT389822 - 

Neoascochyta cylindrispora Didymellaceae CBS 142456* Human tissue USA LT592963 LT593032 - 

Neoascochyta desmazieri Didymellaceae CBS 297.69* Lolium perenne Germany KT389508 KT389806 - 

  CBS 758.97 Hay Norway KT389509 KT389807 - 

  CBS 247.79 Gramineae Austria KT389507 KT389805 - 

Neoascochyta europaea Didymellaceae CBS 820.84* Hordeum vulgare Germany KT389511 KT389809 - 

  CBS 819.84 Hordeum vulgare Germany KT389510 KT389808 - 

Neoascochyta exitialis Didymellaceae CBS 812.84 Hordeum vulgare Germany KT389517 KT389815 - 

  CBS 811.84 Secale cereale Germany KT389516 KT389814 - 

  CBS 389.86 Triticum aestivum Switzerland KT389515 KT389813 - 

  CBS 113693 Allium sp. Sweden KT389513 KT389811 - 

  CBS 110124 Triticum sp. Netherlands KT389512 KT389810 - 

Neoascochyta fuci Didymellaceae CMG 47/MUM 19.41* Fucus sp. Portugal MN053014 MN066618 - 

  CMG 48 Fucus sp. Portugal MN053015 MN066619 - 

Neoascochyta graminicola Didymellaceae CBS 816.84 Hordeum vulgare Germany KT389523 KT389821 - 

  CBS 815.84 Hordeum vulgare Germany KT389522 KT389820 - 

  CBS 586.79 Hordeum vulgare Belgium KT389521 KT389819 - 

  CBS 447.82 Triticum aestivum Germany KT389520 KT389818 - 

  CBS 301.69 Lolium multiflorum Germany KT389519 KT389817 - 

  CBS 102789 Lolium perenne New Zealand KT389518 KT389816 - 

Neoascochyta paspali Didymellaceae CBS 560.81* Paspalum dilatatum New Zealand FJ427048 FJ427158 - 
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  CBS 561.81 Lolium perenne New Zealand GU237889 GU237640 - 

  ICMP 6614 Paspalum dilatatum New Zealand KT309957 KT309539 - 

  ICMP 6819 Dactylis glomerata New Zealand KT309992 KT309572 - 

  ICMP 6615 Lolium perenne New Zealand KT309958 KT309540 - 

Neoascochyta soli Didymellaceae LC 8165* Soil China KY742121 KY742363 - 

  LC 8166 Soil China KY742122 KY742364 - 

Neoascochyta tardicrescens Didymellaceae CBS 689.97* Hay Norway KT389526 KT389824 - 

Neoascochyta triticicola Didymellaceae CBS 544.74* Triticum aestivum South Africa GU237887 GU237488 - 

Neokalmusia brevispora Didymosphaeriaceae KT2313* Sasa kurilensis Japan LC014574 - AB539113 

  KT1466 Sasa sp. Japan LC014573 - - 

Neptunomyces aureus Didymosphaeriaceae MUM 19.38/CMG 10A* Gracilaria gracilis Portugal MK912119 MK934131 MK947998 

  CMG 11 Enteromorpha sp. Portugal MK912120 MK934132 MK947999 

  CMG 12 Ulva sp. Portugal MK912121 MK934133 MK948000 

  CMG 13 Enteromorpha intestinalis Portugal MK912122 MK934134 MK948001 

  CMG 14 Enteromorpha sp. Portugal MK912123 MK934135 MK948002 

Paracamarosporium fagi Didymosphaeriaceae CBS 140008* Fagus sylvatica Germany KR611886 - - 

Paracamarosporium fungicola Didymosphaeriaceae CBS 113269* Resupinate polypore fungus Albania JX496020 JX496359 - 

Paracamarosporium hawaiiense Didymosphaeriaceae CBS 120025* Sophora chrysophylla USA JX496027 JX496366 - 

Paracamarosporium psoraleae Didymosphaeriaceae CPC 21632* Psoralea pinnata South Africa KF777143 - - 

Paraconiothyrium babiogorense Didymosphaeriaceae CBS 128292 Huperzia selago Poland MH864845 - - 

Paraconiothyrium brasiliense Didymosphaeriaceae CBS 100299* Coffea arabica  AY642531 JX496350 - 

Paraconiothyrium cyclothyrioides Didymosphaeriaceae CBS 972.95* Soil Papua New Guinea JX496119 JX496458 - 

  UTHSC:DI16-265 - USA LT796859 LT796939 LT797099 

  UTHSC:DI16-327 - USA LT796884 LT796964 LT797124 

  UTHSC:DI16-279 - USA LT796864 LT796944 LT797104 
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  UTHSC:DI16-252 - USA LT796852 LT796932 LT797092 

  UTHSC:DI16-218 - USA LT796839 LT796919 LT797079 

Paraconiothyrium estuarinum Didymosphaeriaceae CBS 109850* 
Sediment from estuarine 
habitat 

Brazil MH862842 JX496355 - 

Paraconiothyrium fuckelii Didymosphaeriaceae CBS 653.85 Picea abies Germany MH861909 JX496443 - 

  CBS 764.71B Man Netherlands MH860341 JX496451 - 

  CBS 584.69 Root of gymnosperm Denmark MH859378 JX496437 - 

  CBS 797.95 Rubus sp. Netherlands JX496113 JX496452 - 

Paraconiothyrium fuscomaculans Didymosphaeriaceae CBS 116.16 Malus sp. USA MH854649 - - 

Paraconiothyrium magnoliae Didymosphaeriaceae MFLUCC 10-0278* Magnolia liliifera Thailand KJ939280 - - 

Paraconiothyrium nelloi Didymosphaeriaceae MFLU 14-0813* Spartium junceum Italy KP711360 - - 

Paraconiothyrium rosae Didymosphaeriaceae MFLU 151115* Rosa canina Italy MG828932 - - 

Paraconiothyrium salinum Didymosphaeriaceae CMG 49/MUM 19.91* Sponge Portugal MN369540 MN380479 MN380481 

  CMG 50 Saline water Portugal MN369541 MN380480 MN380482 

Paraconiothyrium thysanolaenae Didymosphaeriaceae MFLU 11-0142* Thysanolaena maxima Thailand KP744453 - - 

Paramassariosphaeria anthostomoides Didymosphaeriaceae CBS 615.86* Cerastium uniflorum Switzerland MH862005 - - 

Paramassariosphaeria clematidicola Didymosphaeriaceae MFLUCC 16-0172* Clematis vitalba Italy KU743206 - - 

Paraphaeosphaeria angularis Didymosphaeriaceae CBS 167.70* Saccharum officinarum Brazil MH859539 JX496386 - 

Paraphaeosphaeria michotii Didymosphaeriaceae CBS 340.86 Phragmites australis France MH861961 JX496418 - 

Paraphaeosphaeria minitans Didymosphaeriaceae CBS 111750 Sclerotinia sclerotorium Italy JX496017 JX496356 - 

Pseudocamarosporium africanum Didymosphaeriaceae CBS 121166* Prunus persica South Africa JX496029 JX496368 - 

Pseudocamarosporium corni Didymosphaeriaceae MFLUCC 13-0541* Cornus sanguinea Italy KJ747048 - - 

Pseudocamarosporium cotinae Didymosphaeriaceae MFLUCC 14-0624* Cotinus coggygria Russia KP744460 - - 

Pseudocamarosporium lonicerae Didymosphaeriaceae MFLUCC 13-0532* Lonicera sp. Italy KJ747047 - - 

Pseudocamarosporium pteleae Didymosphaeriaceae MFLUCC 17-0724* Ptelea trifoliata Russia MG828950 - MG829233 
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Pseudopithomyces chartarum Didymosphaeriaceae UTHSC 04-678 Homo sapiens USA HG518060 - - 

  UTHSC 03-2472 Homo sapiens USA HG518059 - - 

Tremateia arundicola Didymosphaeriaceae MFLUCC 16-1275* Herbaceous stem UK KX274241 - KX284706 

Tremateia guiyangensis Didymosphaeriaceae GZAAS01* Herbaceous stem China KX274240 - KX284705 

Xenocamarosporium acaciae Didymosphaeriaceae MFLUCC 17–2432 Leucaena sp. Thailand MK347766 - MK360093 

 

CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CMG: Culture collection of Micael Gonçalves, housed at 

Department of Biology, University of Aveiro, Aveiro, Portugal; CPC: Culture collection of Pedro Crous, housed at CBS; MFLU: 

Herbarium of Mae Fah Luang University; MFLUCC: Mae Fah Luang University Culture Collection, Chiang Rai, Thailand; MUM: Culture 

collection hosted at Center for Biological Engineering of University of Minho, Braga, Portugal; UTHSC: University of Tennessee Health 

Science Center. Ex-type strains are marked with an asterisk. Sequences generated in this study are shown in bold. 
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Figure 5. Phylogenetic relationships of Neoascochyta species based on combined ITS and 

tub2 sequence data and inferred using the ML method under the Kimura 2-parameter 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Leptosphaeria doliolum (CBS 505.75). Bootstrap values 

(≥70%) and PP (≥0.94) are shown at the nodes (ML/MP/BI). Ex-type strains are in bold, 

and the new taxa proposed from the current study are in blue. 
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Figure 6. Phylogenetic relationships of Didymosphaeriaceae species based on ITS and 

tef1-α sequence data and inferred using the ML method under the Tamura–Nei model. The 

tree is drawn to scale, with branch lengths measured in the number of substitutions per site 

and rooted to Cucurbitaria berberidis (CBS 130007) and Coniothyrium palmarum (CBS 

400.71). Bootstrap values (≥70%) and PP (=1.00) are shown at the nodes (ML/MP/BI). Ex-

type strains are in bold, and the new taxa proposed from the current study are in blue. 

 

 

 

Paraconiothyrium cyclothyrioides  UTHSC DI16-218

 Paraconiothyrium cyclothyrioides  UTHSC DI16-252

 Paraconiothyrium cyclothyrioides  UTHSC DI16-265

 Paraconiothyrium cyclothyrioides  UTHSC DI16-279

 Paraconiothyrium cyclothyrioides UTHSC DI16-327

Paraconiothyrium salinum MUM 19.91/CMG 49

Paraconiothyrium salinum  CMG 50

 Cylindroaseptospora siamensis  MFLUCC 17-2527 

Karstenula rhodostoma CBS 691.94 

 Pseudocamarosporium pteleae  MFLUCC 17-0724 

 Austropleospora keteleeriae  MFLUCC 18-1551 

 Neokalmusia brevispora KT 2313 

Bimuria novae-zelandiae CBS 107.79 

 Didymocrea leucaenae MFLUCC 17-0896 

Xenocamarosporium acaciae  MFLUCC 17-2432

 Neptunomyces aureus CMG14

 Neptunomyces aureus MUM 19.38/CMG10A 

Neptunomyces aureus CMG11

Neptunomyces aureus CMG12

Neptunomyces aureus CMG13

Tremateia arundicola MFLUCC 16-1275 

 Tremateia guiyangensis GZAAS01 

Montagnula opulenta UTHSC DI16-208

 Montagnula bellevaliae MFLUCC 14-0924 

Montagnula cirsii MFLUCC 13-0680 

 Laburnicola muriformis MFLUCC 16-0290 

Coniothyrium palmarum CBS 400.71 

 Cucurbitaria berberidis CBS 130007 

100/100/1.00

100/100/1.00

100/100/1.00

96/98/1.00

90/99/1.00

78/71/1.00

85/74/1.00

0.050



 

 
61 

Taxonomy 

 
Neoascochyta fuci M. Gonçalves & A. Alves, sp. nov.     
 

 
 

Figure. 7. Neoascochyta fuci (MUM 19.41). A–B. Colony after 5 days at 25°C on PDA 

(obverse and reverse). C–D. Colony after 5 days at 25°C on MEA (obverse and reverse). 

E–F. Colony after 5 days at 25°C on OA (obverse and reverse). G. Conidiomata after 2 

months at 25°C on OA. H. Section of conidiomata. I. Conidia. Bars: H = 10 μm; I = 2.5 

μm. 

 

MycoBank: MB831828. 

 

Typification: Portugal, Viana do Castelo: Lumiar Beach, (41° 44' 07" N 8° 52' 26" W), 

isolated from Fucus sp., 8 October 2017, M. Gonçalves, deposited in the MUM Herbarium 

(holotype: a dried culture sporulating, MUM-H 19.41; ex-type living culture, MUM 19.41 

= CMG 47). GenBank accession numbers for DNA sequences derived from ex-type: ITS = 

MN053014; tub2 = MN066618. 
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Etymology: Named for the host (the alga Fucus sp.) it was first isolated from. 

 

Distribution: Portugal. 

 

Known substratum: Fucus sp. 

 

Description: On OA, conidiomata pycnidial, aggregated or solitary, globose to sub-

globose, dark brown, immersed on the agar rarely superficial, with a single ostiole. 

Conidiomata wall pseudoparenchymatous, composed of thick layers of isodiametric cells 

with brown pigmentation. Conidiogenous cells not recorded. Conidia fusoid to cylindrical, 

sometimes ellipsoidal with rounded apex, smooth-walled, hyaline, aseptate (mean ± SD = 

7.6 ± 0.6 × 3.0 ± 0.2 μm, n = 100), with several polar guttules. Chlamydospores not 

observed. Sexual morph unknown. 

 

Culture characters: Colonies flat with fluffy and aerial mycelium. PDA 25°C, 5 days: 

colonies growing to 80 mm in diameter, obverse, margin regular, white; reverse 

olivaceous- black. No differences were observed in terms of colony diameter when grown 

in PDA with and without the addition of 3% sea salts. MEA 25°C, 5 days: colonies 

growing to 77 mm in diameter, obverse, margin regular, white; reverse brown vinaceous to 

olivaceous, from the centre to the margins. OA 25°C, 5 days: colonies growing to 55 mm 

in diameter, obverse, irregular white mycelium; reverse violaceous black. At 35°C, there 

was no growth in any of the media tested. 

 

Additional specimens examined: Portugal, Viana do Castelo: Lumiar Beach (41° 44' 07" N 

8° 52' 26" W), isolated from Fucus sp., M. Gonçalves, living culture CMG 48. GenBank 

accession numbers: ITS = MN053015; tub2 = MN066619. 

 

Notes: Neoascochyta fuci clustered with N. soli (LC 8165) and N. paspali (CBS 560.81) in 

a distinct clade in this genus. Micromorphologically, they differ in conidial morphology 

and dimensions. Conidia of N. paspali are obclavate-ovoid to ellipsoidal, without guttules 

and are 5.5–8.5(–11) × 2.5–4μm. Conidia of N. soli are ellipsoidal to oblong, with two to 

several polar guttules and are 7–10 × 3–4μm, while conidia of N. fuci are fusoid to 
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cylindrical, sometimes ellipsoidal with rounded apex, straight and slightly larger and 

thinner than N. soli and of 7.6 ± 0.6 × 3.0 ± 0.2μm. The phylogenetic tree demonstrates 

that N. fuci is phylogenetically distinct from N. soli and N. paspali. Neoascochyta fuci 

differs from N. paspali in four and six nucleotide positions in ITS and tub2, respectively, 

and in four nucleotide positions in the two-loci sequences from N. soli. 

 

Paraconiothyrium salinum M. Gonçalves & A. Alves, sp. nov. 
 

 
 

Figure 8. Paraconiothyrium salinum (MUM 19.91). A–B. Colony after 1 week at 25°C on 

PDA (obverse and reverse). C–D. Colony after 1 week at 25°C on MEA (obverse and 

reverse). E–F. Colony after 1 week at 25°C on OA (obverse and reverse). G–H. 

Conidiomata after 2 months at 25°C on pine needles. I–J. Conidiogenous cells. K. Conidia. 

Bars: I–K = 2.5 μm. 
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MycoBank: MB832768. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40° 40' 38" N 8° 42' 21" W), isolated from 

unknown sponge, 26 September 2018, M. Gonçalves, deposited in the MUM Herbarium, 

(holotype: a dried culture sporulating on pine needles AVE-F-6; ex-type living culture, 

MUM 19.91 = CMG 49). GenBank accession numbers for DNA sequences derived from 

ex-type: ITS = MN369540; tub2 = MN380479; tef1-α = MN380481. 

 

Etymology: Named for the host (the alga Fucus sp.) it was first isolated from. 

 

Distribution: Portugal. 

 

Known substrata: Saline water and sponge. 

 

Description: On PDA, mycelium smooth, wide hyphae (mean ± SD = 1.6 ± 0.3 μm, n = 

50). Hyphae thick-walled, smooth, aseptate rarely septate, hyaline to yellowish brown. On 

pine needles, conidiomata eustromatic, aggregated or solitary, irregularly globose or 

flattened, black, with merging cavities without ostioles. Conidiomata wall 

pseudoparenchymatous, composed of thick layers of isodiametric cells and irregular cells 

with yellowish brown pigmentation. Conidiogenous cells ampulliform to subcylindrical, 

hyaline, phialidic, producing smooth, ellipsoidal or subcylindrical conidia. Conidia 

straight, with rounded apices at both ends, sometimes with one or two smalls polar 

guttules, and with thin and smooth walls, yellowish brown and aseptate (mean ± SD = 3.7 

± 0.3 × 1.2 ± 0.2 μm, n = 100). Chlamydospores not observed. Sexual morph unknown. 

 

Culture characters: PDA 25°C, 1week: colonies growing to 50 and 44 mm in diameter 

with and without 3% sea salts, respectively, obverse olivaceous near the centre becoming 

lighter towards the borders; reverse brown vinaceous in the centre and yellowish white at 

periphery. MEA 25°C, 1week: colonies growing to 34 mm in diameter, obverse and 

reverse greenish olivaceous near the centre becoming lighter towards the borders. OA 

25°C, 1 week: colonies growing to 44 mm in diameter, obverse and reverse greenish 
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olivaceous near the centre with fluffy aerial white mycelium at periphery. At 35°C, there 

was no growth in any of the media tested. 

 

Additional specimens examined: Portugal, Aveiro: Ria de Aveiro (40° 40' 38" N, 8° 42' 21" 

W), isolated from saline water, M. Gonçalves, living culture CMG 50. GenBank accession 

numbers: ITS = MN369541; tub2 = MN380480; tef1-α = MN380482. 

 

Notes: Paraconiothyrium salinum is phylogenetically distinct and forms a sister clade to P. 

estuarinum (CBS 109850), P. cyclothyrioides (CBS 972.95) and P. thysanolaenae (MFLU 

11-0142) being phylogenetically closely related to P. estuarinum. Micromorphologically, 

they differ in conidia size, morphology, and colour. Conidia of P. estuarinum are (3–)3.2–

4(–6) × 1.4–1.7(–2) μm, straight or slightly curved and are olivaceous or yellowish brown 

while the conidia of P. salinum are not as wide, 3.7 ± 0.3 × 1.2 ± 0.2 μm, straight and 

yellowish brown. Also, P. salinum differs from P. estuarinum in 33 and 68 nucleotide 

positions in ITS and tub2. No tef1-α sequence is available for P. estuarinum. 

 

Discussion 

Studies on the diversity of fungi around the world have been increasing, especially 

those focusing on the production of natural products for biotechnological applications. 

Despite efforts made to understand fungal diversity, the abundance and ecological function 

of fungal communities in marine environments in many regions and on different substrata 

have yet to be explored (Gladfelter et al., 2019; Grossart et al., 2019). 

In the present work, through the use of cultivation-dependent methods, several 

species of filamentous fungi were recovered from different substrates. We found that each 

habitat – estuarine and coastal – hosted distinct fungal communities. Studies on marine 

fungi have already shown that there are clearly differences of taxa between ecosystems 

(Taylor and Cunliffe, 2016). Jeffries et al. (2016) showed strong partitioning of fungal 

community composition between estuarine, coastal, and oceanic samples, revealing that 

each marine environment represents a distinct fungal habitat hosting discrete communities. 

Estuarine and ocean samples form clearly separated clusters, and coastal samples emerge 

as a transitional zone between them. Some authors have indicated that these variations in 

fungal communities are controlled by salinity, temperature, oxygen, and nutrient patterns, 
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suggesting that marine fungi respond to environmental gradients, playing a role in marine 

nutrient cycles. Moreover, factors such as temporal, spatial, and environmental contexts 

and anthropogenic pressure can influence the fungal interactions and their distribution 

(Grossart et al., 2019). 

The phylum Ascomycota was the most common taxon across all sites and as shown 

in other studies this phylum dominates marine environments (Jones and Pang, 2012; Jones 

et al., 2009). The most frequent species found in our samples were generally common soil-

associated fungal orders, including mainly Hypocreales, Pleosporales, Eurotiales, 

Capnodiales, Xylariales and Helotiales. These results are in line with previous studies, in 

which the genera Alternaria, Aspergillus, Chaetomium, Cladosporium, Fusarium, 

Penicillium, Phoma and Trichoderma are commonly found in marine environments (Jones 

et al., 2019). Some unique taxonomic groups previously reported in coastal marine 

environments, such as Chytridiomycota (chytrids) (Jeffries et al., 2016; Grossart et al., 

2019), were not found in this study. However, Hyde et al. (1988) reported that using 

classical culture-dependent studies, marine fungi localized at coastal environments are 

predominantly allied to the phyla Ascomycota and Basidiomycota. In fact, evidence of 

chytrids in the marine environments based on culture-dependent studies is scarce. By 

contrast, in high-throughput sequencing studies, Chytridiomycota have been described as 

the most abundant fungal group (Comeau et al., 2016; Hassett and Gradinger, 2016; 

Hassett et al., 2017) that may play an important role in aquatic food webs in the ocean 

(Amend et al., 2019; Kagami et al., 2014). Among the isolates from driftwood substrates 

found in our survey, one isolate was identified as Lulworthia sp. belonging to the order 

Lulworthiales that comprises marine ascomycetes (Kohlmeyer et al., 2000) which are 

commonly associated with wood substrates (Azevedo et al., 2017). Previous studies in 

Portuguese waters have also shown the presence of Lulworthiales species in standing 

plants and baits of Spartina maritima (Calado et al., 2015) and wood of Pinus pinaster and 

Fagus sylvatica (Azevedo et al., 2017). 

Among the taxa identified, Dothideomycetes (mostly Pleosporales) was the major 

group found in our collection. It has been reported that marine Dothideomycetes may have 

evolved recently in the sea from terrestrial species, many of them maintaining an active 

mechanism of spore dispersal (Jones et al., 2015; Liu et al., 2017a, 2017b; Vijaykrishna et 

al., 2006) and developing morphological and physiological characteristics that allowed 
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them to adapt to marine conditions. Recently, Gonçalves et al. (2019b) described new 

Dothideomycetes species: Neptunomyces aureus, isolated from healthy tissues of 

macroalgae such as Enteromorpha sp., Gracilaria gracilis and Ulva sp.; 

Neocamarosporium aestuarinum (Gonçalves et al., 2019c) isolated from saline water or in 

association with Halimione portulacoides; and Verrucoconiothyrium ambiguum 

(Gonçalves et al., 2019d) also isolated from seawater. Garzoli et al. (2018) reported, for the 

first time, some Didymosphaeriaceous species in Padina pavonica collected in the 

Mediterranean Sea such as Paraconiothyrium variabile, Paraphaeosphaeria neglecta and 

more eight unidentified Didymosphaeriaceous species. Also, Paraphaeosphaeria michotii 

was reported in Phragmites australis typically found in wetlands (Eriksson, 1967). 

Particularly noteworthy and in addition to Dothideomycetes, Gonçalves et al. (2019a; 

2020) and Crous et al. (2019) identified novel marine fungal species within lineages that 

are well known from terrestrial habitats, such as Penicillium lusitanum (Eurotiomycetes) 

isolated from seawater, three species of Parasarocladium (Sordariomycetes) isolated from 

saline water, macroalgae and sponge, three species of Emericellopsis (Sordariomycetes) 

also isolated from macroalgae and Trichoderma aestuarinum (Sordariomycetes) isolated 

from saline water. 

In the current study, two novel Dothideomycetes species are described, namely 

Paraconiothyrium salinum and Neoascochyta fuci. Paraconiothyrium salinum is 

introduced in the genus Paraconiothyrium based on phylogenetic and morphological 

analyses. The genus Paraconiothyrium was introduced by Verkley et al. (2014) to 

accommodate four species, P. estuarinum, P. brasiliense, P. cyclothyrioides and P. 

fungicola. Currently, the genus comprises 24 species listed in the Index Fungorum (2020) 

and Mycobank databases but there are some species that have already been transferred to 

other genera such as: P. fungicola, P. hawaiiense and P. africanum, now belonging to the 

genus Paracamarosporium; P. minitans, now as Paraphaeosphaeria; P. archidendri, now 

as Austropleospora; and other species. In fact, the taxonomic affiliation of 

Paraconiothyrium species is confusing, with contrasting differences at the phylogenetic 

and morphological level. Liu et al. (2015) reported that the morphological characters of 

Paraconiothyrium species are variable. Paraconiothyrium sensu stricto is typified by P. 

estuarinum isolated from sediments of an estuarine environment. The conidiomata can be 

eustromatic and rarely pycnidial, the conidiogenous cells are phialidic, sometimes 
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percurrent, and the conidia are smooth- walled, aseptate sometimes one-septate, hyaline to 

brown at later stages of development (Verkley et al., 2004). Our novel species fits well 

within this concept, sharing similarities with P. estuarinum but with differences in conidia 

size, morphology and colour. The phylogenetic analyses also provide strong evidence that 

P. salinum belongs in the genus Paraconiothyrium, where it forms a sister clade to P. 

estuarinum (CBS 109850), P. cyclothyrioides (CBS 972.95) and P. thysanolaenae (MFLU 

11–0142) with high bootstrap support. However, there were no tub2 and tef1-α sequence 

data available for most species described as Paraconiothyrium and therefore the 

phylogenetic analyses presented did not encompass all known species in Paraconiothyrium 

and many of them have been redefined at the genus level. Also, according to our 

phylogenetic analyses other species described as Paraconiothyrium, such as P. fuckelii 

(CBS 653.85, CBS 764.71B, CBS 584.69, CBS 797.95), P. rosae (MFLU 151115) and P. 

babiogorense (CBS 128292) may represent a separate genus, but this needs to be 

confirmed by further studies. Also, there are slight differences in conidia morphology. For 

example, the conidia of P. fuckelii are subglobose to ellipsoid or obovoid, rarely more 

cylindrical, initially hyaline becoming olivaceous-brown (Verkley et al., 2014). Two others 

described Paraconiothyrium species, P. nelloi (MFLU 14–0813) and P. fuscomaculans 

(CBS 116.16), fit in the genus Kalmusia. Conidia of P. nelloi are globose to obovate, thick- 

walled, smooth-walled, one-celled, initially hyaline becoming dark brown with polar 

guttules (Liu et al. 2015). For example, conidia of Kalmusia spartii are initially hyaline 

becoming light brown and also contain polar guttules (Liu et al. 2015). Multi-gene 

phylogenies including other species of the family Didymosphaeriaceae and morphological 

analyses are needed to evaluate the redisposition of Paraconiothyrium-like species. 

Most species of Paraconiothyrium described until now have been found in 

association with plants or soil with the exception of P. estuarinum (isolated from estuarine 

sediment) and some strains of P. cyclothyrioides from the UTHSC collection (isolated 

from superficial tissue in clinical patients) reported by Valenzuela-Lopez et al. (2017). 

These authors confirm the data from two previous clinical reports in which P. cyclo- 

thyrioides was found in immunocompromised patients. In general, species of 

Paraconiothyrium are regarded as ubiquitous soil fungi and are being used in antibiotic 

production, and as biocontrol agents and bioremediators (Verkley et al., 2004; Wanasinghe 

et al., 2018). Here we described a novel species that occurs as endophytes or epiphytes on 
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healthy unidentified sponges and in estuarine water. Höller et al. (2000) reported some 

Coniothyrium-like species from 16 species of sponges and concluded that each sponge 

hosted a specific fungal community regardless of their location. Interestingly, GenBank 

information of the strains with ITS closest matches of MUM 19.91 = CMG 49 shows that 

these strains were also isolated from the marine environment, more specifically from 

Gelliodes carnosa (marine sponge) (Paraphaeosphaeria sp., GenBank: FJ770071), marine 

sponge (Pleosporales sp., GenBank: KP263116), mangrove sediments (Paraphaeosphaeria 

sp., GenBank: KY827359) and Haliclona caerulea (marine sponge) (Paraphaeosphaeria 

sp., GenBank: DQ092522). This suggests that marine sponges and marine/ estuarine 

environments could harbour a fungal diversity hotspot of the genus Paraconiothyrium or 

didymosphaeriaceous species that deserves further investigation. 

With 13 Neoascochyta species described to date and the majority of them appearing 

to have some host preference, i.e., they can be found in association with various Poaceae 

plant species, this study reports for the first time a novel Neoascochyta species isolated 

from the macroalgae Fucus sp. Although most of members of the family Didymellaceae 

are plant-associated fungi (Chen et al., 2017), a few species have been isolated from other 

substrates, including from marine environments, such as Ascochyta salicorniae isolated 

from green alga Ulva sp. (Osterhage et al., 2000) and Didymella aquatica, the first 

Didymella species known from water (Chen et al., 2017). Also, D. eucalyptica, Ascochyta 

herbicola and V. ambiguum have been reported from water (Gonçalves et al., 2019d; Chen 

et al., 2015, 2017). Thus, three different groups based on conidial morphology are evident 

in Neoascochyta: N. dactylidis, N. europaea, N. exitialis and N. graminicola with one-

septate conidia; N. argentina, N. cylindrispora, N. desmazieri, N. rosicola, N. tardicrescens 

and N. triticicola with mainly one-septate conidia but occasionally aseptate; and N. paspali 

and N. soli with aseptate conidia. Morphologically, the novel species described, N. fuci, fits 

within the last group but differs in conidia size. Phylogenetically it is clear that it has a 

close relationship with N. soli and N. paspali. 

As mentioned above, species belonging to Paraconiothyrium and Neoascochyta are 

typically found in terrestrial environments. We described here two novel species isolated 

from the marine environment. Marine fungi face substantial challenges and require 

additional adaptations, high salinity being the most obvious stressor in the marine 

compartment, leading to osmotic and ionic stress (Gladfelter et a., 2019). Our results 
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showed that both species, P. salinum and N. fuci, can be classified as slightly halophilic 

because they can grow equally well in the presence and absence of 3% sea salts. Although 

they can tolerate salinity, many marine fungi are not typically halophilic because they do 

not show a preference for salinity (Gladfelter et a., 2019). Thus, the ecological relevance of 

these species and the functional interaction with their hosts is still unknown. 

This study has provided a snapshot of the diversity of marine mycobiota present in 

coastal and estuarine sites in Portugal. We have opened new challenges for further progress 

towards uncovering marine fungal diversity by exploring new habitats/substrates. In the 

future, this knowledge will be useful to elucidate potential ecological roles of these 

microorganisms, allowing the identification of novel natural products with applications, 

such as antibacterial and anticancer properties, and degradation and metabolization of 

polymers or hydrocar- bons, which may be used in bioremediation processes. 
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Supplementary material 

 

 
 

Figure S1. Phylogenetic relationships of Didymosphaeriaceae species based on ITS 

sequence data and inferred using the ML method under the Kimura 2-parameter model. 

The tree is drawn to scale, with branch lengths measured in the number of substitutions per 

site and rooted to Cucurbitaria berberidis (CBS 130007) and Coniothyrium palmarum 

(CBS 400.71). Bootstrap values (≥70%) and PP (≥0.70) are shown at the nodes 

(ML/MP/BI). Ex-type strains are in bold, and the new taxon proposed from the current 

study are in blue. 
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Figure S2. Phylogenetic relationships of Didymosphaeriaceae species based on ITS and 

tub2 sequence data and inferred using the ML method under the Kimura 2-parameter 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Cucurbitaria berberidis (CBS 130007) and 

Coniothyrium palmarum (CBS 400.71). Bootstrap values (≥70%) and PP (≥ 0.84) are 

shown at the nodes (ML/MP/BI). Ex-type strains are in bold, and the new taxon proposed 

from the current study are in blue. 
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Table S1. List of isolates obtained from Portuguese coastal beaches. 

 

Species 
Host/Substrate 

Total    
Sea water  Algae Driftwood 

 
Class Order 

Acremonium sclerotigenum 6 
  

6 
  

Hypocreales 

Acremonium sp. 1 1   2 
  

Hypocreales 

Alternaria alternata 4 8 
 

12 
 

Dothideomycetes Pleosporales 

Alternaria alternata/alstroemeriae 1 
  

1 
 

Dothideomycetes Pleosporales 

Alternaria infectoria 1 2 
 

3 
 

Dothideomycetes Pleosporales 

Alternaria slovaca/infectoria 1 
  

1 
 

Dothideomycetes Pleosporales 

Alternaria heterospora/chartarum   1   1 
 

Dothideomycetes Pleosporales 

Arthrinium mari 
  

1 1 
 

Sordariomycetes Xylariales 

Arthrinium thailandicum 1 
  

1 
 

Sordariomycetes Xylariales 

Arthrinium kogelbergense 1 
  

1 
 

Sordariomycetes Xylariales 

Arthrinium sp.   1   1 
 

Sordariomycetes Xylariales 

Aspergillus affinis 1 
  

1 
 

Eurotiomycetes Eurotiales 

Aspergillus protuberus 1     1 
 

Eurotiomycetes Eurotiales 

Boeremia exigua 1 
  

1 
 

Dothideomycetes Pleosporales 

Boeremia lilacis 1     1 
 

Dothideomycetes Pleosporales 

Botrytis cinerea 3 3 2 8 
 

Leotiomycetes Helotiales 

Botrytis cinerea/tulipae 1     1 
 

Leotiomycetes Helotiales 

Chaetomium spiculipilium   2   2 
 

Sordariomycetes Sordariales 

Cladosporium cladosporioides 84 69 6 159 
 

Dothideomycetes Capnodiales 

Cladosporium halotolerans 2 
  

2 
 

Dothideomycetes Capnodiales 
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Cladosporium fusiforme 1 
  

1 
 

Dothideomycetes Capnodiales 

Cladosporium sphaerospermum 4 2 
 

6 
 

Dothideomycetes Capnodiales 

Cladosporium herbarum 6 4 2 12 
 

Dothideomycetes Capnodiales 

Cladosporium aggregatocicatricatum 1 
  

1 
 

Dothideomycetes Capnodiales 

Cladosporium ramotenellum 9 4 
 

13 
 

Dothideomycetes Capnodiales 

Cladosporium limoniforme 1 
  

1 
 

Dothideomycetes Capnodiales 

Cladosporium aciculare 
 

2 
 

2 
 

Dothideomycetes Capnodiales 

Cladosporium tenellum 1 1 
 

2 
 

Dothideomycetes Capnodiales 

Cladosporium pseudocladosporioides 1 1 
 

2 
 

Dothideomycetes Capnodiales 

Cladosporium cladosporioides/perangustum 3 2   5 
 

Dothideomycetes Capnodiales 

Colletotrichum gloeosporioides/alienum/siamense 1 
  

1 
 

Sordariomycetes Glomerellales 

Colletotrichum salicis/pyricola 1     1 
 

Sordariomycetes Glomerellales 

Diaporthe foeniculina     2 2 
 

Sordariomycetes Diaporthales 

Emericellopsis maritima 1 
  

1 
 

Sordariomycetes Hypocreales 

Emericellopsis sp.   1   1 
 

Sordariomycetes Hypocreales 

Epicoccum nigrum 6 7 
 

13 
 

Dothideomycetes Pleosporales 

Epicoccum layuense 1 2   3 
 

Dothideomycetes Pleosporales 

Fusarium pseudograminearum 2 
  

2 
 

Sordariomycetes Hypocreales 

Fusarium equiseti/incarnatum 4 16 1 21 
 

Sordariomycetes Hypocreales 

Fusariume quiseti 1 
  

1 
 

Sordariomycetes Hypocreales 

Fusarium solani  4 
  

4 
 

Sordariomycetes Hypocreales 

Fusarium oxysporum 5 1 
 

6 
 

Sordariomycetes Hypocreales 

Fusarium oxysporum/proliferatum/verticillioides 4 
  

4 
 

Sordariomycetes Hypocreales 

Fusarium culmorum 
 

4 
 

4 
 

Sordariomycetes Hypocreales 

Fusarium concentricum  2 1 1 4 
 

Sordariomycetes Hypocreales 
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Lulworthiales sp.     1 1 
 

Sordariomycetes Lulworthiales 

Neoascochyta paspali 1 
  

1 
 

Dothideomycetes Pleosporales 

Neoascochyta fuci sp. nov.   2   2 
 

Dothideomycetes Pleosporales 

Neocamarosporium aestuarinum  1     1 
 

Dothideomycetes Pleosporales 

Neopestalotiopsis clavispora   1   1 
 

Sordariomycetes Amphisphaeriales 

Nigrospora sphaerica 1 7 
 

8 
 

Sordariomycetes Trichosphaeriales 

Nigrospora oryzae   1   1 
 

Sordariomycetes Trichosphaeriales 

Paecilomyces formosus     1 1 
 

Eurotiomycetes Eurotiales 

Paradendryphiella salina 2 1   3 
 

Dothideomycetes Pleosporales 

Penicillium terrigenum 52 20 2 74 
 

Eurotiomycetes Eurotiales 

Penicillium brevicompactum 11 12 
 

23 
 

Eurotiomycetes Eurotiales 

Penicillium glabrum 4 7 
 

11 
 

Eurotiomycetes Eurotiales 

Penicillium chrysogenum 7 6 2 15 
 

Eurotiomycetes Eurotiales 

Penicillium antarcticum 6 1 
 

7 
 

Eurotiomycetes Eurotiales 

Penicillium spathulatum  4 
 

1 5 
 

Eurotiomycetes Eurotiales 

Penicillium crustosum 1 4 
 

5 
 

Eurotiomycetes Eurotiales 

Penicillium polonicum 1 2 
 

3 
 

Eurotiomycetes Eurotiales 

Penicillium corylophylum 2 2 
 

4 
 

Eurotiomycetes Eurotiales 

Penicillium lanosocoeruleum 
 

2 
 

2 
 

Eurotiomycetes Eurotiales 

Penicillium expansum 
 

1 
 

1 
 

Eurotiomycetes Eurotiales 

Penicillium sanguifluum 
  

1 1 
 

Eurotiomycetes Eurotiales 

Penicillium oxalicum 
 

1 1 2 
 

Eurotiomycetes Eurotiales 

Penicillium adametzioides 
 

1 
 

1 
 

Eurotiomycetes Eurotiales 

Penicillium olsoni  2 1 
 

3 
 

Eurotiomycetes Eurotiales 

Penicillium spinulosum 1 
  

1 
 

Eurotiomycetes Eurotiales 
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Penicillium lusitanum  1 
  

1 
 

Eurotiomycetes Eurotiales 

Penicillium vancouverense 1 
  

1 
 

Eurotiomycetes Eurotiales 

Penicillium fagi 1 
  

1 
 

Eurotiomycetes Eurotiales 

Penicillium bialowiezense 1 
  

1 
 

Eurotiomycetes Eurotiales 

Penicillium fellutanum 1 
  

1 
 

Eurotiomycetes Eurotiales 

Penicillium pancosmium 1 
  

1 
 

Eurotiomycetes Eurotiales 

Penicillium piscarium   1   1 
 

Eurotiomycetes Eurotiales 

Periconia byssoides 1     1 
 

Dothideomycetes Pleosporales 

Pestalotiopsis uvicola     1 1 
 

Sordariomycetes Xylariales 

Pithomyces chartarum 2 2   4 
 

Dothideomycetes Pleosporales 

Plectosphaerella cucumerina 3     3 
 

Sordariomycetes Glomerellales 

Preussia australis   1   1 
 

Dothideomycetes Pleosporales 

Sarocladium strictum 1     1 
 

Sordariomycetes Hypocreales 

Stemphylium paludiscirpi    1   1 
 

Dothideomycetes Pleosporales 

Trichoderma harzianum 
 

1 1 2 
 

Sordariomycetes Hypocreales 

Trichoderma atroviride   1 2 3 
 

Sordariomycetes Hypocreales 

Verrucoconiothyrium ambiguum  1     1 
 

Dothideomycetes Pleosporales 

Verticillium sp./Gloeotinia sp. 4     4 
  

Hypocreales 

Total 
   

525 
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Table S2. List of isolates obtained from estuary Ria de Aveiro. 

Species 
Host/Substrate 

Total    
Saline water  Sponge 

 
Class Order 

Alternaria alternata   2 2 
 

Dothideomycetes Pleosporales 

Arthrinium arundinus  
 

1 1 
 

Sordariomycetes Xylariales 

Arthrinium saccharicola   1 1 
 

Sordariomycetes Xylariales 

Aspergillus tubingensis/niger 
 

1 1 
 

Eurotiomycetes Eurotiales 

Aspergillus versicolor   1 1 
 

Eurotiomycetes Eurotiales 

Botrytis cinerea   3 3 
 

Leotiomycetes Helotiales 

Cladosporium cladosporioides 1 2 3 
 

Dothideomycetes Capnodiales 

Cladosporium herbarum 
 

1 1 
 

Dothideomycetes Capnodiales 

Cladosporium ramotenellum 
 

1 1 
 

Dothideomycetes Capnodiales 

Cladosporium ramotenellum/macrocarpum/limoniforme   1 1 
 

Dothideomycetes Capnodiales 

Didymella glomerata/macrostoma   1 1 
 

Dothideomycetes Pleosporales 

Emericellopsis palida   2 2 
 

Sordariomycetes Hypocreales 

Epicoccum layuense   1 1 
 

Dothideomycetes Pleosporales 

Fusarium equiseti/incarnatum 
 

4 4 
 

Sordariomycetes Hypocreales 

Fusarium solani  
 

4 4 
 

Sordariomycetes Hypocreales 

Fusarium culmorum 
 

1 1 
 

Sordariomycetes Hypocreales 

Geosmithia sp. 1   1 
 

Sordariomycetes Hypocreales 

Neodevriesia sp.  1   1 
 

Dothideomycetes Capnodiales 

Nigrospora oryzae   2 2 
 

Sordariomycetes Trichosphaeriales 

Paraconiothyrium salinum sp. nov. 1 1 2 
 

Dothideomycetes Pleosporales 

Parasarocladium alavariense    1 1 
 

Sordariomycetes Hypocreales 

Penicillium brevicompactum 3 2 5 
 

Eurotiomycetes Eurotiales 
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Penicillium antarcticum 
 

3 3 
 

Eurotiomycetes Eurotiales 

Penicillium oxalicum 
 

1 1 
 

Eurotiomycetes Eurotiales 

Penicillium digitatum 
 

1 1 
 

Eurotiomycetes Eurotiales 

Penicillium citreonigrum/restrictum 
 

1 1 
 

Eurotiomycetes Eurotiales 

Penicillium crustosum 
 

1 1 
 

Eurotiomycetes Eurotiales 

Penicillium murcianum/canescens 
 

1 1 
 

Eurotiomycetes Eurotiales 

Penicillium miczynskii/nothofagi/cosmopolitanum 
 

1 1 
 

Eurotiomycetes Eurotiales 

Pestalotiopsis maculiformans/australis   1 1 
 

Sordariomycetes Xylariales 

Phaeosphaeria halima   1 1 
 

Dothideomycetes Pleosporales 

Pithomyces chartarum 1 1 2 
 

Dothideomycetes Pleosporales 

Stemphylium vesicarium  3   3 
 

Dothideomycetes Pleosporales 

Talaromyces sayulitensis 
 

1 1 
 

Eurotiomycetes Eurotiales 

Talaromyces cecidicola 
 

1 1 
 

Eurotiomycetes Eurotiales 

Talaromyces flavus/ cellulolyticus   1 1 
 

Eurotiomycetes Eurotiales 

Trichoderma harzianum 
 

2 2 
 

Sordariomycetes Hypocreales 

Trichoderma ghanense 
 

1 1 
 

Sordariomycetes Hypocreales 

Trichoderma saturnisporum 
 

3 3 
 

Sordariomycetes Hypocreales 

Trichoderma citrinoviride 
 

1 1 
 

Sordariomycetes Hypocreales 

Trichoderma viridescens 2 
 

2 
 

Sordariomycetes Hypocreales 

Trichoderma tomentosum 
 

1 1 
 

Sordariomycetes Hypocreales 

Trichoderma aestuarinum 1 1 2 
 

Sordariomycetes Hypocreales 

Trichoderma hamatum 
 

1 1 
 

Sordariomycetes Hypocreales 

Trichoderma atroviride 1 5 6 
 

Sordariomycetes Hypocreales 

Valsa sordida 1   1 
 

Sordariomycetes Diaporthales 

Verticillium sp./Gloeotinia sp. 8 2 10 
  

Hypocreales 

Total 
  

89 
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SUBCHAPTER 2.2. 
 

Biodiversity of Penicillium species from marine environments in Portugal and 
description of Penicillium lusitanum sp. nov., a novel species isolated from sea water 
 

Micael F.M. Gonçalves, Liliana Santos, Bruno B.M. Silva, Alberto C. Abreu, Tânia F.L. 

Vicente, Ana C. Esteves, Artur Alves 

 

International Journal of Systematic and Evolutionary Microbiology  

2019  

69, 3014–3021 

 

Abstract  
During an extensive survey of marine fungi in coastal marine environments from 

Portugal, a collection of Penicillium isolates were obtained from sea water, macroalgae and 

driftwood. Sixteen distinct Penicillium species were identified with Penicillium terrigenum 

and Penicillium brevicompactum being the most frequent. A Penicillium species isolated 

from sea water could not be affiliated to any known species. Phylogenetic analyses based 

on the ITS and the beta-tubulin (benA) gene placed it into Penicillium section Ramosa, 

distinct from all currently known species and with Penicillium tunisiense as its closest 

relative. Although having similar morphological characteristics, these species differ in 

micromorphological and molecular characters. Thus, Penicillium lusitanum sp. nov. is 

proposed as a novel species.  

 

Keywords: marine fungi; taxonomy; phylogeny; Trichocomaceae. 

 

Introduction 

Marine fungi have an estimated diversity of 1112 marine fungal species in 472 

genera (Balabanova et al., 2018). They are frequently present in intertidal zones, salines 

and mangroves, but also can be found in extreme environments such as deep-sea sediment, 

ice and hypersaline waters (Raghukumar, 2008). They act as pathogens and symbionts of 

other marine organisms, such as algae, corals and sponges and are ecologically relevant 
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due to their performance in biochemical processes such as nutrient regeneration as 

decomposers of organic matter (Hyde et al., 1998). Species belonging to the genera 

Aspergillus, Chaetomium, Cladosporium, Penicillium and Trichoderma are commonly 

found in marine environments as facultative marine fungi that originate from terrestrial 

environments and developed morphological and physiological characteristics that allow 

them to adapt to marine conditions (Cantrell et al., 2006).  

Penicillium species are among the most common fungi isolated from various 

outdoor and indoor environments, including marine substrates such as sponges, corals, 

algae and sand (Hyde et al., 1998; Visagie et al., 2014). Many Penicillium species are 

economically, biotechnologically and medically important with vast impacts. For example, 

marine Penicillium species are producers of secondary metabolites potentially useful as 

drugs and antibiotics (Frisvad et al., 2004; Deshmukh et al., 2018). In particular, marine-

derived Penicillium species are potential sources of unique bioactive compounds that are 

produced because of the natural conditions of marine environments (Edrada et al., 2002; 

Komatsu et al., 2000). Currently, this genus is well arranged into subgenera Aspergilloides 

and Penicillium with 14 and 11 sections, respectively (Visagie et al., 2014). A robust 

identification requires sequencing and analyses of DNA markers. Phylogenetic analysis of 

Penicillium species is normally based on the combination of the ITS and benA sequences 

and might include additional markers, such as calmodulin (cal) and RNA polymerase II 

second largest subunit (rpb2) genes (Visagie et al., 2014).  

Marine-derived Penicillium species in Portugal are poorly studied and, therefore, 

their diversity is basically unknown. During an extensive survey of the fungal diversity in 

coastal marine environments in Portugal, we obtained a collection of Penicillium isolates 

including a putative novel species. The aim of this study was to describe the diversity of 

Portuguese marine Penicillium species and to characterize this novel species based on 

morphological, cultural and DNA sequence analyses. 

 

Material and Methods 
Collection and isolation 

Water, algae (mainly Fucus and Ulva species) and driftwood were collected from 

various Portuguese beaches. Samples were placed in sterile plastic containers and 

maintained at 4°C until fungal isolation as described in Subchapter 2.1. 
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DNA extraction, amplification, and sequencing 

All procedures for DNA extraction, amplification, sequencing, and phylogenetic 

analyses were according to the Subchapter 2.1. The primers used here were ITS1 and ITS4 

for ITS rDNA and Bt2a and Bt2b for benA gene. The cycling conditions used was also as 

described by Lopes et al. (2017). The sequences generated in this study were deposited in 

GenBank and taxonomic novelties in MycoBank. The alignment and tree were deposited in 

TreeBASE (S24280). 

 

Morphology and growth studies 

Observations of morphological characters were made according to the Subchapter 

2.1. Colony characters and pigment production were registered after 7 days of growth on 

Czapek yeast autolysate agar (CYA), MEA, yeast extract–sucrose (YES) agar and OA, 

incubated at 25°C (Cantrell et al., 2006). Morphological descriptions were based on 

cultures sporulating on OA after 7 days incubated at 25°C. Temperature growth studies 

were performed as described in Subchapter 2.1. 

 

Results and Discussion  
Diversity of Penicillium isolates 

This study addressed for the first time the diversity of the Penicillium species in 

coastal marine environments from Portugal. A total of 151 Penicillium isolates were 

obtained from sea water (n=88), algae (n=57) and driftwood (n=6). Molecular typing of the 

collection using MSP-PCR yielded 21 representative isolates for which sequences of the 

ITS and benA regions were obtained. BLASTn searches against the nucleotide collection 

(nr/nt) database unambiguously affiliated the isolates to 16 distinct species (Figure 1).  
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Figure 1. Distribution of the 151 Penicillium isolates by host or substrate. 

 

Although Penicillium species are generally considered to be terrestrial fungi, it is 

not uncommon for species to be isolated from marine environments (Raghukumar, 2008; 

Cantrell et al., 2006; Deshmukh et al., 2018; Yadav et al., 2018). Among the different taxa 

identified in this study, the majority of Penicillium species found were Penicillium 

terrigenum (49%, n=74), Penicillium brevicompactum (15.2%, n=23), Penicillium 

chrysogenum (9.9%, n=15), Penicillium glabrum (7.3%, n=11) and Penicillium 

antarcticum (4%, n=6). Ten different Penicillium species were found in sea water, 11 in 

algae and four in driftwood (Figure 2). Penicillium communities in sea water and algae 

were more diverse and abundant than in driftwood (Figures 1 and 2). However, fewer 

samples of driftwood were analysed which could justify the lower diversity found in these 

samples. It is noteworthy that P. terrigenum and P. chrysogenum were present in the three 

different types of samples. Also, regarding sea water and algae, the most abundant species 

were the same in both samples, P. terrigenum, P. brevicompactum, P. glabrum and P. 

chrysogenum. 
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Figure 2. Venn diagram of Penicillium species among sea water, algae and driftwood. 

 

Penicillium species in sections Brevicompacta, Chrysogena, Citrina, Fasciculata 

and Ramosa have been commonly isolated from marine environments (Park et al., 2015, 

2016). Most of the Penicillium species that were found in this study, such as P. 

antarcticum, P. bialowiezense, P. brevicompactum, P. chrysogenum, P. corylophilum, P. 

crustosum, P. olsonii, P. oxalicum, P. swiecickii and P. terrigenum, have also been 

reported in previous studies in marine environments (Park et al., 2014, 2015, 2016; Butinar 

et al., 2011; Yadav et al., 2018). Butinar et al. (2011) compared the diversity of Aspergillus 

and Penicillium species in saline waters worldwide. The authors observed that P. 

chrysogenum appeared regularly in all saline lakes and salterns, while for example P. 

brevicompactum and P. antarcticum were particularly common in Adriatic salterns and P. 

expansum in Eilat salterns. The ecological relevance and functions of these particular fungi 

in this type of environments are so far still largely unknown. However, it is known that 

Penicillium species are among the most common fungi found in a diverse range of habitats 

including extreme environments with high salinity (Yavad et al., 2018). Furthermore, 

Penicillium species have been isolated as endosymbionts in different seaweeds (Zuccaro et 

al., 2008) and revealed cytotoxicity (Li et al., 2011) and inhibitory activities against fungal 

pathogens (Gao et al., 2010). 

It is noteworthy that marine derived Penicillium species are important producers of 

relevant secondary metabolites such as antimicrobial and anticancer compounds. These 

metabolites often show pharmaceutically relevant bioactivities and may be candidates for 
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the development of new drugs (Kagata et al., 2000; Komatsu et al., 2000; Tsuda et al., 

2004; Bugni et al., 2014). Future studies regarding the tolerance to salinity and the 

potential to produce bioactive natural compounds should be performed with the isolates 

obtained in this study, as it has already been reported different metabolite patterns between 

terrestrial and marine-derived fungal isolates (Vansteelandt et al., 2012; Lee et al., 2015). 

 

Molecular and morphological characterization 

Molecular results showed that one isolate (MUM 18.49=CMG 8) was closely 

related to other species of Penicillium section Ramosa but could not be affiliated to any of 

the currently known species, probably representing an undescribed species. Detailed 

morphological descriptions are given in the species description. The closest hits using the 

ITS sequence were Penicillium sp. IBT 22992 [GenBank KY989189; identities=558/558 

(100%), no gaps], Penicillium sp. IBT 22479 [GenBank KY989174; identities=558/558 

(100%), no gaps], Penicillium sp. IBT 22478 [GenBank KY989173; identities=558/558 

(100%), no gaps] and Penicillium sp. IBT 24418 [GenBank KY989172; identities=558/558 

(100%), no gaps]. Closest hits using benA sequences had highest similarities to Penicillium 

sp. strain IBT 22479 [GenBank KY989049; identities=412/413 (99%), no gaps] and 

Penicillium sp. strain IBT 22478 [GenBank KY989049; identities=412/413 (99%), no 

gaps]. 

To confirm the (morphologically based) phylogenetic placement of the putative 

novel species within Penicillium, combined sequences (ITS and benA) were aligned 

against those of several species belonging to section Ramosa (Table 1). Members of 

sections Aspergilloides, Brevicompacta, Chrysogena, Fasciculata, Penicillium and an 

outgroup were included in the phylogenetic analysis. The sequences of Penicillium species 

obtained from the results of BLASTn searches of ITS and benA sequences were also added 

due to the high sequence similarity shown. 
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Table 1. List of isolates used in this study. 

 

Section Species Accession Number Host/Substrate Country 
GenBank Accession code 
ITS TUB2 

Aspergilloides Penicillium glabrum  CBS 125543* Unrecorded source - GU981567 GU981619 

 Penicillium lividum CBS 347.48* Soil Scotland KM189582 KM088825 

Brevicompacta Penicillium bialowiezense CBS 227.28* Soil under conifers Poland EU587315 AY674439 

 Penicillium brevicompactum CBS 257.29* - Belgium AY484912 AY674437 

  Penicillium olsonii CBS 232.60* Picea abies Austria EU587341 AY674445 

Chrysogena Penicillium chrysogenum CBS 306.48* Cheese USA AF033465 AY495981 

  Penicillium rubens CBS 129667* Unrecorded source France JX997057 JF909949 

Fasciculata Penicillium commune CBS 311.48* - - AY213672 AY674366 

 Penicillium crustosum CBS 115503* Lemon UK AF033472 AY674353 

  Penicillium solitum CBS 424.89* - Germany AY373932 AY674354 

Penicillium Penicillium expansum CBS 325.48* Malus sylvestris USA AY373912 AY674400 

  Penicillium italicum CBS 339.48* Citrus sp. USA KJ834509 AY674398 

Ramosa Penicillium chroogomphum CBS 136204* Chroogomphus rutilus China KC594043 KP684056 
 Penicillium jamesonlandense  CBS 102888* Soil Greenland DQ267912 DQ309448 

 Penicillium kojigenum  CBS 345.61* Roadside soil UK AF033489 KJ834463 

 Penicillium lanosum  CBS 106.11* - - DQ304540 DQ285627 

 Penicillium lenticrescens CBS 138215* Indoor house dust New Zealand KJ775675 KJ775168 

 Penicillium lusitanum MUM 18.49/CMG 8* Sea water Portugal MK702084 MK702085 

 Penicillium raistrickii  CBS 261.33* Cotton yarn UK AY373927 KJ834485 

 Penicillium ribium CBS 127809* - USA DQ267916 DQ285625 

 Penicillium sajarovii CBS 277.83 Secale cereale Spain KC411724 KJ834489 

 Penicillium scabrosum  CBS 683.89* Zea mays Denmark DQ267906 DQ285610 

 Penicillium simile  CBS 129191* Bioaerosol sample Italy FJ376592 FJ376595 
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 Penicillium soppii  CBS 226.28* Soil Poland AF033488 DQ285616 

 Penicillium swiecickii CBS 119391* - - AF033490 KJ834494 

 Penicillium tunisiense MUM 17.62* Orchard apples Tunisia MG586956 MG586970 

  Penicillium virgatum CBS 114838* Glycine max  New Caledonia AJ748692 KJ834500 

 Penicillium sp. IBT 22478 Soil Chile KY989173 KY989048 

 Penicillium sp. IBT 22479 Soil Chile KY989174 KY989049 

 Penicillium sp. IBT 24418 - Costa Rica KY989172 KY989047 

 Penicillium sp. IBT 22992 Soil Chile KY989189 KY989064 

Outgroup Aspergillus niger  CBS 554.65* - - AJ223852 AY585536 

  Talaromyces flavus  CBS 310.38* - - JN899360 JX494302 

CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CMG: Culture collection of Micael Gonçalves, housed at 

Department of Biology, University of Aveiro, Portugal; IBT: Culture Collection of Fungi, DTU Bioengineering, Technical University of 

Denmark. MUM: Culture collection hosted at Center for Biological Engineering of University of Minho, Braga, Portugal. Ex-type strains 

are marked with an asterisk. Sequences generated in this study are shown in bold. 
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In the ML combined ITS and benA phylogenetic tree (Figure 3), isolate MUM 

18.49 (=CMG 8) clustered into one distinct clade that received high (100%) bootstrap 

support within the section Ramosa. However, it was clearly distinct from the other species 

of Penicillium described so far and therefore it is considered to represent a novel species. 

 

 

 
Figure 3. Phylogenetic relationships of Penicillium species section Ramosa and other 

sections based on combined ITS and benA sequence data and inferred using the ML 

method under Kimura’s 2-parameter model. The tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site and rooted to Aspergillus niger (CBS 

554.65) and Talaromyces flavus (CBS 310.38). Bootstrap values (>50%) are shown at the 
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nodes. Ex-type, ex-holotype or ex-neotype strains are in bold and the isolate from the 

current study is in blue. 

MUM 18.49 was isolated from sea water and clustered with two Penicillium strains 

(IBT 22478 and IBT 22479) that were isolated from soil under Nothofagus glauca from 

Chile and identified as Penicillium species. Tolerance for high salt concentrations is a 

property found in many members of Eurotiales, including many terrestrial Penicillium 

species (De Hoog et al., 2005). Ristanovic ́ et al. (1969) showed that salinity adaption of 

Penicillium in marine environments varies depending on species and strain. MUM 18.49 

could grow with and without 3% sea salts. Based on these observations, salt does not 

appear to be required for growth, which means that this species is probably a facultative 

marine fungus and could be classified as a slight halophile. Phylogenetic analysis 

demonstrated a close relationship between the new species and the clade that comprises P. 

tunisiense, P. soppii, P. chroogomphum and P. lenticrescens, P. tunisiense being the 

closest species. The close relationship between these four species was also reported by 

Rong et al. (2016) and Ouhibi et al. (2018). Although morphological characters (e.g., 

growth), colony characteristics and conidiophores biverticillate between MUM 18.49 and 

P. tunisiense are similar, they differ in conidia morphology and in several nucleotide 

positions: ITS (15 nt; similarity, 96.7%) and benA (79 nt; 80.3%). 

 

Taxonomy 
 

Penicillium lusitanum M. Gonçalves & A. Alves, sp. nov.  

 
MycoBank: MB830331. 

 
Typification: Portugal, Viana do Castelo, isolated from sea water, 8 October 2017, M. 

Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture sporulating, 

MUM-H 18.49; ex-type living culture, MUM 18.49 = CMG 8). GenBank accession 

numbers for DNA sequences derived from ex-type: ITS = MK702084; benA = MK702085. 

 

Etymology: Derived from Lusitania, the ancient name for Portugal. 
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Distribution: Portugal and Chile. 

 

Figure 4. Penicillium lusitanum (MUM 18.49). Seven days old cultures at 25°C, top row 

left to right, obverse: A. MEA, B. CYA, and C. YES; bottom row left to right, reverse: D. 

MEA, E. CYA, and F. YES. G. Colony texture on OA with 7 days at 25°C. H–I. 

Conidiophores. J. Conidia. K. Phialides. Bars: H–I = 10 μm; J–K = 2.5 μm. 
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Known substrata: Fucus sp. and N. glauca. 

 

Description: Synnemata absent. Conidiophores are biverticillate. Monoverticillate 

structures occasionally observed. Phialides ampulliform with short neck (mean ± SD = 7.5 

± 0.8 ´ 2.8 ± 0.4 μm, n=50). Metula (mean ± SD = 11.0 ± 1.4 ´ 3.8 ± 0.6 μm, n=50). 

Conidia finely rough, subglobose to ellipsoidal and dull green (mean ± SD = 2.5 ± 0.2 ´ 

2.4 ± 0.3 μm, n=50). 

 

Culture characters: MEA 25°C, 7 days: colony morphology rugose, colony texture 

velvety, mycelium white; exudate present in the margins as small clear droplets; soluble 

pigment not produced; margin irregular; conidia greenish black; reverse brown vinaceous. 

CYA 25°C, 7 days: colony morphology rugose, colony texture velvety, mycelium white; 

exudate absent; soluble pigment not produced; margin irregular; conidia greenish black; 

reverse brown to dark mouse grey. YES 25°C, 7 days: colony morphology rugose, colony 

texture velvety, mycelium white; exudate absent; soluble pigment not produced; margin 

irregular; conidia greenish black; reverse dark mouse grey. Colony diameter, 7 days: on 

MEA, colonies have 7 mm at 10°C, 13 mm at 15°C, 13 mm at 20°C; 15 mm at 25°C; 18 

mm at 30°C and 7 mm at 35°C; on CYA, colonies have 8 mm at 10°C, 13mm at 15°C, 14 

mm at 20°C; 15 mm at 25°C; 17 mm at 30°C; 7 mm at 35°C; on YES, colonies have 8 mm 

at 10°C, 14 mm at 15°C, 15 mm at 20°C; 17 mm at 25°C; 18 mm at 30°C; 7 mm at 35°C. 
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SUBCHAPTER 2.3. 
 

Diversity of marine fungi associated with wood baits in the estuary Ria de Aveiro 
with descriptions of Paralulworthia halima comb. nov., Remispora submersa sp. nov. 

and Zalerion pseudomaritima sp. nov. 
 

Micael F.M. Gonçalves, Alberto C. Abreu, Sandra Hilário, Artur Alves 

 

Mycologia  

2021 

113, 664–683 

 

Abstract  
Lignicolous marine fungi are a particular group of microorganisms that are typically 

found in mangroves, salt marshes, and estuaries, normally associated with driftwood or 

submerged wood. During investigations of lignicolous fungi occurring in the estuary Ria 

de Aveiro, Portugal, wood baits were submerged in a marina for 1 year. Seventeen distinct 

marine fungal species were identified, with the most abundant taxa belonging to the family 

Lulworthiaceae. Through single and multilocus phylogenies based on sequences of the ITS 

region and large subunit (28S) and small subunit (18S) of the ribosomal RNA gene cluster 

in combination with morphological and physiological data, we describe Remispora 

submersa, sp. nov., and Zalerion pseudomaritima, sp. nov., as novel species. Additionally, 

we propose that Papulaspora halima, a species whose taxonomic placement has been 

somehow confusing, be transferred to the genus Paralulworthia as Paralulworthia halima.  

 

Keywords: Estuary; Halosphaeriaceae; lignicolous fungi; Lulworthiaceae; taxonomy. 

 

Introduction 
According to Hawksworth and Lucking (2017), there are between 120 000 and 143 

273 official species of fungi, of which only 1867 are marine species (Jones et al., 2019; 

www.marinefungi.org). Although the knowledge related to this group is still scarce, 

compared with terrestrial fungi and other marine microorganisms (Jones and Richards, 
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2011; Raghukumar, 2017), it is known that they are distributed throughout several marine 

ecosystems (Hawksworth and Lucking, 2017; Raghukumar, 2017; Morales et al., 2019). 

They can be found not only in coastal marine environments, but also in mangroves, 

salterns, and estuarine waters (Crous et al., 2019, 2020; Gonçalves et al., 2019a, 2019c, 

2020). Worldwide, the distribution of marine fungi ranges from the Arctic (Rämä et al., 

2017) to the tropical regions (Jones and Pang, 2012), with some species able to survive in 

extreme environmental conditions, such as anoxic deep seafloor (Orsi et al., 2013), in 

waters with hyper salinity (Raghukumar, 2008), and in hydrothermal vent ecosystems (Xu 

et al., 2017).  

They can establish ecological relations with other marine organisms, such as algae 

(Raghukumar, 2008; Kohlmeyer and Kohlmeyer, 1979; Gonçalves et al., 2020), sponges 

(Höller et al., 2000), corals (Amend et al., 2012), and tunicates (Shaala and Youssef, 

2015). They can also be found in other substrates, such as marine sediments (Raghukumar, 

2008), shells of calcareous animals (Raghukumar and Damare, 2008), and wood detritus 

(Hyde et al., 2000; Kohlmeyer and Kohlmeyer, 1979). 

Wood in marine environments is originated from different ecosystems, such as salt 

marshes, mangroves, and terrestrial habitats, and once at sea, it is colonized by marine 

organisms, including fungi. Colonization by fungal marine species is already documented 

by several studies (Jones, 1968; Shearer, 1972; Garzoli et al., 2015; Rämä et al., 2016). In 

both aquatic and terrestrial environments, wood is a source of energy and serves as a 

physical support for many species (Eriksson et al., 1990), although there are more studies 

focused on terrestrial communities compared with aquatic ones (Rämä et al., 2016). Fungi 

are the main agents of enzymatic degradation of lignocellulose present in drift or sub- 

merged wood (Hyde et al., 1998), as well as in pilings, trunks, mangrove roots, and even in 

wooden boats (Shearer et al., 2007). In association with wood, they are capable of 

producing laccases and peroxidases, enzymes with the potential to degrade lignin and some 

recalcitrant environmental pollutants; therefore, they can be used in bioremediation 

(Haritash and Kaushik, 2009; Garzoli et al., 2015). They may also contribute to recycling 

of nutrients trapped in the wooden substrate, such as fatty acids, essential for the 

maturation of some marine organisms (Phillips et al., 1984). 

Studies on the diversity of lignicolous fungi found in submerged wood are scarce. 

Some studies in the Mediterranean Sea, especially in the Italian Peninsula by Greco et al. 
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(2020) and Garzoli et al. (2015), contributed to updating the number of registered taxa 

associated with wooden substrates. The most frequent species associated with submerged 

wood or driftwood belong to the genera Acremonium, Alternaria, Aspergillus, 

Ceriosporopsis, Cirrenalia, Cladosporium, Corollospora, Fusarium, Gibberella, 

Halosphaeria, Lulworthia, Periconia, Penicillium, Remispora, Stemphylium, Trichoderma, 

and Zalerion (Jones et al., 1972; Montemartini, 1979; Grasso et al., 1985, 1990; Cuomo et 

al., 1988; Garzoli et al., 2015). Studies on the diversity of lignicolous fungi from 

Portuguese marine environments are limited. Results from Azevedo et al. (2010, 2011) and 

Gonçalves et al. (2019b) corroborate the previous findings and found more species from 

well-known genera capable of colonizing wood substrates. 

The aim of this study was to explore the diversity of wood-colonizing marine fungi 

in Ria de Aveiro in Portugal, using a strategy based on the submersion of wood baits. Here, 

we report the morphological, cultural, and phylogenetic characterization of two novel 

lignicolous ascomycetes species and one new species combination. 

 

Material and Methods 
Collection and isolation 

Ten wood block baits (Pinus pinaster Aiton) were submerged at 3 meters deep in a 

marina, located in Ria de Aveiro (40°37′48′′N, 8°43′ 58′′W). The baits remained under 

water for 1 year inside a net plastic box. Afterward, the samples were recovered, placed in 

sterile containers, and preserved in a refrigerator (4°C) until fungal isolation. The surface 

of the wood baits was scraped with a knife, eliminating marine crusting organisms such as 

sponges, algae, and tunicates. Then, the wood baits were cleaned with autoclaved filtered 

saline water. After surface cleaning, each wood sample was cut into small pieces (±5 mm) 

with a scalpel and sterilized with 96% ethanol for 1 min and rinsed twice in sterile water 

for 1 min. Fungal isolations were made as described in Subchapter 2.1.  

 

DNA extraction, amplification, and sequencing 

All procedures for DNA extraction, amplification, sequencing, and phylogenetic 

analyses were according to the Subchapter 2.1. The primers used here were ITS1 and ITS4 

for ITS rDNA, and the small and large ribosomal subunits (18S and 28S) using the 

NS1/NS8 and LR1/LR12 (White et al., 1990; Vilgalys, 2004) with the following cycling 
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conditions: initial denaturation for 5 minutes at 95°C, 30 cycles were performed at 94°C 

for 30 seconds, followed by the annealing step at 50°C for 30 seconds and extension at 

72°C for 1 minute and 30 seconds, with a final elongation step at 72°C for 10 minutes. The 

sequences generated in this study were deposited in GenBank and taxonomic novelties in 

MycoBank. Alignment and tree were deposited in TreeBASE (TB2: S26905). 

 

Morphology and growth studies 

Observations of morphological characters were made according to the Subchapter 

2.1. Colony characters, pigment production, and morphological descriptions based on 

cultures sporulating were recorded for all new species. For isolates CMG 64 and CMG 65, 

observations were recorded after 15 days of growth on PDA and corn meal agar (CMA), 

incubated at 25°C. For CMG 53, observations were recorded after 15 days of growth on 

PDA, CMA, MEA, and synthetic low nutrient agar (SNA), incubated at 25°C. Temperature 

growth studies were performed as described in Subchapter 2.1. 

 

Results 
Diversity of fungal isolates 

This study assessed the diversity of the fungal species colonizing wood baits in an 

estuarine environment. A total of 212 fungal isolates were obtained from wood baits (n = 

10). 

Molecular typing of the fungal collection using MSP-PCR yielded 101 

representative isolates for which sequences of the ITS rRNA region were obtained. 

BLASTn searches against the nucleotide collection (nr/nt) database unambiguously 

affiliated the isolates to 10 distinct families (Table S1). Among the different taxa 

identified, the majority of fungal species found belonged to the family Lulworthiaceae 

(92.4%, n = 196), followed by Aspergillaceae (1.4%, n = 3), Cladosporiaceae (1.4%, n = 

3), Hypocreaceae (1.4%, n = 3), and Halosphaeriaceae (0.9%, n = 2). 

From this collection, 15 different marine fungal species were identified (Table S2). 

In the family Lulworthiaceae, we obtained 164 isolates (78%) of Lulworthia cf. purpurea, 

23 isolates (10.8%) of Papulaspora halima, 5 isolates (2.4%) of Zalerion maritima, and 4 

isolates (1.9%) of Zalerion sp. 
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Besides Lulworthiaceae species, we obtained Arthrinium kogelbergense, 

Cladosporium cladosporioides, Corollospora maritima, Fusarium oxysporum, 

Paradendryphiella salina, Penicillium antarcticum, P. commune, Pestalotiopsis australis, 

Remispora sp., Sedecimiella taiwanensis, Trichoderma atroviride, T. harzianum, and T. 

viride. 

 

Phylogenetic analysis 

The isolates that could not be affiliated to any of the currently known species may 

represent potential novel taxa. Thus, representative isolates of Remispora sp. (CMG 53) 

and Zalerion sp. (CMG 64 and CMG 65) were selected to be further characterized. 

BLASTn searches against the NCBI nucleotide database using the ITS sequences for CMG 

53 retrieved Remispora quadri-remis (GenBank accession no. MH858170; identities 

499/569 [88%], 4 gaps), R. stellata (GenBank accession no. NR_160085; identities 

496/567 [87%], 3 gaps), and R. stellata (GenBank accession no. MH857977; identities 

496/567 [87%], 3 gaps). The 28S gene was also sequenced to confirm the phylogenetic 

placement in Remispora. The highest similarities using the 28S sequence were R. maritima 

(GenBank accession no. HQ111013; identities 990/1023 [97%], 3 gaps), Nais inornata 

(GenBank accession no. AF539476; identities 988/1023 [97%], 3 gaps), and Naufragella 

spinibarbata (GenBank accession no. HQ111034; identities 984/1028 [96%], 8 gaps). 

Therefore, 28S sequence of CMG 53 was aligned with those of several related 

Halosphaeriaceae species (Table 1). The alignment of 28S contained 35 sequences 

(including the outgroup), and there was a total of 1322 positions in the final data set. In 

ML phylogenetic tree (Figure 1), the novel isolate clustered in a clade that received high 

(91%) bootstrap support with high PP values (1.00) within the genus Remispora, with a 

close relationship to R. spitsbergenensis. 
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Figure 1. Phylogenetic relationships of Halosphaeriaceae species based on 28S sequence 

data and inferred using the ML method under the Tamura-Nei model. The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site and rooted to 

Glomerulispora mangrovei (NBRC 105264). Bootstrap values (≥70%) and PP are shown 

at the nodes (ML/MP/BI). Ex-type strains are in bold, and the sequences resulting from the 

current study are in blue. 
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Remispora maritima BBH28309

Remispora pilleata BBH28306
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Table 1. List of Halosphaeriaceae and Lulworthiaceae isolates used in this study. 

Family Genera Species Accession Number Host/Substrate Country 
GenBank Accessions 

ITS 18S 28S 

 
Halosphaeriaceae 

Aniptodera Aniptodera chesapeakensis ATCC 32818 - - - U46882 - 

Ascosacculus Ascosacculus aquaticus A 444-1D - - - AY227136 - 

Corollospora Corollospora maritima NBRC 32117 - Japan JN943388 JN941492 - 

  MD 825 Decayed driftwood Egypt AB361032 AB361012 - 

  MD 831 Decayed driftwood Egypt AB361028 AB361010 - 

  CMG 52 Submerged wood Portugal MT235714 MT232383 - 

Halosphaeria Halosphaeria appendiculata CBS 197.60 - USA - MH869504 - 

  NTOU4004  Driftwood - - KX686782 - 

Kohlmeyeriella Kohlmeyeriella tubulata  PP1105 - - - AF491265 - 

    PP0989  - - - AF491264 - 

Lignincola Lignincola laevis JK 5180A - - - U46890 - 

Morakotiella Morakotiella salina BCC12781 - - - AY864844 - 

Naufragella Naufragella spinibarbata BCC33508 Decayed driftwood Wales - HQ111033 - 

    BCC33482 Decayed driftwood Taiwan - HQ111034 - 

Nais Nais inornata NTOU4053 - - - KX686790 - 

Natantispora Natantispora unipolaris NTOU3741 Intertidal drift Phragmites Taiwan KM624523 KM624522 - 

Neptunella Neptunella longirostris PP4563 - - - AF539472 - 

Nimbospora Nimbospora effusa JK 5104A - - - U46892 - 

Nohea Nohea umiumi JK 5103F - - - U46893 - 

Ocostaspora Ocostaspora apilongissima CY3399 Decayed driftwood Denmark - HQ111007 - 

  NTOU4061 Driftwood USA - KX686800 - 

    LP32 Decayed driftwood Denmark - HQ111006 - 
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Okeanomyces Okeanomyces cucullatus NTOU778 - - - KX686802 - 

Remispora  Remispora maritima BBH28309 Decayed driftwood Denmark - HQ111012 - 

 Remispora pileata BBH28306 Decayed driftwood Denmark - HQ111022 - 

 Remispora quadri-remis CBS 334.62 Timber - MH858170 MH869762 - 

 Remispora spitsbergenensis CY5279 Decayed driftwood Norway - HQ111011 - 

 Remispora stellata CBS 258.60* - USA NR_160085 NG_064025 - 

 Remispora submersa MUM 20.48/CMG 53* Submerged wood Portugal MT235721 MT235738 - 

Sablecola Sablecola chinensis BCC22809* Driftwood China - HQ111024 - 

Thalespora Thalespora appendiculata IT 200 - - - DQ237877 - 

Tinhaudeus Tinhaudeus formosanus NTOU3805 - - KT159895 KT159899 - 

Tirispora Tirispora unicaudata CY2370 - - AY150225 AY150225 - 

 Cumulospora Cumulospora marina MF46* - Egypt - GU252136 GU252135 

Lulworthiaceae 
  GR53 - Thailand - GU256625 GU256626 

  JK4843 Prosopis sp. Hawaii - AF195640 AF195641 

  
JK5393  Rhizophora sp. Moorea - AF195638 AF195639 

    JK5332A  - - - AY879014 AY878971 

Haloguignardia Haloguignardia irritans  - - USA - AY566252 - 

Halazoon Halazoon fuscus  NBRC 105256* 
Driftwood, dead rhizomes 

of Phragmites communis - - GU252148 GU252147 

  Halazoon melhae PP2597* 
Decayed driftwood in the 

intertidal zone Egypt - AY879030 AY878987 

Hiogispora Hiogispora japonica JCM1753 
on cortex of Abies 
homolepis Japan - GU252140 GU252139 

Hydea Hydea pygmea IT081 - Thailand  - GU256632 GU256633 

  NBRC33069* decayed driftwood Japan - GU252134 GU252133 

  GR239 - Thailand  - - GU256627 

Lindra Lindra crassa ATCC 56663 - Belize -  AY878999  - 

 Lindra obtusa CBS 113030 - Germany - AY879001 AY878959 
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  IFO31317* - Japan - AY879002 AY878960 

  AFTOL-ID 5012 - - - FJ176847 FJ176902 

 Lindra thalassiae JK4322 Thalassia sp. Belize - AF195632 AF195633 

  JK5090 detritus USA - AF195634 AF195635 

  AFTOL-ID 413 - - DQ491508 DQ470994 DQ470947 

 Lindra marinera  JK5091A - USA - AY879000 AY878958 

Lulwoana Lulwoana uniseptata CBS 280.54 - - MH857330 - - 

  CY3160 - - - - GU256628 

  CBS 16760 - - - AY879034 AY878991 

  IFO32137* Submerged wood Japan LC146746 AY879031 AY878988 

  PP4032 - - - AY879032 AY878989 

  NBRC 32137 Submerged wood Japan LC146746 - - 

  LF848 Sediment Wales - KM096221 - 

  LF834 Seawater - - KM096218 - 

Lulwoidea Lulwoidea lignoarenaria ATCC 64644  - Denmark - AY879009 - 

  AFTOL-ID 5013 - - - FJ176848 FJ176903 

  IFO32135 - Japan - AY879010 AY878968 

Lulworthia Lulworthia atlantica FCUL090707CF10* Sea water Portugal KT347213 KT347199 JN886814 

  FCUL210207SF10 Sea water Portugal - KT347200 JN886833 

  FCUL090707CF8 Sea water Portugal KT347212 - JN886810 

  FCUL061107CP4 Sea water Portugal KT347206 - JN886826 

  FCUL061107CP3 Sea water Portugal KT347208 KT347196 JN886825 

  FCUL010407SP6 Sea water Portugal KT347209 KT347197 JN886836 

  FCUL151007SP4 Sea water Portugal KT347210 KT347198  JN886842 

  FCUL210208SP4 Sea water Portugal KT347205 KT347193 JN886843 

 Lulworthia fucicola  ATCC 64288* Submerged wood Chile - AY879007 AY878965 

 Lulworthia medusa JK5581 Spartina sp. USA - AF195636 AF195637 
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 Lulworthia opaca CBS 21860 Submerged piles USA - AY879003 AY878961 

- Lulworthia cf. purpurea CMG 54 Submerged wood Portugal MT235722 MT235698 MT235739 

   MUM 20.50/CMG 55 Submerged wood Portugal MT235723 MT235699 MT235740 

  CBS 219.60 Wood Wales - AY879004 AY878962 

  FCUL070108CF8 Sea water Portugal - - JN886818 

  FCUL170907CF7 Sea water Portugal - - JN886815 

  FCUL170907CP5 Sea water Portugal KT347219 KT347201 JN886824 

  FCUL280207CF8 Sea water Portugal - - JN886807 

  FCUL280207CF9 Sea water Portugal KT347218 KT347202 JN886808 

  CMG 56 Submerged wood Portugal MT235724 MT235700 MT235741 

  MUM 20.56/CMG 57 Submerged wood Portugal MT235725 MT235701 MT235742 

  CMG 58 Submerged wood Portugal MT235726 MT235702 MT235743 

  CMG 59 Submerged wood Portugal MT235727 MT235703 MT235744 

  CMG 60 Submerged wood Portugal MT235728 MT235704 MT235745 

  CMG 61 Submerged wood Portugal MT235729 MT235705 MT235746 

  CMG 62 Submerged wood Portugal MT235730 MT235706 MT235747 

  CMG 63 Submerged wood Portugal MT235731 MT235707 MT235748 

Matsusporium Matsusporium tropicale IT061 - Thailand  - GU256631 - 

  NBRC32499 - Japan - GU252142 GU252141 

Moleospora Moleospora maritima  MF836* 

decayed drift stems of 

Phragmites australis Egypt - GU252138 GU252137 

Moromyces Moromyces varius GR78 - - - EU848593 EU848578 

  IT152  - - - EU848579 - 

Orbimyces Orbimyces spectabilis 
G-cla3-SSU2_OTU-0-

97_2 

Rhizome-associated 

mycobiome - - MF341571 - 

Paralulworthia Paralulworthia gigaspora MUT 435* Posidonia oceanica Italy MN649242 MN649246 MN649250 
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  MUT 672 Posidonia oceanica Italy MN649244 MN649248 MN649252 

  MUT 5413 Posidonia oceanica Italy MN649243 MN649247 MN649251 

 Paralulworthia halima CBS 208.64* Submerged wood USA MH858421 - MH870049 

  CMG 68 Submerged wood Portugal MT235736 MT235712 MT235753 

  MUM 20.57/CMG 69 Submerged wood Portugal MT235737 MT235713 MT235754 

 Paralulworthia posidoniae MUT 5261* Posidonia oceanica Italy MN649245 MN649249 MN649253 

Sammeyersia Sammeyersia grandispora JK 5168A* Dead Rhyzophora mangle  Belize - AY879012 AY878969 

  JK 5255A Dead Rhyzophora mangle  Belize - AY879013 AY878970 

  NTOU3843 Decayed mangrove wood Taiwan - KY026045 - 

  NTOU3841 Driftwood Taiwan -  KY026044 KY026048 

  NTOU3847 Decayed mangrove wood Taiwan - KY026046 KY026049 

   NTOU3849 Decayed mangrove wood Taiwan - KY026047 KY026050 

Zalerion Zalerion maritima FCUL010407SP2 Seawater Portugal - KT347204 - 

    FCUL280207CP1  Seawater Portugal KT347216 KT347203 JN886806 

  CMG 66 Submerged wood Portugal MT235734 MT235710 MT235751 

  
MUM 20.138/CMG 
67* Submerged wood Portugal MT235735 MT235711 MT235752 

 Zalerion pseudomaritima CMG 64 Submerged wood Portugal MT235732 MT235708 MT235749 

  MUM 20.49/CMG 65* Submerged wood Portugal MT235733 MT235709 MT235750 
   ATCC62580 driftwood log USA AF169305 - - 

AFTOL = Assembling the Fungal Tree of Life; ATCC = American Type Culture Collection; BCC = BIOTEC Culture Collection, Thailand Biodiversity 

Center, National Center for Genetic Engineering and Biotechnology, Pathum Thani, Thailand; CBS = Westerdijk Fungal Biodiversity Institute, Utrecht, The 

Netherlands; CMG = culture collection of Micael Gonçalves, housed at Department of Biology, University of Aveiro, Portugal; FCUL = Faculdade de Ciências 

da Universidade de Lisboa, Portugal; IFO = Institute for Fermentation, Osaka, Japan; MUM = Culture collection hosted at Center for Biological Engineering of 

University of Minho, Braga, Portugal; MUT = culture collection of the Department of Life Sciences and Systems Biology of the University of Turin, Italy; 

NBRC = NITE Biological Resource Center of Japan, Chiba, Japan; NTOU = National Taiwan Ocean University. Ex-type strains are marked with an asterisk. 

Sequences generated in this study are shown in bold. 
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Regarding isolates CMG 64 and CMG 65, the closest matches for ITS sequence 

were Zalerion maritima (GenBank accession no. KT347217; identities 553/553 [100%], no 

gaps), Ascomycete sp. (GenBank accession no. DQ124119; identities 550/550 [100%], no 

gaps), and Z. maritima (GenBank accession no. AF169305; identities 547/547 [100%], no 

gaps). Single-gene data sets with ITS sequences were aligned separately with those of 

several related species of Lulworthiaceae family (Table 1) to access the species that are 

closest to our isolates before performing a multilocus phylogenetic analysis. The 28S and 

the 18S genes were also sequenced to confirm the phylogenetic placement within the genus 

Zalerion. The highest similarities using the 28S sequence were Z. xylestrix (GenBank 

accession no. EU848592; identities 1069/1072 [99%], 0 gaps), L. uniseptata (GenBank 

accession no. GU256630; identities 1062/ 1072 [99%], no gaps), and L. uniseptata 

(GenBank accession no. GU256628; identities 1061/1073 [99%], 2 gaps). Using the 18S 

sequence, the highest similarities were L. uniseptata (GenBank accession no. AY879034; 

identities 1068/1082 [99%], 6 gaps), L. uniseptata (GenBank accession no. AY879031; 

identities 1068/1082 [99%], no gaps), and L. uniseptata (GenBank accession no. 

AY879032; identities 1067/1082 [99%], 6 gaps). In combined ML phylogenetic tree (18S 

+ 28S + ITS) (Figure 2), the isolates CMG 64 and CMG 65 clustered in a different clade 

of Z. maritima. Single-locus trees (28S and ITS) are given in Figures S1 and S2 and 

combined ML phylogenetic tree (18S + 28S) in Figure S3. 
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Figure 2. Phylogenetic relationships of Lulworthiaceae species based on combined ITS, 

28S, and 18S sequence data and inferred using the ML method under the Tamura-Nei 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Microascus longirostris (CBS 19661). Bootstrap values 

(≥70%) and PP are shown at the nodes (ML/MP/BI). Ex-type strains are in bold, and the 

sequences resulting from the current study are in blue. 

 

These two novel lineages in the genera Remispora and Zalerion are 

phylogenetically well delimited and are clearly distinct from the other closest species 

described so far and therefore are proposed here as novel species. 

Regarding isolates CMG 68 and CMG 69, the closest matches for ITS sequence 

belonged to unidentified isolates, such as Lulwoana sp. (GenBank accession no. 
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Lulworthia cf. purpurea CMG 61
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Lulworthia cf. purpurea CMG 63
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KF915986; identities 514/514 [100%], no gaps) and Lulwoana sp. (GenBank accession no. 

MN518387; identities 512/512 [100%], no gaps). The closest match of an identified 

species was Paralulworthia posidoniae (GenBank accession no. MN649245; identities 

513/514 [99%], no gaps), P. gigaspora (GenBank accession no. MN649244; identities 

513/514 [99%], no gaps), and Papulaspora halima (GenBank accession no. MH858421; 

identities 474/478 [99%], 2 gaps). In ITS phylogenetic tree (Figure S2), our isolates, Pap. 

halima, P. posidoniae, and P. gigaspora clustered together in a clade that received high 

(90–100%) bootstrap support with high PP values (1.00) in the family Lulworthiaceae, 

with closest relationship to genus Zalerion and Lulworthia cf. purpurea. When we 

performed a single locus 28S phylogenetic tree (Figure S1), our isolates cluster together 

with Pap. halima with high (98–100%) bootstrap support with high PP values (1.00). In a 

combined phylogenetic tree (18S + 28S + ITS) (Figure 2), our isolates CMG 68 and CMG 

69 clustered within the clade of Paralulworthia but are phylogenetically distinct from the 

other two Paralulworthia species. 

 

Taxonomy 
 

Remispora submersa M. Gonçalves, A. Abreu & A. Alves, sp. nov. 

 

MycoBank: MB837911. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40° 40' 38" N 8° 42' 21" W), isolated from 

submerged wood baits, 5 May 2019, A. Abreu, deposited in the MUM Herbarium, 

(holotype: a dried culture sporulating, MUM-H 20.48; ex-type living culture, MUM 20.48 

= CMG 53). GenBank accession numbers for DNA sequences derived from ex-type: ITS = 

MT235721; 28S = MT235738. 

 

Etymology: Referring to the submerged habitat where the species was collected. 

 

Distribution: Ria de Aveiro, Portugal. 

 

Known substratum: Submerged wood baits of Pinus pinaster. 
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Figure 3. Remispora submersa (MUM 20.48). A–B. Colony after 15 days at 25°C on PDA 

(obverse and reverse). C–D. Colony after 15 days at 25°C on MEA (obverse and reverse). 

E–F. Colony after 15 days at 25°C on CMA (obverse and reverse). G–H. Colony after 15 

days at 25°C on SNA (obverse and reverse). I. Colony texture in 15 days at 25°C on SNA. 

J–K. Conidiophores. L. Conidia. Bars: 5 μm. 

 

Description: Mycelium smooth, 1.5–2-μm-wide hyphae. Hyphae thick-walled, smooth, 

septate, hyaline. Conidiophores reduced to conidiogenous cells erect, arising directly from 

vegetative hyphae, hyaline, smooth- walled, aseptate, 23.7–34.1 × 1.5–2.1 μm (mean ± SD 

= 28.9 ± 5.2 × 1.8 ± 0.3 μm, n = 30). Conidia aseptate, hyaline, smooth, cylindrical to 

narrowly ellipsoid, 3.3–4.3 ×1.2–1.8 μm (mean ± SD = 3.8 ± 0.5 × 1.5 ± 0.3 μm, n = 100). 

Chlamydospores not observed. Sexual morph unknown. 

 

Culture characters: On 15 days old PDA, MEA, CMA, and SNA at 25°C, colonies 

growing regular and above and immersed into agar with 52, 52, 62, and 54 mm diameter, 

respectively. PDA obverse and reverse light-yellow ochre. MEA, CMA, and SNA obverse 

and reverse yellowish white. At 5°C, there was no growth in any media tested. 

 

Notes: Remispora submersa is phylogenetically closely related to R. spitsbergenensis 

(CY5279), R. quadri-remis (CBS 334.62), and R. stellata (CBS 258.60) with high p-



 

 
116 

distances (0.013 = 1.3% with R. spitsbergenensis, 0.015 = 1.5% with R. quadri-remis, and 

0.017 = 1.7% with R. stellata) of nucleotide sites among the two-locus sequences. 

Unfortunately, and despite of the high number of isolates obtained in this survey, we 

obtained only one isolate representative of this species (MUM 20.48 = CMG 53), but it is 

clearly different at the molecular level from the other Remispora species described so far. 

Therefore, it is considered to represent a novel species. Morphological characteristics of 

Remispora species discussed in this study are given in Table 2. For the new species 

introduced here (R. submersa), we did not find the sexual morph and could only study the 

morphology of the asexual morph. Given that all known Remispora species have been 

described based exclusively on the morphology of the sexual morph, any kind of 

morphological comparisons between the new species and the previously described ones 

could not be done. 
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Table 2. Synopsis of morphological characteristics of Remispora species discussed in this study. n.f. = not found. 

 
Species Morph Ascomata Peridium Pseudoparenchyma Asci Ascospores References 

Remispora 
maritima Sexual 

Ascomata 180–570(–
670) µm diameter, 
globose to subglobose or 
ovoid, immersed or 
superficial, ostiolate, 
almost hyaline, cream-
colored or smoke-gray. 
Necks subcylindrical or 
truncate-conical, 100–
309(–600) µm long 

Peridium 8–32 µm 
thick, composed of six 
to nine layers of thick-
walled cells, merging 
into the 
pseudoparenchyma 

Pseudoparenchyma 
thin-walled, large, 
ellipsoidal or 
polygonal cells filling 
venter of young 
ascocarps. 

Asci 72–148 × 
21.5–39 µm, 
eight-spored, 
clavate or 
broadly fusoid, 
unitunicate, 
thin-walled 

Ascospores 18–30(–
31.5) × 8–13 µm, 
ellipsoidal, ovoid or 
broadly ellipsoidal, 
one-septate, not 
constricted at the 
septum, hyaline, 
appendaged. 

Kohlmeyer 
and 
Kohlmeyer 
(2013) 

Remispora 
pilleata Sexual 

Ascomata 209–364 
diameter, globose to 
subglobose, immersed or 
partly immersed, 
ostiolate, grayish below, 
almost black above, 
solitary or gregarious. 
Necks elongate-
subconical, 178–507 µm 
long 

Peridium 19–30 µm 
thick, composed of 
about six layers of 
thick-walled cells, 
merging into the 
pseudoparenchyma 

Pseudoparenchyma 
thin-walled, 
polygonal, filling 
venter of young 
ascocarps. 

Asci 96–129 × 
24–49 µm, 
eight-spored, 
clavate, 
unitunicate, 
thin-walled 

Ascospores 24–34(–
36.5) × 12.5–19(–20.5) 
µm, rarely 
subellipsoidal, one-
septate, not constricted 
at the septum, hyaline, 
thick-walled, with 
appendages. 

Kohlmeyer 
and 
Kohlmeyer 
(2013) 

Remispora 
quadri-remis 
 

Sexual 

Ascomata 135–400 µm 
diameter, globose or sub-
globose, immersed or 
superficial, ostiolate, 
membranaceous, cream-
colored, sometimes 
solitary. Necks 
cylindrical, up to 600 
µm.  

Peridium 12–22 µm 
thick, merging into the 
pseudoparenchyma 

Pseudoparenchyma 
thin-walled, 
polygonal to 
ellipsoidal cells 
filling venter of 
young ascocarps. 

Asci 70–100 × 
20–40 µm, 
eight-spored, 
clavate or 
subfusiform, 
unitunicate, 
thin-walled, 
developing at 
the base of the 
ascocarp venter 

Ascospores 18–30(–34) 
× 8–12(–15.5) µm, 
ellipsoidal, one-septate, 
slightly constricted at 
the septum, hyaline, 
with appendages at 
each end, 12–21.5 µm 
long, 2.5–4 µm 
diameter 

Kohlmeyer 
and 
Kohlmeyer 
(2013) 

Remispora 
spitsbergenensis Sexual 

Ascomata 135–(203)–
333 × 168–(192)–252 
µm, solitary or 

Peridium 8–(14)–20 
µm, with several layers 
of thick-walled, 

- 
Asci 
unitunicate, 
developing on a 

Ascospores 20–(24)–28 
× 7–(9)–13 µm, 
ellipsoidal, thick-

Pang et al. 
(2004) 
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gregarious, light-colored, 
globose to 
subglobose, superficial 
or immersed. Necks 40–
(80)–124 × 29–(42)–54 
µm 

elongated 
cells 
 

layer at the base 
of ascoma 
venter 

walled, one-septate, 
with four appendages 

Remispora 
stellata Sexual 

Ascomata 172–471 µm 
diameter, subglobose or 
ovoid, immersed or 
becoming exposed, 
ostiolate, 
membranaceous, 
yellowish or brownish. 
Necks conical, up to 622 
µm long 

Peridium 12–25 µm 
thick, composed of 
about six layers of 
roundish or ellipsoidal, 
thick-walled cells, 
merging into the large-
celled 
pseudoparenchyma 

Pseudoparenchyma 
thin-walled, 
polygonal or 
ellipsoidal cells 
filling venter of 
young ascocarps. 

Asci 72–80 × 
19–28 µm, 
eight-spored, 
clavate or 
subfusiform, 
unitunicate, 
thin-walled 

Ascospores 24–30.5 × 
8.5–12.5 µm, 
ellipsoidal, one-septate, 
slightly constricted at 
the septum, hyaline, 
with appendages 13–
24.5 µm long, 2.5–
6.5(–8) µm diameter 

Kohlmeyer 
and 
Kohlmeyer 
(2013) 

Remispora 
submersa Asexual n.f. This study 
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Zalerion pseudomaritima M. Gonçalves, A. Abreu & A. Alves, sp. nov. 

 

 

 

Figure 4. Zalerion pseudomaritima (MUM 20.49). A–B. Colony after 15 days at 25°C on 

PDA (obverse and reverse). C–D. Colony after 15 days at 25°C on CMA (obverse and 

reverse). E. Colony texture in 15 days at 25°C on CMA. F–I. Conidiogenous cells and 

conidia. Bars: 5 μm. 

 

MycoBank: MB835050. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40°37′48′′N, 8°43′58′′W), isolated from 

submerged wood baits, 5 May 2019, A. Abreu, deposited in the MUM Herbarium, 

(holotype: a dried culture sporulating, MUM-H 20.49; ex-type living culture, MUM 

20.49). GenBank accession numbers for DNA sequences derived from ex-type: ITS = 

MT235733; 28S = MT235750; 18S = MT235709. 

 

Etymology: Named for its resemblance to Z. maritima. 
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Distribution: Ria de Aveiro, Portugal. 

 

Known substratum: Submerged wood baits of Pinus pinaster. 

 

Description: Vegetative hyphae septate, branched, thick-walled, hyaline. Conidiogenous 

cells subcylindrical to narrowly clavate, thick-walled, hyaline to light golden brown, 12–

16.6 × 3.8–5.4 μm (mean ± SD = 14.3 ± 2.3 × 4.6 ± 0.8 μm, n = 30). Conidia produced 

terminally or laterally on hyphae or short conidiophores. Conidial filament curved, 

sinuous, or irregularly coiled, multiseptate, initially hyaline becoming golden brown. 

Groups of conidia appears compactly intertwined, forming irregular shaped masses of 

cells, 23.6–46.2 × 3.8–5.4 μm (mean ± SD = 35.1 ± 11.5 × 4.6 ± 0.8 μm, n=100). 

 

Culture characters: On 15 days old PDA and CMA plates, at 25°C, colonies growing 

regular with 34 and 70 mm diameter, respectively. PDA obverse and reverse gray 

olivaceous to greenish olivaceous getting dark green in the center. CMA obverse and 

reverse darker dull green. At 5 and 35°C, there was no growth in any media tested. 

 

Additional material examined: Portugal, Aveiro: Ria de Aveiro (Table 1), isolated from 

sub-merged wood of Pinus pinaster, A. Abreu, living culture CMG 64. GenBank accession 

numbers: ITS = MT235732; 28S = MT235749; 18S = MT235708. 

 

Notes: Zalerion pseudomaritima clustered in a distinct lineage in the genus Zalerion, with 

closest relationship to Z. maritima. The single-locus and combined phylogenetic trees 

demonstrate that Z. pseudomaritima is phylogenetic clearly distinct from Z. maritima, with 

a p-distance of 0.015 = 1.5% in ITS, 0.010 = 1% in 28S, 0.008 = 0.8% in 18S, and 0.011 = 

1.1% of nucleotide sites among the three-locus sequences. Micromorphologically, Z. 

pseudomaritima differs from Z. maritima in its larger conidia (35.1 ± 11.5 × 4.6 ± 0.8 μm 

vs. 24.8 ± 6.3 × 4.5 ± 0.7 μm) and color of conidia (light golden brown for Z. 

pseudomaritima and dark brown to olivaceous for Z. maritima). The new species also 

differs from Z. maritima in culture characters (mycelium gray olivaceous to greenish 

olivaceous becoming dark green for Z. pseudomaritima vs. olivaceous black for Z. 

maritima). 
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Paralulworthia halima (Anastasiou) M. Gonçalves, A. Abreu & A. Alves, comb. nov. 

 

 

 

Figure 5. Paralulworthia halima (MUM 20.57). A–B. Colony after 15 days at 25°C on 

PDA (obverse and reverse). C–D. Colony after 15 days at 25°C on CMA (obverse and 

reverse). E. Bulbils. F–G. Propagules (“papulaspores”) or spherical cells. Bars: F–G = 10 

μm. 

 

MycoBank: MB837619. 

 

Basionym: Papulaspora halima Anastasiou, Nova Hedwigia 6:266. 1963. 
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Typification: USA, California, isolated from Tamarix aphylla wood submerged in the 

southern marshes of the Salton Sea, 20 Jul 1961 (holotype RSA23). Ex- holotype living 

culture CBS 208.64. 

 

Distribution: USA and Portugal. 

 

Known substratum: Submerged wood baits of Pinus pinaster. 

 

Description: Hyphae septate, ramose, branched, smooth-walled, hyaline or lightly brown. 

Bulbils aggregated or solitary, globose to subglobose, irregular, black, submerged or 

superficial in agar. Cells spherical, ovoid, ellipsoid or irregular, smooth to thick wall, 

hyaline, with long chains detaching when hold, 12.2–16.8 × 8.1–11.3 μm (mean ± SD = 

14.5 ± 2.3 × 9.7 ± 1.6 μm, n = 100). Anastasiou (1963) introduced Papulaspora halima as 

having mycelium branched, septate, hyaline, producing a brown pigment; septa with a 

refractive clamp, thickness, peripheral ring; bulbils hyaline to black in age, 35–500 μm 

diam, of spherical cells 7.0–15.7 × 6.1–12.2 μm. Bulbils formed from branching primordia 

in the aerial mycelium and submerged in agar. 

 

Culture characters: On 15 days old PDA and CMA plates, at 25°C, colonies growing 

regular with 90 and 50 mm diameter, respectively. PDA obverse ochreous in periphery 

with dirty white tufts on the surface getting darker in the center, producing a brown 

pigment, reverse ochreous to umber getting darker in the center. CMA obverse and reverse 

ochreous to umber. At 5 and 35°C, there was no growth in any media tested. 

 

Additional material examined: Portugal, Aveiro: Ria de Aveiro (40°37′48′′N, 8°43′58′′W), 

isolated from sub-merged wood baits of Pinus pinaster, 5 May 2019, A. Abreu, deposited 

in the MUM Herbarium (holotype: a dried culture sporulating, MUM-H 20.57; ex-type 

living culture, MUM 20.57 = CMG 69); ibid., living culture CMG 68 (Table 1). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MT235737; 28S = 

MT235754; 18S = MT235713. 
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Notes: Paralulworthia halima clustered in a distinct lineage in the recently described genus 

Paralulworthia (Poli et al., 2020) in the family Lulworthiaceae. Paralulworthia halima has 

been doubtfully assigned to the genus Papulaspora, as P. halima. However, the 

“papulaspores” of this species do not show the characteristics sheath and central cells 

(Kohlmeyer and Kohlmeyer, 1979). Paralulworthia halima is phylogenetically closely 

related to P. posidoniae (MUT 5261) and P. gigaspora (MUT 435) with high p-distances 

(0.026 = 2.6% with P. posidoniae and 0.027 = 2.7% with P. gigaspora) of nucleotide sites 

among the three-locus sequences. 

 

Remispora Linder, Farlowia 1:409. 1944.  

 

MycoBank: MB4674. 

 

Typification: Remispora maritima Linder, Farlowia 1:410. 1944. 

 

Description: The genus Remispora, introduced by Linder (1944), was established to 

accommodate R. maritima Linder, which is characterized by having hyaline to brown 

ascomata with the peridium composed of elongated cells, asci deliquesce early, and 

ascospores with pleomorphic polar appendages. The appendages of Remispora species are 

exosporic and comprise an amorphous, electron-transparent matrix and a fibrous 

component (Johnson et al., 1984). 

 

Notes: Kohlmeyer (1972) combined the genus Remispora as synonym of Halosphaeria. 

According to Linder (1944), Halosphaeria and Remispora are distinguishable by ascomata 

and ascospore appendages. However, Kohlmeyer (1972) reported that the type species of 

these genera, H. appendiculata and R. maritima, do not differ substantially from each other 

in morphological characteristics. Therefore, this author decided to retain Halosphaeria and 

place Remispora under synonym. According to our phylogenetic analysis, it is notable that 

some Remispora species do not fit within the genus Halosphaeria. Moreover, with the 

introduction of other genera in the family Halosphaeriaceae, the separation of 

Halosphaeria and Remispora is more evident. Also, some reclassifications regarding the 

Kohlmeyer’s combination were already made. For example, Pang et al. (2004), based on 
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molecular and morphological data, introduced the genus Okeanomyces to accommodate 

Halosphaeria cucullata, a synonym of R. cucullata proposed by Kohlmeyer (1972). Thus, 

we recommend the use of the genus name Remispora to accommodate the well-delimitated 

clade containing the type species of Remispora. 

 

Remispora maritima Linder, Farlowia 1: 410 (1944) 

MycoBank: MB 290432. 

= Remispora lobata Höhnk, Veroff. Inst. Meeresforsch. Bremerhaven 3: 206 (1955) 

= Halosphaeria maritima Kohlm. Can. J. Bot. 50: 1956 (1972) 

 

Remispora quadri-remis (Höhnk) Kohlm., Nova Hedwigia 2: 332 (1960) 

MycoBank: MB 338254. 

 = Palomyces quadri-remis Hohnk, Veroff. Inst. Meeresforsch. Bremerhaven, 3: 213 

(1955) 

= Arenarionzyces quadri-remis (Hohnk) Meyers, Mycologia, 49: 505 (1957) 

= Halosphaeria quadri-remis Kohlm. Can. J. Bot. 50: 1957 (1972) 

 

Remispora stellata Kohlm., Nova Hedwigia 2: 334 (1960) 

MycoBank: MB 338256. 

 = Halosphaeria stellata Kohlm. Can. J. Bot. 50: 1957 (1972) 

 

Remispora pilleata Kohlm., Nova Hedwigia 6: 319 (1963) 

MycoBank: MB 279805 

 = Halosphaeria pilleata Kohlm. Can. J. Bot. 50: 1957 (1972) 

 

Remispora spitsbergenensis Pang & Vrijmoed Mycologia, 101: 533 (2009) 
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Zalerion R.T. Moore & Meyers, Can. J. Microbiol. 8: 408 (1962) 

MycoBank: MB 10467. 

= Lulwoana Kohlm., Volkm.-Kohlm., J. Campb., Spatafora & Gräfenhan, Mycol. 

Res. 109(5): 562 (2005).  

 

Typification: Zalerion maritima (Linder) Anastasiou, Can. J. Bot. 41: 1136 (1963). 

 

Description: The genus Zalerion, introduced by Moore and Meyers (1962) is characterized 

by having a normally black colony, felty, homogeneous, occasionally with white tufts in 

the center, without diffusible pigment and with dense conidial production.  

 

Notes: The genus Lulwoana was introduced by Campbell et al. (2005) to accommodate the 

sexual stage of Zalerion (Moore and Meyers, 1962). With the ending of the dual 

nomenclature system for fungi it becomes necessary to decide which genus name to use. 

Zalerion is the oldest name and has priority over Lulwoana. Also, Zalerion includes more 

species names than the monotypic Lulwoana and is more commonly used. Thus, we 

recommend the use of the genus name Zalerion over Lulwoana. 

 

Zalerion maritima (Linder) Anastasiou, Can. J. Bot. 41: 1136 (1963)     

 

MycoBank: MB 341143 

 

Basionym: Helicoma maritimum Linder, Farlowia 1(3): 405 (1944) 

  = Helicoma salinum Linder, Farlowia 1(3): 406 (1944) 

  = Zalerion nepura R.T. Moore & Meyers, Can. J. Microbiol. 8: 413 (1962) 

  = Zalerion eistla R.T. Moore & Meyers, Can. J. Microbiol. 8: 413 (1962) 

  = Zalerion xylestrix R.T. Moore & Meyers, Can. J. Microbiol. 8: 414 (1962) 

  = Zalerion raptor R.T. Moore & Meyers, Can. J. Microbiol. 8: 415 (1962) 

  = Lulworthia uniseptata Nakagiri, Trans. Mycol. Soc. Japan25: 382 (1984)  

   ≡ Lulwoana uniseptata (Nakagiri) Kohlm., Volkm-Kohlm., J. 

Campb., Spatafora & Gräfenhan, Mycol. Res. 109(5): 562 (2005) 
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Figure 6. Zalerion maritima (MUM 20.138). A–B. Colony after 15 days at 25°C on PDA 

(obverse and reverse). C–D. Colony after 15 days at 25°C on CMA (obverse and reverse). 

E. Colony texture in 15 days at 25°C on CMA. F–I. Conidiogenous cells and conidia. Bars: 

5 μm. 

 

Typification: USA, Maine: Searsport, isolated from immersed blocks five feet below low 

tide level, 26 May 1942, W. F. Clapp, communicated by E. S. Barghoorn (collector 

number #2; Harvard University Herbaria 00313762); USA, Massachusetts: Woods Hole, 

isolated from immersed blocks seven to eight feet below low tide level, 13 June 1942, W. 

F. Clapp, communicated by E. S. Barghoorn (collector number #3a; Harvard University 

Herbaria 00313763); USA, Massachusetts: Woods Hole, from submerged board below low 

tide level, 5 Aus. 1942, W. F. Clapp, communicated by E. S. Barghoorn (collector number 

#10b; Harvard University Herbaria 00965331); Japan, Shizuoka Pref., Izu Pen., Shimoda, 

isolated from submerged wood, 27 Aug. 1982, A. Nakagiri (epitype: TKB-F-5050, ex-

epitype living culture IFO32137). 
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Description. Vegetative hyphae septate, branched, thick-walled, hyaline. Conidiogenous 

cells are hyaline to olivaceous, 13.2 – 17.2 × 3.6 – 6 μm (mean ± SD = 15.2 ± 2.0 × 4.8 ± 

1.2 μm, n = 30) and the conidia are initially hyaline becoming olivaceous, 18.5 – 31.1 × 4 

– 5.2 μm (mean ± SD = 24.8 ± 6.3 × 4.5 ± 0.7 μm, n = 100). According to Barghoorn and 

Linder (1944), the conidiophores of Helicoma maritimum are variable in size, up to 100 

µm long, 3 – 5 µm in diameter, usually appearing as hyaline or dilute fuscous, erect or 

irregularly bent branches from the sterile mycelium. Conidia deep fuscous or black, 23 – 

26.5 µm in diameter, 1 ¾ - 2 times coiled. Bills et al. (1999) also reported the conidia of Z. 

maritima having 17.6 – 29.6 μm × 4.8 – 8 μm, regular well-defined helices or tortuous. 

 

Sexual morph: Lulwoana uniseptata described by Campbell et al. (2005). Ascomata 

superficial or lightly immersed in wood, globose to subglobose, ostiolate, black or dark 

brown. Neck cylindrical, straight or irregular. Peridium with two layers, being the external 

layer composed of polygonal or irregular dark cells and the internal layer is composed of 

flat or rhomboid hyaline cells. Hamathecium absent. Immature ascomata has 

pseudoparenchyma of polygonal, thin-walled and hyaline cells. Asci with eight ascospores, 

fusiform, curved, thin-walled, unitunicate, detaching early. Ascospores filiform, hyaline, 

one-septate, with a conical chamber at each end, releasing mucus from the tip. 

 

Culture characters: On 15 days old PDA and CMA plates, at 25 C, colonies growing 

regular with 26 and 38 mm in diameter, respectively. PDA and CMA obverse and reverse 

olivaceous black as observed by Bills et al. (1999). At 5 and 35 C, there was no growth in 

any media tested. 

 

Additional material examined: Portugal, Aveiro: Ria de Aveiro (40°37′48′′N, 8°43′58′′W), 

isolated from submerged wood baits of Pinus pinaster, 5 May 2019, A. Abreu, deposited in 

the MUM Herbarium (holotype: a dried culture sporulating, MUM-H 20.138; living 

culture, MUM 20.138 = CMG 67); ibid., living culture CMG 66 (Table 1). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MT235735; 28S = 

MT235752; 18S = MT235711. 
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Notes: The genus Zalerion was introduced by Moore and Meyers (1962) to accommodate 

members of the Moniliaceae with spores formed by irregular spirals in three dimensions. 

As circumscribed by the authors, the genus included four species: Z. nepura (type species), 

Z. eistla, Z. xylestrix, and Z. raptor. At the time, Moore and Meyers (1962) recognized 

affinity between these species and Helicoma maritimum Linder. Later, Anastasiou (1963) 

transferred H. maritimum to Zalerion as Z. maritima Linder (Anastasiou), regarded it as the 

type of Zalerion, and synonymized all four Zalerion species under Z. maritima. Campbell 

et al. (2005) erected the genus Lulwoana with a single species, L. uniseptata, which was 

recognized as the sexual morph of Z. maritima. As dual nomenclature is no longer being 

used for fungi, we synonymize here L. uniseptata under Z. maritima. As the holotype 

contains only the asexual morph, a specimen containing the sexual morph is designated 

here as epitype. 

 

Discussion 

The submerged wood baits revealed a considerable fungal diversity, with 17 

different species representing 10 fungal families recorded. Among the different taxa 

identified, all belong to the phylum Ascomycota, with dominance of typically marine 

lignicolous fungi. However, we obtained other fungal species that are typically found in 

terrestrial environments but have also been commonly found in marine environments 

(Cantrell et al., 2006), including in association with submerged wood or driftwood (Garzoli 

et al., 2015; Gonçalves et al., 2019b), such as species belonging to the genera Penicillium, 

Cladosporium, and Trichoderma. 

The most frequent species found in our collection belong to the family 

Lulworthiaceae, such as Lulworthia cf. purpurea, Z. maritima, and Z. pseudomaritima. 

The dominance of Lulworthiaceae species associated with wood baits in temperate waters 

was already reported by Byrne and Jones (1974). This family comprises only marine 

ascomycetes (Kohlmeyer et al., 2000). Other marine species that are commonly associated 

with wood substrates found in other studies (e.g., Ceriosporopsis halima, Cirrenalia 

macrocephala, Halosphaeria appendiculata, Remispora quadri-remis, Humicola 

alopallonella, Piricauda pelagica) (Azevedo et al., 2010, 2011; Garzoli et al., 2015) were 

not detected here. One possible explanation for this is the geographic location. The studies 

by Azevedo et al. (2010, 2011) were done in two marinas located in the western 
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Portuguese coast (East Atlantic), whereas Garzoli et al. (2015) was in the Italian coastline 

(Mediterranean Sea). Comparing with the current study, where we had one only final 

sampling (after 1 year) and in one sampling location, Azevedo et al. (2010, 2011) collected 

the submerged baits periodically each 8–10 weeks, for 1 year, encountering more and 

different species during ecological succession patterns. Other explanations could be the 

physicochemical parameters to which the baits were submitted, such as the salinity of 

water, temperature, and the type of wood substrate. In fact, some studies reported that the 

fungal community colonizing wood baits is dependent on the substrate. For example, Jones 

(2000) showed that Lautisporopsis circumvestita and C. macrocephala have a significant 

preference for pine-wood substrates, whereas H. appendiculata and Marinospora 

longissima prefer beechwood. Petersen and Koch (1997) investigated the occurrence of 

marine fungi associated with two types of wood substrate, such as oak (Quercus sp.) and 

larch (Larix sp.) and obtained different species for each substrate. Azevedo et al. (2010, 

2011) used Fagus sylvatica and Pinus pinaster wood baits, whereas Byrne and Jones 

(1974) used F. sylvatica and P. sylvestris wood. All these studies evidenced a high 

predominance of Lulworthiaceae species, such as Z. maritima and Lulworthia sp., similar 

to what was observed in our study. 

The family Lulworthiaceae was introduced by Kohlmeyer et al. (2000) in the order 

Lulworthiales, and Maharachchikumbura et al. (2015) placed this order in the subclass 

Lulworthiomycetidae. Species in the Lulworthiaceae are widely distributed in temperate 

and tropical oceans and are typically found growing on drift or submerged wood or even in 

seaweeds (Kohlmeyer et al., 2000; Cannon and Kirk, 2007) and seagrass (Poli et al., 2020). 

Recently, Azevedo et al. (2017) described a new Lulworthia species, namely, L. atlantica, 

isolated from F. sylvatica wood bait submerged in Cascais Marina in Portugal and Poli et 

al. (2020) described a new genus (Paralulworthia) with two species (P. gigaspora and P. 

posidoniae) on the sea grass P. oceanica rhizomes. 

In the current study, one new species and one combination are described in this 

family, namely, Z. pseudomaritima and P. halima, respectively. Zalerion pseudomaritima 

is introduced in the genus Zalerion based on phylogenetic and morphological analyses. 

The genus Zalerion was introduced by Moore and Meyers (1962). Currently, the genus 

comprises 13 species listed in Index Fungorum (2020) and MycoBank databases, but there 

are eight species that do not have any DNA sequences available. However, there are some 
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species named as Zalerion that have already been transferred to other genera, such as Z. 

arboricola, now Lophium arboricola, Z. longispiralis, now Inesiosporium longispirale, 

and Z. varia, now Halenospora varia, and others that are synonymous of Z. maritima, such 

as Z. eistla, Z. nepura, Z. raptor, and Z. xylestrix. The phylogenetic analysis also provides 

strong evidence that Z. pseudomaritima (CMG 64 and CMG 65) forms a sister clade to Z. 

maritima with high bootstrap support. Also, based on morphological descriptions of 

Zalerion species available, these isolates may represent a new species. 

For the other two isolates (CMG 68 and CMG 69), the closest match in BLASTn 

was P. gigaspora and P. posidoniae and Papulaspora halima (CBS 208.64), a species 

isolated from wood in the USA by Anastasiou (1963) but that does not belong to the family 

Lulworthiaceae. However, in our phylogenetic analysis, this species clustered together 

with our isolates, receiving high bootstrap support with high PP values within the family 

Lulworthiaceae. Actually, the taxonomic affiliation of Papulaspora species has been 

confusing, leading to the reclassification of many species, such as P. sepedonioides as 

Microthecium sepedonioides, the type species that defined the genus Papulaspora (Marin-

Felix and Guarro, 2018), P. pulmonaria as Beverwykella pulmonaria (Tubaki, 1975), P. 

polyspora as Minimedusa polyspora (Weresub and LeClair, 1971), and P. viridis as 

Trichoderma matsushimae (Yamaguchi et al., 2012), among others. Moreover, Stchigel et 

al. (2007) and Kohlmeyer and Kohlmeyer (1979) already reported that P. halima was 

doubtfully assigned to Papulaspora. Thus, based on these evidences and the results of our 

phylogenetic analyses, we propose a new species combination as Paralulworthia halima.  

The taxonomic affiliation of some Lulworthiaceae species has been confusing, with 

contrasting differences at phylogenetic and morphological levels. An example of this is L. 

gransdispora, which was previously recognized as unrelated to Lulworthia sensu stricto 

represented by L. fucicola and has recently been accommodated in a new genus, namely, 

Sammeyersia (Abdel-Wahab et al., 2017). Another example is Lulworthia cf. purpurea, 

which in our phylogenetic analysis and in other studies clustered separately from the genus 

Lulworthia (Campbell et al., 2005; Abdel-Wahab et al., 2010; Azevedo et al., 2017). In 

fact, Jones et al. (2015) already reported that many Lulworthia-like species were referred 

to Lulworthia sensu lato, because many Lulworthia collections do not have morphological 

features documented, and for practical purposes, unidentified species with ascospore 

lengths between 150 and 500 μm had been classified as Lulworthia sp. based on 
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Kohlmeyer and Volkmann-Kohlmeyer (1991). Therefore, and in agreement with other 

authors (Koch et al., 2007; Jones et al., 2008; Abdel-Wahab et al., 2010), we also report 

this issue and anticipate the future establishment of a new genus. However, despite 

phylogenetic evidences, we were unable to observe the micromorphology to confirm the 

connection to L. purpurea and establish a new genus. In addition, two other isolates (CMG 

54 and CMG 55) that fit in this group were identified here also as L. cf. purpurea and seem 

to represent another different species, but we were also unsuccessful in our attempts to 

induce sporulation and therefore could not study their morphology. 

Another marine family well documented as colonizer of wood in the marine 

environment is Halosphaeriaceae (Abdel-Wahab and Nagahama, 2011; Pang et al., 2011; 

Pang and Jheng, 2012; Chu et al., 2015), containing 166 species distributed through 64 

genera (Jones et al., 2017). The genus Remispora Linder (Halosphaeriales, Ascomycota) 

was established to accommodate R. maritima Linder. The genus was later synonymized 

with Halosphaeria (Kohlmeyer, 1972). The taxonomic affiliation of Halosphaeria species, 

including those species that Kohlmeyer (1972) transferred from Remispora, has been 

confusing, leading to the reclassification of many species, such as H. crispa as Kochiella 

crispa, H. cucullata as Okeanomyces cucullatus, and H. galerita as Tubakiella galerita 

(Pang et al., 2004; Sakayaroj et al., 2011). Kohlmeyer’s (1972) observations were based 

only on morphological characteristics. Based on molecular data, this study shows that 

some Remispora species that Kohlmeyer (1972) reassigned to Halosphaeria do not fit 

within this genus. Therefore, we resurrected the genus Remispora, which is well supported 

and contains six species, including the type species R. maritima. We report another well-

defined Remispora species isolated from submerged wood, namely, Remispora submersa. 

 

Conclusions 

The present study supported the classification of some Lulworthiales taxa and 

provided more information about new species that are able to colonize submerged wood. 

Many species from Lulworthiaceae and Halosphaeriaceae have a limited number of DNA 

sequences, mostly from the conserved regions 28S or 18S rDNA. Therefore, we 

recommend using the ITS region, which is the standard DNA barcode for fungi and has a 

stronger phylogenetic signal. Given that multi-gene phylogenetic analyses allied with 

morphological characteristics are crucial for a correct species identification, it would be 
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relevant to use additional barcodes from protein-coding genes for delineating species in 

these families. 
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Figure S1. Phylogenetic relationships of Lulworthiaceae species based on 28S sequence 

data and inferred using the ML method under the General Time Reversible model. The tree 

is drawn to scale, with branch lengths measured in the number of substitutions per site and 

rooted to Microascus longirostris (CBS 196.61). Bootstrap values (≥70%) and PP are 

shown at the nodes (ML/MP/BI). Ex-type strains are in bold and the sequence resulting 

from the current study are in blue. 

 

 

Figure S2. Phylogenetic relationships of Lulworthiaceae species based on ITS sequence 

data and inferred using the ML method under Tamura Nei model. The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site and rooted to 

Microascus longirostris (CBS 19661). Bootstrap values (≥70%) and PP are shown at the 

nodes (ML/MP/BI). Ex-type strains are in bold and the sequence resulting from the current 

study are in blue. 
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Figure S3. Phylogenetic relationships of Lulworthiaceae species based on 18S and 28S 

sequence data and inferred using the ML method under the General Time Reversible 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Microascus longirostris (CBS 19661). Bootstrap values 

(≥ 70%) and PP are shown at the nodes (ML/MP/BI). Ex-type strains are in bold and the 

sequence resulting from the current study are in blue. 
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Lindra thalassiae JK4322

Cumulospora marina MF46
Cumulospora marina JK5332A
Cumulospora marina GR53
Cumulospora marina JK4843
Cumulospora marina JK5393

Microascus longirostris CBS 196.61

99/100/1.00

99/100/1.00

99/100/1.00

99/100/1.00

99/100/1.00

99/97/1.00

99/100/1.00

99/100/1.00

98/94/1.00

99/100/1.00

99/100/1.00

72/73/1.00

99/100/1.00

99/100/1.00

99/99/1.00

99/100/1.00

94/90/1.00

97/95/1.00

99/100/1.00

0.050
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Table S1. Distribution of the 10 families from wood baits samples submerged in estuary 

Ria de Aveiro. 

 

Species Number of isolates Percentage 
Apiosporaceae 1 0.5% 
Aspergillaceae 3 1.4% 

Cladosporiaceae 3 1.4% 
Halosphaeriaceae 2 0.9% 

Hypocreaceae 3 1.4% 
Lulworthiaceae 196 92.4% 

Nectriaceae 1 0.5% 
Niessliaseae 1 0.5% 

Pleosporaceae 1 0.5% 
Sporocadaceae 1 0.5% 

 
Table S2. Distribution of the 17 species from wood baits samples submerged in estuary 

Ria de Aveiro. 

 

Species Number of isolates Percentage 
Lulworthia cf. purpurea 164 78% 

Arthrinium kogelbergense 1 0.5% 
Cladosporium cladosporioides 3 1.4% 

Corollospora maritima 1 0.5% 
Fusarium oxysporum 1 0.5% 

Remispora sp. 1 0.5% 
Papulaspora halima 23 10.8% 

Paradendryphiella salina 1 0.5% 
Penicillium antarcticum 1 0.5% 
Penicillium commune 2 0.9% 

Pestalotiopsis australis 1 0.5% 
Sedecimiella taiwanensis 1 0.5% 
Trichoderma atroviride 1 0.5% 
Trichoderma harzianum 1 0.5% 

Trichoderma viride 1 0.5% 
Zalerion sp. 4 1.9% 

Zalerion maritima 5 2.4% 
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SUBCHAPTER 2.4. 
 

Novel halotolerant species of Emericellopsis and Parasarocladium associated with 

macroalgae in an estuarine environment 

 

Micael F.M. Gonçalves, Tânia F.L. Vicente, Ana C. Esteves, Artur Alves 

 

Mycologia 

2020  

112, 154–171 

 

Abstract  

Macroalgae of the genera Fucus, Ulva, and Enteromorpha are typically abundant in 

estuaries. Endophytic fungi may have beneficial effects on the hosts affecting their ability 

to cope with stress. They are also a source of biologically active compounds. However, 

little is known about the endophytic fungi that colonize these macroalgae. Endophytic 

isolates were obtained from macroalgae from various sites in the estuary Ria de Aveiro 

(Portugal), as well as from saline water and sponges. Six Acremonium-like species could 

not be affiliated to any known species. Phylogenetic analyses based on ITS, tub2 and actA 

genes placed these species in the genera Emericellopsis and Parasarocladium, but distinct 

from all currently known species. Although sharing morphological characteristics with the 

most closely related species, these genera differ in micromorphological and molecular 

characters. Thus, three novel species of Emericellopsis (E. cladophorae, sp. nov., E. 

enteromorphae, sp. nov., and E. phycophila, sp. nov.) and three novel species of 

Parasarocladium (P. aestuarinum, sp. nov., P. alavariense, sp. nov., and P. fusiforme, sp. 

nov.) are proposed.  

 

Keywords: Acremonium; endophyte; halotolerance; marine fungi; phylogeny; salt marsh. 

 

Introduction 

The genus Acremonium was introduced by Link (1809) with A. alternatum as the 

type species, which was first isolated from leaf litter of Betula species in Germany. The
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epitypification of A. alternatum linked Acremonium sensu stricto to the family 

Bionectriaceae in the Hypocreales (Summerbell et al., 2011). However, Acremonium-like 

taxa have been shown to be polyphyletic, clustering in different lineages throughout the 

Ascomycota, mainly in the Sordariomycetes (Zare et al., 2007; Schoch et al., 2009; 

Gräfenhan et al., 2011; Perdomo et al., 2011; Summerbell et al., 2011; Giraldo et al., 2012, 

2015, 2017). Acremonium sensu lato species are saprobes (Domsch et al., 2007; Perdomo 

et al., 2011; Grum-Grzhimaylo et al., 2013; Giraldo et al., 2017), endophytes, or pathogens 

of a wide variety of plant substrates worldwide (Alfaro-García et al., 1996; Lin et al., 

2004) and can be opportunistic in humans, insects, and in other fungi (Summerbell, 2003; 

Perdomo et al., 2011; Guarro, 2012; Grum-Grzhimaylo et al., 2013). 

Species-level identification in Acremonium sensu lato is considerably difficult 

because of their simple morphology (e.g., asexual structures poorly differentiated, with 

unicellular and hyaline conidia) (Summerbell et al., 2011; Giraldo et al., 2017). Although 

conidia are the most variable structure in these species, sheltering a wide range of sizes and 

shapes (subglobose, obovate, or ellipsoidal; Summerbell et al., 2011), these are not suitable 

for distinguishing species because the characteristics of conidia can be affected by the 

culture medium (Grosklags and Swift, 1957). Therefore, using morphological 

characteristics with phylogenetic analyses is crucial for accurate identification of 

Acremonium-like species (Zuccaro et al., 2004; Grum-Grzhimaylo et al., 2013; 

Konovalova and Logacheva, 2015; Mohammadian et al., 2016). 

One of the well-defined subclades among the several Acremonium-like species in 

Hypocreales is the genus Emericellopsis in the family Bionectriaceae. Emericellopsis was 

introduced by Van Beyma (1940) to accommodate the type species E. terricola. Most 

species of Emericellopsis have been found in various ecological niches within a broad 

geographic distribution (Grum-Grzhimaylo et al., 2013), i.e., ecologically, they can be 

found in estuarine or marine habitats in association with seaweed (Zucarro et al., 2004; 

Konovalova and Logacheva, 2015) and in agricultural substrates, forest soils, peat, and 

rhizomes (Mohammadian et al., 2016). Currently, the genus comprises 19 species listed in 

the Index Fungorum and MycoBank databases. 

Recently, other genera among hypocrealean acremonia were well defined, namely, 

Parasarocladium and Sarocladium. The genus Parasarocladium was introduced by 

Summerbell et al. (2011) to accommodate Acremonium-like species of the breve/radiatum 
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complex. Currently, Parasarocladium comprises four recognized species, namely, P. 

breve, P. debruynii, P. gamsii, and P. radiatum (Crous et al., 2018), all of them isolated 

from soil. In addition, although Parasarocladium and Sarocladium were initially treated as 

belonging in an undefined family, multi-gene phylogenies supported a new family, 

Sarocladiaceae, in Hypocreales (Crous et al., 2018). 

During an extensive survey of the fungal diversity in the estuary Ria de Aveiro in 

Portugal, we obtained a number of Acremonium-like species isolated mainly from 

macroalgae, water, and sponges. The aim of this study was to characterize this set of 

isolates based on morphological, cultural, and multilocus DNA sequence analyses. 

 

Material and Methods 

Collection and isolation 

Water, living macroalgae (mainly Fucus, Ulva, and Enteromorpha species), and 

sponges were collected at 1 meter depth from various sites in the estuary Ria de Aveiro in 

Portugal (40°40′38′′N, 8°42′21′′ W). Samples were placed in sterile plastic containers and 

maintained at 4ºC until fungal isolation as described in Subchapter 2.1. 

 

DNA extraction, amplification, and sequencing 

All procedures for DNA extraction, amplification, sequencing, and phylogenetic 

analyses were according to the Subchapter 2.1. The primers used here were ITS1 and ITS4 

for ITS rDNA, T1/Bt2b for Emericellopsis isolates and act1/act4 for Parassarocladium 

isolates. The sequences generated in this study were deposited in GenBank and taxonomic 

novelties in MycoBank. Alignment and tree were deposited in TreeBASE (S24492). 

 

Morphology and growth studies 

Observations of morphological characters were made according to the Subchapter 

2.1. Colony characters and pigment production were registered after 14 days of growth on 

PDA and OA incubated at 25ºC for isolates of Parasarocladium (Giraldo et al., 2017) and 

after 21 days of growth on MEA and OA incubated at 20ºC for isolates of Emericellopsis 

(Zuccaro et al., 2004). Morphological descriptions for isolates of Parasarocladium were 

based on cultures sporulating on PDA, after 4 weeks of incubation at 25ºC (Giraldo et al., 

2017), whereas isolates of Emericellopsis were based on cultures sporulating on OA, after 
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10 days of incubation at 20ºC (Zuccaro et al., 2004). Temperature growth studies were 

performed as described in Subchapter 2.1. 

 

Results  

A total of 26 Acremonium-like isolates were obtained from saline water (n=1), 

macroalgae (n=24), and sponge (n=1). Sequence analysis of the ITS region allowed a 

genus-level identification of these isolates. Based on these results, a secondary barcode 

was selected for a more reliable phylogenetic affiliation of the isolates. 

BLASTn searches against the NCBI nucleotide collection database using the ITS 

and tub2 sequences of the isolates CMG 15 to CMG 27 and ITS and actA sequences of 

isolates CMG 30 to CMG 42 retrieved various hits, of which those with the highest 

sequence similarity belonged to members of the genus Emericellopsis and 

Parasarocladium, respectively. Thus, the sequences generated in this study and sequences 

from Emericellopsis and Parasarocladium species deposited in GenBank were included in 

phylogenetic analyses (Table 1). The alignment of the ITS and combined ITS+tub2 and 

ITS+actA regions contained 94, 37, and 23 sequences (including the outgroup), and there 

was a total of 692, 1173, and 1451 positions in the final data set. 

In the ITS-only phylogenetic tree generated by ML analysis (Figure 1), the isolates 

studied fall into two genera: Emericellopsis (Bionectriaceae, Hypocreales) and 

Parasarocladium (Sarocladiaceae, Hypocreales). In both ML phylogenetic trees (ITS and 

ITS+tub2; Figures 1 and 2), the isolates CMG 15 to CMG 27 grouped within the genus 

Emericellopsis, with CMG 15 to CMG 26 clustering into three distinct clades that received 

high bootstrap supports (79–93%) with high PP values (0.85–1.00), and CMG 27 clustered 

with A. fuci (CBS 112868). Thus, these morphologically and phylogenetically distinct 

groups of isolates are deemed to represent three novel species of Emericellopsis, which are 

described here in detail. In the ML ITS and ITS+actA phylogenetic trees (Figures 1 and 3) 

the isolates CMG 30 to CMG 42 clustered within the genus Parasarocladium into three 

distinct clades with high bootstrap supports (97–100%) with high PP values (0.99–1.00); 

therefore, this group of isolates were considered to represent three novel species of 

Parasarocladium that are also described here in detail. 
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Table 1. List of isolates used in this study. 

Genus/Clade Species Acession Number Host/Substrate Country GenBank Acessions 
ITS tub2 actA 

Camptosporum-
clade Acremonium camptosporum CBS 756.69* Airial contaminant Germany MH859414 - - 

    CBS 677.74 Soil South Africa MH860886 - - 
Cerealis-clade Acremonium biseptum CBS 750.69* Wheat field soil Netherlands MH859410 - - 
Curvulum-clade Kiflimonium curvulum CBS 430.66* Wheat field soil Germany MH424698 - HE608630 
    CBS 229.75 Nursery soil Canada MH424700 - - 
Emericellopsis-
clade Acremonium exuviarum UAMH 9995* Corucia zebrata skin Solomon Island AY882946 AY882947 - 

 Acremonium fuci CBS 112868* Fucus serratus Germany AY632653 AY632690 - 
   CMG 27 Ulva sp. Portugal MK986700 MK984300 - 
 Acremonium moniliforme FMR 11785* Soil Spain LN810516 LN810523 - 
 Acremonium potronii CBS 379.70F Skin lesion in dolphin Belgium AY632655 AY632691 - 
 Acremonium tubakii CBS 111360 Fucus serratus Germany AY632654 AY632689 - 
 Emericellopsis enteromorphae MUM 19.34/CMG 26* Enteromorpha sp. Portugal MK986712 MK984312 - 
 Emericellopsis alkalina CBS 127350* Tanatar Lake Russia KC987171 KC987133 - 
   CBS 120049 Sulfatnoe Lake Russia KC987170 KC987132 - 
 Emericellopsis cladophorae MUM 19.33/CMG 25* Cladophora sp. Portugal MK986711 MK984311 - 
 Emericellopsis donezkii CBS 489.71* River water Ukraine AY632658 AY632674 - 
 Emericellopsis glabra CBS 119.40* Soil Netherlands AY632657 AY632673 - 
 Emericellopsis humicola CBS 180.56* Peat soil Canada AY632659 AY632675 - 
 Emericellopsis koreana CNUFC-MOG1-1* Gut of a mosquito larva Korea MH173304 MH243035 - 
 Emericellopsis maritima CBS 491.71* Sea water Ukraine KC987175 KC987137 - 
 Emericellopsis microspora CBS 380.62* Wet prairie soil USA AY632663 AY632679 - 
 Emericellopsis minima CBS 190.55* Mangrove soil Mozambique KC987173 KC987135 - 
 Emericellopsis mirabilis CBS 177.53 Damp soil Italy AY632656 - - 
 Emericellopsis pallida CBS 490.71* Sea water Ukraine KC987176 KC987138 - 
   CBS 624.73 Soil Canada AY632667 AY632683 - 
 Emericellopsis persica IBRC-M 30046* Saline soil Iran KX668543 - - 
 Emericellopsis phycophila MUM 19.32/CMG 15* Filamentous green Portugal MK986701 MK984301 - 
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alga 
  CMG 16 Enteromorpha 

intestinalis Portugal MK986710 MK984310 - 

  CMG 17 Gracilaria gracilis Portugal MK986703 MK984303 - 
  CMG 18 Ulva sp. Portugal MK986704 MK984304 - 
  CMG 19 Ulva sp. Portugal MK986706 MK984306 - 
  CMG 20 Ulva sp. Portugal MK986707 MK984307 - 
  CMG 21 Enteromorpha 

intestinalis Portugal MK986708 MK984308 - 

  CMG 22 Ulva sp. Portugal MK986705 MK984305 - 
  CMG 23 Fucus spiralis Portugal MK986702 MK984302 - 
   CMG 24 Enteromorpha 

intestinalis Portugal MK986709 MK984309 - 

 Emericellopsis robusta CBS 489.73 Soil Netherlands AY632664 AY632680 - 
 Emericellopsis salmosynnemata CBS 382.62 Soil Belgium AY632666 AY632682 - 
 Emericellopsis stolkiae CBS 159.71* Mud in saline lake USA AY632668 AY632684 - 
 Emericellopsis synnematicola CBS 176.60* Soil India AY632665 AY632681 - 
 Emericellopsis terricola CBS 229.59 Soil Netherlands AY632662 AY632678 - 
 Stanjemonium grisellum CBS 655.79* Soil USA AY632671 AY632687 - 
 Stanjemonium ochroroseum CBS 656.79* Soil USA AY632672 AY632688 - 
  Stilbella fimetaria CBS 117.84 Dung Papua New Guinea MH861705     
Fusidioides-
clade 

Acremonium citrinum CBS 384.96* Fruit along the coast Papua New Guinea HF680236 HF680257 - 

 Acremonium fusidioides CBS 840.68* Dung of antelope 
Central African 
Republic 

FN706542 HF680243 - 

 Acremonium hennebertii CBS 768.69* Elaeis guineensis Africa MH859420 HF680260 - 
 Acremonium parvum CBS 381.70A* Tubercularia vulgaris Netherlands HF680219 HF680239 - 
  Acremonium pilosum CBS 124.70* Agricultural soil Netherlands HF680228 HF680249 - 
Gliomastix-clade Gliomastix masseei CBS 794.69* Dung of rabbit Italy MH859431 - - 
 Gliomastix murorum CBS 157.72* Wine cork - MH860424 - - 
 Gliomastix polychroma CBS 181.27* Hevea brasiliensis Indonesia AB540567 - - 
  Gliomastix roseogrisea CBS 134.56* Grassland soil India MH857544 - - 
Inflatum-clade Acremonium roseolum CBS 289.62* Dactylis glomerata UK MH858153 - - 

Parasarocladium Parasarocladium aestuarinum MUM 19.35/CMG 30* Fucus sp. Portugal MK986713 - MK984313 
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   CMG 31 Saline water Portugal MK986714 - MK984314 
 Parasarocladium alavariense MUM 19.36/CMG 32* Rhodophyta  Portugal MK986715 - MK984315 
  CMG 33 Rhodophyta  Portugal MK986717 - MK984317 
  CMG 34 Sponge Portugal MK986718 - MK984318 
   CMG 35 Enteromorpha 

intestinalis Portugal MK986716 - MK984316 
 Parasarocladium breve CBS 150.62* Soil India MH424706 - - 
 Parasarocladium debruynii CBS 144942* Soil Netherlands MK069420 MK069407 - 
 Parasarocladium gamsii CBS 726.71* Soil Netherlands MH424707 - - 
 Parasarocladium fusiforme MUM 19.37/CMG 36* Ulva sp. Portugal MK986719 - MK984319 
  CMG 37 Fucus sp. Portugal MK986720 - MK984320 
  CMG 38 Ulva sp. Portugal MK986725 - MK984324 
  CMG 39 Ulva sp. Portugal MK986724 - MK984322 
  CMG 40 Ulva sp. Portugal MK986723 - MK984323 
  CMG 41 Rhodophyta  Portugal MK986722 - MK984321 
   CMG 42 Ulva sp. Portugal MK986721 - MK994509 
  Parasarocladium radiatum CBS 142.62* Soil India MH424699 - - 

Persicinum-clade Acremonium persicinum CBS 310.59* Coastal sand France MH857868 - - 
Pinkertoniae-
clade 

Acremonium borodinense CBS 101148 Soil in sugarcane field Japan HE608635 - - 

  Acremonium pinkertoniae CBS 157.70* 
Soil from tropical 
greenhouse 

Netherlands MH859534 - - 

Pteridii-clade Acremonium pteridii CBS 782.69* Pteridium aquilinum UK MH859425 - - 
  Acremonium spinosum CBS 136.33* Toe nail Argentina HE608637 - HE608629 

Sarocladium Sarocladium bacillisporum CBS 425.67* Soil Canada HE608639 - HE608633 
 Sarocladium implicatum CBS 959.72* Desert soil Egypt HG965023 - HG964974 
 Sarocladium dejongiae CBS 144929* Soil Netherlands MK069419 MK069406 - 
 Sarocladium glaucum CBS 796.69* Woollen overcoat Solomon Islands FN691454 - HE608631 
 Sarocladium kiliense CBS 122.29* Skin Germany FN691446 - HG964975 
 Sarocladium oryzae CBS 180.74* Oryza sativa India HG965026 - HG964978 
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 Sarocladium strictum CBS 346.70* Triticum aestivum Germany MH859705 - HG964982 
 Sarocladium subulatum MUCL 9939* Soil Egypt HG965031 - HG964984 
 Sarocladium terricola CBS 243.59* Forest soil USA FN706553 - HE608632 

  Sarocladium zeae CBS 800.69* Zea mays stalk USA FN691451 - HG965000 
Sclerotigenum-
clade Acremonium acutatum CBS 682.71* 

Cercospora 
atromarginalis India MH860300 - - 

 Acremonium alternatum CBS 407.66* Hypoxylon deustum Austria MH424672 - - 
 Acremonium brachypenium CBS 866.73* Cocos nucifera Sri Lanka MH860815 - - 
 Acremonium charticola CBS 117.25* Rotten apple UK MH854807 - - 
 Acremonium sclerotigenum CBS 124.42* Dune sand France MH856101 - - 
  Acremonium sordidulum CBS 385.73* Euphorbia tirukalli India MH860709 - - 
Outgroup Acremonium thermophylum CBS 734.71* Heated hay UK MH860317 LT634062 - 
  Phialemonium atrogriseum  CBS 604.67* Noodles Ukraine MH859062 LT633955 - 

 

CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CMG: Culture collection of Micael Gonçalves, housed at 

Department of Biology, University of Aveiro, Portugal; FMR: Facultad de Medicina, Reus, Tarragona, Spain; MUCL: Mycothèque de 

l´Université Catholique de Louvain, Louvain-la-Neuve, Belgium; MUM: Culture collection hosted at Center for Biological Engineering of 

University of Minho, Portugal; UAMH: University of Alberta Mold Herbarium and Culture Collection, Edmonton, Canada. Ex-type strains 

are marked with an asterisk. Sequences generated in this study are shown in bold. 
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Figure 1. Phylogenetic relationships of Emericellopsis and Parasarocladium species based 

on ITS sequence data and inferred using the ML method under the General Time 

Reversible model. The tree is drawn to scale, with branch lengths measured in the number 

of substitutions per site and rooted to Acremonium thermophilum (CBS 734.71) and 

Phialemonium atrogriseum (CBS 604.67). Bootstrap values (>70%) and PP are shown at 

the nodes (ML/MP/BI). Ex-type strains are in bold, and the isolates from the current study 

are in blue. 

 

 
Figure 2. Phylogenetic relationships of Emericellopsis species based on combined ITS and 

tub2 sequence data and inferred using the ML method under the Tamura-Nei model. The 

tree is drawn to scale, with branch lengths measured in the number of substitutions per site 

and rooted to Acremonium fusidioides (CBS 840.68). Bootstrap values (>70%) and PP are 

shown at the nodes (ML/MP/BI). Ex-type strains are in bold, and the isolates from the 

current study are in blue. 
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Figure 3. Phylogenetic relationships of Parasarocladium and Sarocladium species based 

on combined ITS and actA sequence data and inferred using the ML method under the 

General Time Reversible model. The tree is drawn to scale, with branch lengths measured 

in the number of substitutions per site and rooted to Acremonium spinosum (CBS 136.33). 

Bootstrap values (>70%) and PP are shown at the nodes (ML/MP/BI). Ex-type strains are 

in bold, and the isolates from the current study are in blue. 

 

Taxonomy 
 

Emericellopsis cladophorae M. Gonçalves, T. Vicente & A. Alves, sp. nov. 

 

MycoBank: MB831302. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40°40′38′′N, 8°42′21′′W), isolated from 

Cladophora sp., 26 Sep 2018, M. Gonçalves, deposited in the MUM Herbarium (holotype: 

a dried culture sporulating, MUM-H 19.33; ex-type living culture, MUM 19.33 = CMG 
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25). GenBank accession numbers for DNA sequences derived from ex-type: ITS = 

MK986711; tub2 = MK984311. 

 

 
 

Figure 4. Emericellopsis cladophorae (MUM 19.33). A–B. Colony after 21 days at 25ºC 

on MEA. A. Obverse. B. Reverse. C–D. Colony after 21 days at 25ºC on OA. C. Obverse. 

D. Reverse. E–F. Conidiophores. G–J. Conidia. Bars: 2.5 μm. 

 

Etymology: Named for the host (the alga Cladophora sp.) it was first isolated from. 

 

Distribution: Ria de Aveiro, Portugal. 

 

Known substratum: Cladophora sp. 

 

Description: Similar to Emericellopsis alkalina but dis- tinct in having larger conidia. 

Asexual morph Acremonium-like. Sexual morph not observed. Mycelium consists of 

septate, hyaline, often fasciculate, thin-walled vegetative hyphae (mean ± SD = 1.0 ± 0.5 

μm wide, n = 100). Conidiophores reduced to conidiogenous cells, sometimes lateral 
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branches form, erect, hyaline, smooth-walled (mean ± SD = 21.0 ± 5.0 × 2.0 ± 0.5 μm, n = 

30). Conidia unicellular, smooth-walled, hyaline, cir- cular to oblong-elliptical (mean ± SD 

= 5.5 ± 2.5 × 3.5 ± 1.5 μm, n = 100). Chlamydospores not observed. 

 

Culture characters: Colonies on MEA 20ºC, 21 days, margin regular, obverse and reverse 

yellowish white. On OA 20ºC, 21 days, 36 mm in diameter, margin regular, obverse and 

reverse yellowish white. Colonies growing slower on MEA than OA. On MEA, colonies 2 

mm at 5ºC, 8 mm at 10ºC, 10 mm at 15ºC, 22 mm at 20ºC, 16 mm at 25ºC, 3 mm at 30ºC, 

1 mm at 35ºC, and 0 mm at 40ºC. 

 

Notes: Emericellopsis cladophorae is phylogenetically closely related to E. alkalina (CBS 

127350). Although some culture characteristics of both species are similar, such as hyaline 

conidia and hyphae and large conidiophores, they differ in conidial morphology (circular 

to oblong-elliptical vs. narrowly ellipsoid) and dimensions (Table 2), with a p-distance (= 

0.013) of nucleotide sites among the two-locus sequences. Unfortunately, and despite of 

the extensive survey in Ria de Aveiro, we obtained only one isolate representative of this 

species (MUM 19.33 = CMG 25), but it clearly is different at the molecular and 

morphology levels from the other species of Emericellopsis described so far; therefore, it is 

considered to represent a novel species. 

 

Emericellopsis enteromorphae M. Gonçalves, T. Vicente & A. Alves, sp. nov. 

 

MycoBank: MB831303. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40°40′38′′N, 8°42′21′′W), isolated from 

Enteromorpha sp., 26 Sep 2018, M. Gonçalves, deposited in the MUM Herbarium 

(holotype: a dried culture sporulating, MUM-H 19.34; ex-type living culture, MUM 19.34 

= CMG 26). GenBank accession numbers for DNA sequences derived from ex-type: ITS = 

MK986712; tub2 = MK984312. 

 

Etymology: Named for the host (the alga Enteromorpha sp.) it was first isolated from. 
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Figure 5. Emericellopsis enteromorphae (MUM 19.34). A–B. Colony after 21 days at 

25ºC on MEA. A. Obverse. B. Reverse. C–D. Colony after 21 days at 25ºC on OA. C. 

Obverse. D. Reverse. E–F. Conidiophores. G. Conidia. Bars: 2.5 μm. 

 

Distribution: Ria de Aveiro, Portugal. 

 

Known substratum: Enteromorpha sp. 

 

Description: New lineage closely related to two clades, one includes Emericellopsis 

salmosynnemata, E. synnematicola, Acremonium exuviarum, and A. moniliforme and the 

other includes E. donezkii, E. humicola, E. koreana, E. glabra, A. tubakii, E. terricola, E. 

microspora, and E. robusta. Asexual morph Acremonium-like. Sexual morph not observed. 

Mycelium consists septate, hyaline, often fasciculate, smooth-walled vegetative hyphae 

(mean ± SD = 1.0 ± 0.5 μm wide, n = 100). Conidiophores reduced to conidiogenous cells, 

mostly simple orthotropic, hyaline, smooth-walled (mean ± SD = 19.0 ± 7.5 × 1.5 ± 0.5 

μm, n = 30). Conidia unicellular, smooth-walled, hyaline, cylindrical to narrowly ellipsoid 

(mean ± SD = 4.5 ± 1.0 × 2.0 ± 0.5 μm, n = 100). Chlamydospores not observed. 
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Culture characters: Colonies on MEA 20ºC, 21 days, margin regular, obverse and reverse 

yellowish white. On OA 20ºC, 21 days, 42 mm in diameter, margin regular, obverse and 

reverse yellowish white. Colonies growing slower on MEA than OA. On MEA, colonies 1 

mm at 5ºC, 7 mm at 10ºC, 9 mm at 15ºC, 12 mm at 20ºC, 13 mm at 25ºC, 0 mm at 30, 35, 

and 40ºC. 

 

Notes: Emericellopsis enteromorphae clustered in a distinct lineage in the Emericellopsis 

terrestrial clade, with high p-distances (= 0.053–0.065) of nucleotide sites among the two-

locus sequences with closest species. Although the conidial size and morphology can be 

variable in Emericellopsis (Table 2), conidia narrowly ellipsoid arranged in slimy heads 

are very common. Maximum growth temperature was observed around 25ºC. However, 

there was no information available for this parameter for other Emericellopsis species in 

order to understand whether it is a unique characteristic of this species. Unfortunately, and 

despite of the extensive survey in Ria de Aveiro, we obtained only one isolate 

representative of this species (MUM 19.34 = CMG 26), but it is clearly different at the 

molecular and morphology levels from the other species of Emericellopsis described so 

far; therefore, it is considered to represent a novel species. 

 

Emericellopsis phycophila M. Gonçalves, T. Vicente & A. Alves, sp. nov. 

 

MycoBank: MB831304. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40°40′38′′N, 8°42′21′′W), isolated from 

unidentified filamentous green alga, 26 Sep 2018, M. Gonçalves, deposited in the MUM 

Herbarium (holotype: a dried culture sporulating, MUM-H 19.32; ex-type living culture, 

MUM 19.32 = CMG 15). GenBank accession numbers for DNA sequences derived from 

ex-type: ITS = MK986701; tub2 = MK984301. 

 

Etymology: Named after the type of host (alga) from which it was isolated. 

 

Distribution: Ria de Aveiro, Portugal. 
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Known substrata: Enteromorpha intestinalis, Gracilaria gracilis, Fucus spiralis, and Ulva 

sp. 

 

 
 

Figure 6. Emericellopsis phycophila (MUM 19.32). A–B. Colony after 21 days at 25ºC on 

MEA. A. Obverse. B. Reverse. C–D. Colony after 21 days at 25ºC on OA. C. Obverse. D. 

Reverse. E–F. Conidiophores. G. Conidia. Bars: 2.5 μm. 

 

Description: Similar to Emericellopsis pallida but distinct in having smaller conidia. 

Asexual morph Acremonium-like. Sexual morph not observed. Conidia abundant. 

Mycelium consists of septate, hyaline, often fasciculate, smooth-walled vegetative hyphae 

(mean ± SD = 2.0 ± 0.5 μm wide, n = 100). Conidiophores reduced to conidiogenous cells, 

mostly simple orthotropic, hyaline, sometimes ampulliform, smooth- to thick-walled (mean 

± SD = 15.0 ± 4.0 × 2.0 ± 0.5 μm, n = 30). Conidia unicellular, smooth-walled, hyaline, 

ellipsoidal to oval (mean ± SD = 4.0 ± 0.5 × 2.5 ± 0.5 μm, n = 100). Chlamydospores not 

observed. 

 

Culture characters: Colonies on MEA 20ºC, 21 days, margin regular, obverse and reverse 

yellowish white. On OA 20ºC, 21 days, 54 mm in diameter, margin regular, obverse and 
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reverse yellowish white. Colonies growing slower on MEA than OA. On MEA, colonies 1 

mm at 5ºC, 11 mm at 10ºC, 16 mm at 15ºC, 22 mm at 20ºC, 16 mm at 25ºC, 2 mm at 30ºC, 

1 mm at 35ºC, and 0 mm at 40ºC. 

 

Additional material examined: isolated from Ulva sp., Enteromorpha sp., and Fucus 

spiralis. M. Gonçalves, living cultures CMG 16, CMG 17, CMG 18, CMG 19, CMG 20, 

CMG 21, CMG 22, CMG 23, and CMG 24. 

 

Notes: Emericellopsis phycophila is phylogenetically closely related to E. pallida (CBS 

490.71). Although some culture characteristics of both species are similar, such as conidial 

shape and color, they differ in conidial and conidiophore dimensions (Table 2), with a p-

distance (= 0.013) of nucleotide sites among the two-locus sequences. 

 

Parasarocladium aestuarinum M. Gonçalves, T. Vicente & A. Alves, sp. nov. 

 

 
 

Figure 7. Parasarocladium aestuarinum (MUM 19.35). A–B. Colony after 14 days at 

25ºC on PDA. A. Obverse. B. Reverse. C–D. Colony after 2 weeks at 25ºC on OA. C. 

Obverse. D. Reverse. E–F. Conidiophores. G. Conidia. Bars: 2.5 μm. 
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MycoBank: MB831305. 

 

Typification: Portugal, Aveiro: Ria de Aveiro, isolated from Fucus sp., 26 Sep 2018, M. 

Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture sporulating, 

MUM-H 19.35; ex-type living culture, MUM 19.35 = CMG 30). GenBank accession 

numbers for DNA sequences derived from ex-type: ITS = MK986713; actA = MK984313. 

 

Etymology: Named for the environment it was first isolated from, namely, an estuary. 

 

Distribution: Ria de Aveiro, Portugal. 

 

Known substratum: Fucus sp. and saline water. 

 

Description: Similar to Parasarocladium alavariense but distinct in having smaller 

conidia. Asexual morph Acremonium-like. Sexual morph not observed. Mycelium consists 

of branched, septate, hyaline, smooth- and thin-walled vegetative hyphae (mean ± SD = 

2.0 ± 0.5 μm wide, n = 50). Conidiophores reduced to conidiogenous cells, erect, arising 

directly from vegetative hyphae, hyaline, smooth-walled, septate (mean ± SD = 25.0 ± 5.0 

× 1.5 ± 0.5 μm, n = 30). Conidia unicellular, globose, thick- and smooth-walled, hyaline 

(mean ± SD = 4.0 ± 0.5 × 3.0 ± 0.5 μm, n = 100). Chlamydospores not observed. 

 

Culture characters: Colonies on PDA 25ºC, 14 days, margin regular, obverse buff orange 

getting lighter toward the borders, reverse ochre yellow in the center and primrose yellow 

in the periphery. On OA 25ºC, 14 days, 31 mm in diameter, margin regular, obverse and 

reverse sienna yellow. Colonies growing slower on PDA than OA. On PDA, colonies 0 

mm at 5ºC, 8 mm at 10ºC, 12 mm at 15ºC, 16 mm at 20ºC, 20 mm at 25ºC, 16 mm at 30ºC, 

4 mm at 35ºC, and 0 mm at 40ºC. 

 

Additional material examined: Portugal, Aveiro: Ria de Aveiro (40°40′38′′N, 8°42′21′′W), 

isolated from saline water. M. Gonçalves, living culture CMG 31. 
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Notes: Parasarocladium aestuarinum is phylogenetically closely related to P. alavariense 

(MUM 19.36). Although some culture characteristics of both species are similar, they 

differ in conidial morphology (globlose vs. subglobose to ovoid) and dimensions (Table 
2), with a p-distance (= 0.013) of nucleotide sites among the two-locus sequences. 

 

Parasarocladium alavariense M. Gonçalves, T. Vicente & A. Alves, sp. nov. 

 

 
 

Figure 8. Parasarocladium alavariense (MUM 19.36). A–B. Colony after 14 days at 25ºC 

on PDA. A. Obverse. B. Reverse. C–D. Colony after 2 weeks at 25ºC on OA. C. Obverse. 

D. Reverse. E–F. Conidiophores. G. Conidia. Bars: 2.5 μm. 

 

Typification: Portugal, Aveiro: Ria de Aveiro, isolated from unidentified Rhodophyta, 26 

Sep 2018, M. Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture 

sporulating, MUM-H 19.36; ex-type living culture, MUM 19.36 = CMG 32). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MK986715; actA = 

MK984315. 
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Etymology: Named after the old Latin name of Aveiro (Alavarium), the city where the 

strains were isolated. 

 

Distribution: Ria de Aveiro, Portugal. 

 

Known substrata: Enteromorpha intestinalis, Rhodophyta, and sponges. 

 

Description: Similar to Parasarocladium aestuarinum but distinct in having larger conidia. 

Asexual morph Acremonium-like. Sexual morph not observed. Mycelium consists 

branched, septate, hyaline, smooth- and thin-walled vegetative hyphae (mean ± SD = 1.5 ± 

0.5 μm wide, n = 50). Conidiophores reduced to conidiogenous cells, erect, arising directly 

from vegetative hyphae, hyaline, smooth-walled, septate (mean ± SD = 16.0 ± 4.5 × 1.5 ± 

0.5 μm, n = 30). Conidia unicellular, subglobose to ovoid, smooth-walled, hyaline (mean ± 

SD = 5.0 ± 0.5 × 3.5 ± 0.5 μm, n = 100). Chlamydospores not observed. 

 

Culture characters: Colonies on PDA at 25ºC, 14 days, margin regular, obverse buff 

orange getting lighter toward the borders, reverse ochre yellow in the center and primrose 

yellow in the periphery. On OA 25ºC, 14 days, 29 mm in diameter, margin regular, 

obverse and reverse flesh red. Colonies growing slower on PDA than OA. On PDA, 

colonies 0 mm at 5ºC, 14 mm at 10ºC, 14 mm at 15ºC, 23 mm at 20ºC, 24 mm at 25ºC, 15 

mm at 30ºC, 1 mm at 35ºC, and 0 mm at 40ºC. 

 

Additional material examined: Portugal, Aveiro: Ria de Aveiro (40°40′38′′N, 8°42′21′′W), 

isolated from unidentified Rhodophyta, an unidentified sponge, and Enteromorpha 

intestinalis. M. Gonçalves, living cultures CMG 33, CMG 34, and CMG 35. 

 

Notes: Parasarocladium alavariense is phylogenetically closely related to P. aestuarinum 

(MUM 19.35). They differ in conidial morphology and dimensions (Table 2), with a p-

distance (= 0.013) of nucleotide sites among the two-locus sequences. 
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Parasarocladium fusiforme M. Gonçalves, T. Vicente & A. Alves, sp. nov. 

 

 
 

Figure 9. Parasarocladium fusiforme (MUM 19.37). A–B. Colony after 14 days at 25ºC 

on PDA. A. Obverse. B. Reverse. C–D. Colony after 2 weeks at 25ºC on OA. C. Obverse. 

D. Reverse. E–F. Conidiophores. G. Conidia. Bars: 2.5 μm. 

 

MycoBank: MB831307. 

 

Typification: Portugal, Aveiro: Ria de Aveiro, isolated from Ulva sp., 26 Sep 2018, M. 

Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture sporulating, 

MUM-H 19.37; ex-type living culture, MUM 19.37 = CMG 36). GenBank accession 

numbers for DNA sequences derived from ex-type: ITS = MK986719; actA = MK984319. 

 

Etymology: Named after the shape of the conidia. 

 

Distribution: Ria de Aveiro, Portugal. 

 

Known substrata: Fucus sp., Ulva sp., and Rhodophyta. 
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Description: Similar to Parasarocladium debruynii and P. gamsii, with distinct 

morphological conidia. Asexual morph Acremonium-like. Sexual morph not observed. 

Mycelium consists branched, septate, hyaline, smooth- and thin-walled vegetative hyphae 

(mean ± SD = 2.0 ± 0.5 μm wide, n = 50). Conidiophores reduced to conidiogenous cells, 

erect, arising directly from vegetative hyphae, hyaline, smooth-walled, septate (mean ± SD 

= 12.0 ± 5.0 × 1.5 ± 0.5 μm, n = 30). Conidia unicellular, fusiform, smooth-walled, hyaline 

(mean ± SD = 6.0 ± 0.5 × 2.0 ± 0.5 μm, n = 100). Chlamydospores not observed. 

 

Culture characters: Colonies on PDA 25ºC, 14 days, margin regular, obverse and reverse 

dark ochre yellow. On OA 25ºC, 14 days, 39 mm in diameter, margin regular, obverse and 

reverse yellowish white. Colonies growing slower on PDA than OA. On PDA, colonies 1 

mm at 5ºC, 12 mm at 10ºC, 22 mm at 15ºC, 26 mm at 20ºC, 30 mm at 25ºC, 8 mm at 30ºC, 

1 mm at 35ºC, and 0 mm at 40ºC. 

 

Additional material examined: Portugal, Aveiro: Ria de Aveiro (40°40′38′′N, 8°42′21′′W), 

isolated from unidentified Rhodophyta, Fucus sp. and Ulva sp. M. Gonçalves, living 

cultures CMG 37, CMG 38, CMG 39, CMG 40, CMG 41, and CMG 42. 

 

Notes: Parasarocladium fusiforme is phylogenetically closely related to P. debruynii (CBS 

144942) and P. gamsii (CBS 726.71). They differ in conidial morphology, with conidia of 

P. debruynii ellipsoidal, bacilliform to fusiform, and smaller than P. fusiforme, whereas 

conidia of P. gamsii is bacilliform to slightly fusiform and larger but thinner (Table 2). 

Also, they differ in several nucleotide positions in ITS, with a p-distance (= 0.044 and 

0.063) of nucleotide sites with P. gamsii and P. debruynii, respectively. 
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Table 2. Synopsis of recorded Emericellopsis and Parasarocladium species. (n.a. - not available) 

 
Species Conidia   Chlamydospores References Size (μm) Morphology Colour 

E. enteromorphae 4.5 ± 1.0 × 2.0 ± 0.5 
Unicellular, cylindrical to narrowly 
ellipsoid 

Hyaline Not observed Present study 

E. alkalina 3.5–6 × 1.8–2.2 Narrowly ellipsoid Hyaline Absent Grum-grzhimaylo et al. 2013 

E. cladophorae 5.5 ± 2.5 × 3.5 ± 1.5 
Unicellular, circular to oblong-
elliptical 

Hyaline Not observed Present study 

E. donezkii n.a. n.a. n.a. n.a. Beljakova 1974 

E. glabra 9–10.5 × 5–5.8 n.a. n.a. n.a. Stolk 1955 

E. humicola 5–8 × 2–3.5 Ellipsoid Hyaline n.a. Cain 1956 

E. koreana 3–4(–5) × 1.5–2(–2.5) Ellipsoid or oblong ellipsoid Hyaline Not observed Phookamsak et al. 2019 

E. maritima 6.5–8 (–9) × 2.5–3.3 (–4) n.a. n.a. n.a. Zuccaro et al. 2004 

E. microspora 3–10 × 1.5–4 Ellipsoidal to oval Hyaline n.a. Backus and Orpurt 1961 

E. minima 4–10 × 2–3.5 Ellipsoid Hyaline n.a. Stolk 1955 

E. mirabilis 10–14 × 5–6.5 n.a. n.a. n.a. Stolk 1955 

E. pallida 4–5.2 × 1.5–2.5 (–3.3) n.a. n.a. n.a. Zuccaro et al. 2004 

E. persica 4.5–6.5 × 2 Narrowly ellipsoid Hyaline 
mostly intercalary, 10–22 × 
7–17, hyaline 

Hyde et al. 2016 

E. phycophila 4.0 ± 0.5 × 2.5 ± 0.5 Unicellular, ellipsoidal to oval Hyaline Not observed Present study 

E. robusta 13–17.5 × 4–4.5 n.a. n.a. n.a. Zuccaro et al. 2004 

E. salmosynnemata 6–10 × 4–5.5 (ascospore) Unicellular, ellipsoidal 
Olivaceo-
brunnea 

n.a. Grosklags and Swift 1957 

E. stolkiae 3.5–8.4 × 2.2–5 Ovoid Hyaline n.a. Davidson and Christensen 1971 
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E. synnematicola 3.5–6.5 × 2–3 Ellipsoidal to oval Hyaline n.a. Mathur and Thirumalachar 1960 

E. terricola 5.3–6.7 × 3–4 Ellipsoidal to oval Hyaline n.a. van Beyma 1940 

P. aestuarinum 4.0 ± 0.5 × 3.0 ± 0.5 Unicellular, globose Hyaline Not observed Present study 

P. alavariense 5.0 ± 0.5 × 3.5 ± 0.5 Unicellular, subglobose to ovoid Hyaline Not observed Present study 

P. breve n.a. n.a. n.a. n.a. Gams 1971 

P. debruynii 3–5 × 1–2 
Unicellular, ellipsoidal, bacilliform to 
fusiform 

Hyaline Not observed Crous et al. 2018 

P. gamsii (4–)5–7(–12) × 0.5–1 Bacilliform to slightly fusiform Hyaline Absent Tichelaar 1972 

P. fusiforme 6.0 ± 0.5 × 2.0 ± 0.5 Unicellular, fusiform Hyaline Not observed Present study 

P. radiatum n.a. n.a. n.a. n.a. Gams 1971 
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Discussion 

Six Acremonia-like species isolated from different substrates in the salt marsh of 

Ria de Aveiro in Portugal are newly described, namely, Emericellopsis cladophorae, E. 

enteromorphae, E. phycophila, Parasarocladium aestuarinum, P. alavariense, and P. 

fusiforme. The introduction of these species is well supported by morphological and 

phylogenetic data. 

The genus Emericellopsis harbors 19 species described so far (Index Fungorum 

n.d.), although different authors accept different numbers of species in the genus (Grum-

Grzhimaylo et al., 2013). The Emericellopsis lineage sensu lato also harbors the asexual 

genera Stanjemonium and Stilbella, along with other Acremonium species, such as A. 

exuviarum, A. fuci, A. moniliforme, A. potronii, and A. tubakii (Summerbell et al., 2011). 

Thus, it is necessary to revisit the taxonomy of this group adopting a polyphasic approach 

and if needed to designate epitypes with associated ex-epitype cultures in order to stabilize 

the application of names within the genus. 

The majority of the Emericellopsis species described so far appear to have some 

habitat preference, i.e., ecologically they can be found in saline habitats associated with 

algae or in the water column, sediments of freshwater, soils with periodic flooding, and 

even the soils around subterranean wasp nests where humidity and alkalinity are elevated 

(Batra et al., 1973; Tubaki, 1973; Zucarro et al., 2004; Domsch et al., 2007; Konovalova 

and Logacheva, 2015; Mohammadian et al., 2016). 

The presence of two main distinct groups (marine and terrestrial clades) within 

Emericellopsis with phylogenetic differences and distinct ecological origins was reported 

by Zuccaro et al. (2004). Grum-Grzhimaylo et al. (2013) suggested another clade, namely, 

soda soil clade from alkaline soils, that includes the highly alkalitolerant species E. 

alkalina. However, the growth pattern and molecular data suggest that E. alkalina is linked 

to the marine clade (Grum-Grzhimaylo et al., 2013). Our results somehow challenge this 

separation of the genus into two groups based on their ecological origins, since all 

Emericellopsis species described here were isolated from macroalgae species, with E. 

cladophorae and E. phycophila included in the marine clade, E. cladophorae included in 

the subclade soda soil, and E. enteromorphae included in the terrestrial clade. There are a 

few exceptions of Emericellopsis species in the terrestrial clade isolated from aquatic 

environments, namely, E. donezkii (CBS 489.71), E. minima (CBS 111361), and A. tubakii 
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(CBS 111360). Grum-Grzhimaylo et al. (2013) showed that the pH preferences vary 

among the species of the different clades within the Emericellopsis lineage: marine-born 

species are able to tolerate higher pH values with an optimum growth at pH 6–7, whereas 

terrestrial species have no ability to cope with both lower and higher pH values. 

Additionally, E. alkalina (soda soil clade) showed a higher growth rate than the species of 

the marine and terrestrial clades. Our results showed that E. cladophorae and E. 

phycophila (marine clade) grow faster than E. enteromorphae (terrestrial clade). Therefore, 

according to the same authors, E. alkalina and E. pallida, which are members of marine 

clade, can be referred to as alkalitolerant and E. minima from the terrestrial clade can be 

referred to as a neutrophile. A link between culture growth rate and pH preference has 

previously been observed in other fungi species that are typically halotolerant, commonly 

found in saline environments, such as Neocamarosporium chichastianum, N. jorjanensis, 

N. persepolisi, N. solicola (Papizadeh et al., 2017), and Phialosimplex salinarum (Greiner 

et al. 2014). However, any valid conclusion can only be reached after testing all species for 

pH preference. 

With only four Parasarocladium species described to date and all of them isolated 

from soil, including the recently described P. debruynii (Crous et al., 2018), this study 

reports for the first time three novel Parasarocladium species isolated from marine 

macroalgae. Currently, no host and habitat preferences of members of this genus are 

known. Thus, two distinct groups with morphological and phylogenetic differences based 

on combined data set of ITS and actA genes were observed. One clade comprises the 

species P. fusiforme, which has hyaline fusiform conidia, and a second clade contains P. 

aestuarinum and P. alavariense, with globose and subglobose to ovoid hyaline conidia. 

However, there are no actin sequence data available for the other four Parasarocladium 

species. 

It is noteworthy that Fucus, Ulva, and Enteromorpha species in this particular 

estuarine environment encompass a considerable diversity of Emericellopsis and 

Parasarocladium species, and further studies will be necessary to understand the 

ecological role of these species reported for the hosts. 

Here, we described six novel species that occur as endophytes on healthy tissues of 

different macroalgae. However, one isolate of P. aestuarinum (CMG 31) and P. 

alavariense (CMG 34) were also found in sea water and on an unidentified sponge, 
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respectively. With three distinct species described so far (A. fuci, A. tubakii, and E. 

phycophila), the genus Fucus seems to harbor a considerable diversity of Acremonium-like 

species that deserves further investigation. 

The relevance of these endophytic fungal species in macroalgae is still unknown. 

However, as reported for other endophytes of algae, it is possible that these species 

contribute to the algae health and performance, as well the production of bioactive 

molecules with antibacterial and antifungal properties (Carreira et al., 2015; Rogozhin et 

al., 2018). Also, the halotolerance seems to be a typical characteristic of both genera, since 

the species described here can be regarded as slightly halotolerant, as they grow equally 

well in the presence and absence of 3% (w/v) sea salt. 
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Neptunomyces aureus gen. et sp. nov. (Didymosphaeriaceae, Pleosporales) isolated 

from algae in Ria de Aveiro, Portugal 
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Abstract  

A collection of fungi was isolated from macroalgae of the genera Gracilaria, 

Enteromorpha and Ulva in the estuary Ria de Aveiro in Portugal. These isolates were 

characterized through a multilocus phylogeny based on ITS, tub2 and tef1-α sequences, in 

conjunction with morphological and physiological data. These analyses showed that the 

isolates represented an unknown fungus for which a new genus, Neptunomyces gen. nov. 

and a new species, Neptunomyces aureus sp. nov. are proposed. Phylogenetic analyses 

supported the affiliation of this new taxon to the family Didymosphaeriaceae. 

 

Keywords: Didymosphaeriaceae, marine fungi, phylogeny, taxonomy. 

 

Introduction 

The family Didymosphaeriaceae is an important family in the order Pleosporales 

introduced by Munk (1953) and typified by the genus Didymosphaeria Fuckel with D. 

epidermidis as the type species. Members of this family are characterized by having brown 

1-septate ascospores and trabeculate pseudoparaphyses that anastomose mostly above the 

asci (Aptroot, 1995; Hyde et al., 2013; Ariyawansa et al., 2014a, 2014b). Species of 

Didymosphaeriaceae are saprobes, endophytes or pathogens of a wide variety of plant 

species worldwide (Ariyawansa et al., 2014a; Liu et al., 2015; Wanasinghe et al., 2016). 

Accurate species’ identification in genera of the family Didymosphaeriaceae was 

discussed in detail by Ariyawansa et al. (2014a). Phylogenetic analyses based on regions 



 

 
174 

such as the ITS, tub2 and tef1-α proved to be useful in delimiting taxa (Tennakoon et al., 

2016; Ariyawansa et al., 2014b). Several studies have been conducted to resolve the 

boundaries of this family. First, Ariyawansa et al. (2014a) showed that Montagnulaceae 

and Didymosphaeriaceae were synonyms and thus, Ariyawansa et al. (2014b) 

synonymized Montagnulaceae under Didymosphaeriaceae and rearranged the family into 

16 genera: Alloconiothyrium, Barria, Bimuria, Deniquelata, Didymocrea, 

Didymosphaeria, Julella, Kalmusia, Karstenula, Letendraea, Montagnula, Neokalmusia, 

Paraconiothyrium, Paraphaeosphaeria, Phaeodothis and Tremateia. Subsequently, in the 

last years, additional genera were added, namely Paracamarosporium and 

Pseudocamarosporium (Wijayawardene et al., 2014), Spegazzinia (Tanaka et al. 2015), 

Xenocamarosporium (Crous et al., 2015), Austropleospora and Pseudopithomyces 

(Ariyawansa et al., 2015) and Laburnicola and Paramassariosphaeria (Wanasinghe et al., 

2016). More recently, Jayasiri et al. (2019) introduced Cylindroaseptospora and Gon- 

çalves et al., (2019) reassigned the genus Verrucoconiothyrium previously included in the 

family Didymosphaeriaceae to the family Didymelaceae. Thus, the family 

Didymosphaeriaceae currently comprises 25 genera. 

During an extensive survey of the fungal diversity from macroalgae species in the 

salt marsh of Ria de Aveiro in Portugal, we gathered a collection of fungal isolates. Here 

we report the morphological, cultural and phylogenetic characterization of these fungal 

isolates and introduce a novel genus and species to accommodate them. 

 

Material and Methods 

Collection and isolation 

Macroalgae (Gracilaria gracilis, Enteromorpha intestinalis, and other macroalgae 

species identified at genus-level only) were collected from various sites in the estuary Ria 

de Aveiro in Portugal. Samples were placed in sterile plastic containers and maintained at 

4°C until fungal isolation as described in Subchapter 2.1. 

 

DNA extraction, amplification, and sequencing 

All procedures for DNA extraction, amplification, sequencing, and phylogenetic 

analyses were according to the Subchapter 2.1. The sequences generated in this study were 
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deposited in GenBank and taxonomic novelties in MycoBank. Alignment and tree were 

deposited in TreeBASE (TB2:S24556). 

 

Morphology and growth studies 

Observations of morphological characters were made according to the Subchapter 

2.1. Colony characters and pigment production were registered after 2 weeks of growth on 

PDA, MEA and OA incubated at 25°C. Morphological descriptions were based on cultures 

sporulating on PDA and pine needles, after 1-month incubation at 25°C. Temperature 

growth studies were performed as described in Subchapter 2.1. 

 

Results 

Phenotype 

Regarding conidial morphology, the fungal isolates studied were characterized by 

being aseptate and subcylindrical with rounded apices golden yellow conidia. For all media 

tested, the minimum, maximum and optimal growth temperatures were 10, 30 and 25°C, 

respectively. No differences were observed in terms of colony diameter when grown in 

PDA with and without the addition of 3% sea salts, indicating that this fungus does not 

require salt for growth. 

 

Phylogenetic analysis 

BLASTn searches against the NCBI nucleotide database using the ITS, tub2 and 

tef1-α sequences of the isolates retrieved various hits, of which those with the highest 

sequence similarity belonged to members of the family Didymosphaeriaceae. Based on a 

megablast search using the ITS sequence, the closest matches for MUM 19.38 = CMG 10A 

in GenBank were Dothideomycetes sp. (GenBank accession: HQ631008; Identities 

549/564 (97%), no gaps) and Letendraea sp. (GenBank accession: LT796897; Identities 

548/564 (97%), no gaps). The closest hits using the tub2 sequence were Letendraea sp. 

(GenBank accession: LT796988; Identities 457/516 (89%), 5 gaps). Closest hits using tef1-

α sequence also had highest similarity to Letendraea sp. (GenBank accession: LT797101; 

Identities 935/957 (98%), no gaps). 

To confirm the phylogenetic placement of the fungal isolates within the family 

Didymosphaeriaceae, sequences of ITS, ITS+tub2 and ITS+tef1-α were aligned against 
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those of several genera/species belonging to Didymosphaeriaceae. The alignment of the 

ITS, ITS+tub2 and ITS+tef1-α contained 60, 20 and 20 sequences (including the 

outgroup), and there was a total of 1010, 1352 and 1836 positions in the final dataset, 

respectively. In all ML phylogenetic trees (Figures 1–3), all novel isolates clustered in a 

monophyletic clade that received high (100 %) bootstrap support within the family 

Didymosphaeriaceae with a close relationship with the genera Alloconiothyrium and 

Kalmusia (ITS + tub2, Figure 2) and Xenocamarosporium (ITS + tef1-α, Figure 3). Thus, 

this novel lineage is phylogenetically well delimited, and it is clearly distinct from the 

other genera of Didymosphaeriaceae described so far and therefore it is proposed here as a 

new genus and a new species. 
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Paraphaeosphaeria angularis CBS 167.70 

Paraphaeosphaeria michotii  CBS 340.86

Paraphaeosphaeria minitans  CBS 111750

 Karstenula rhodostoma  CBS 691.94

Paraconiothyrium cyclothyrioides  CBS 972.95 

Paraconiothyrium estuarinum CBS 109850 

Paracamarosporium hawaiiense CBS 120025 

Paracamarosporium psoraleae CPC 21632 

Pseudocamarosporium corni MFLUCC 13-0541 

Pseudocamarosporium cotinae  MFLUCC 14-0624 

Pseudocamarosporium lonicerae MFLUCC 13-0532 

 Austropleospora archidendri CBS 168.77 

Austropleospora keteleeriae  MFLUCC 18-1551 

Paramassariosphaeria anthostomoides  CBS 615.86 

Paramassariosphaeria clematidicola  MFLUCC 16-0172 

Cylindroaseptospora siamensis MFLUCC 17-2527 

Letendraea cordylinicola MFLUCC 11-0148 

Letendraea cordylinicola  MFLUCC 11-0150

Didymocrea leucaenae MFLUCC 17-0896 

Didymocrea sadasivanii CBS 438.65 

Neokalmusia brevispora  KT1466

Neokalmusia brevispora KT2313 

Pseudopithomyces chartarum  UTHSC 03-2472

 Pseudopithomyces chartarum  UTHSC 04-678

Bimuria novae-zelandiae CBS 107.79 

Deniquelata barringtoniae  MFLUCC 110257

Deniquelata barringtoniae MFLUCC 110422 

Tremateia arundicola MFLUCC 16-1275 

Tremateia guiyangensis GZAAS01 

Montagnula donacina HFG07004

Montagnula donacina HVVV01

Montagnula graminicola MFLUCC 13-0352 

Montagnula saikhuensis  MFLUCC 16-0315 

Montagnula krabiensis MFLUCC 16-0250

Montagnula aloes CBS 132531 

Montagnula appendiculata  CBS 109027 

Montagnula opulenta UTHSC DI16-208

Montagnula bellevaliae MFLUCC 14-0924 

Montagnula cirsii MFLUCC 13-0680 

Montagnula scabiosae MFLUCC 14-0954 

Xenocamarosporium acaciae CPC 24755 

Xenocamarosporium acaciae  MFLUCC 17-2432

 Neptunomyces aureus CMG 14

 Neptunomyces aureus CMG 11

Neptunomyces aureus MUM 19.38/CMG 10A

 Neptunomyces aureus CMG 12

Neptunomyces aureus CMG 13

Laburnicola centaureae MFLUCC 13-0601 

Laburnicola muriformis MFLUCC 16-0290 

Laburnicola hawksworthii MFLUCC 13-0602 

Alloconiothyrium aptrootii CBS 980.95 

 Alloconiothyrium aptrootii  CBS 981.95

Alloconiothyrium aptrootii  681F4R-AM

Kalmusia longispora CBS 582.83 

Kalmusia italica MFLUCC 13-0066 

Kalmusia variispora CBS 121517 

Spegazzinia intermedia  CBS 249.89

Spegazzinia tessarthra  MFLUCC 17-2249

Coniothyrium palmarum CBS 400.71 

Cucurbitaria berberidis CBS 130007 100
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Figure 1. Phylogenetic relationships of Didymosphaeriaceae species based on ITS 

sequence data and inferred using the ML method under the Kimura 2-parameter model. 

The tree is drawn to scale, with branch lengths measured in the number of substitutions per 

site and rooted to Cucurbitaria berberidis (CBS 130007) and Coniothyrium palmarum 

(CBS 400.71). Bootstrap values (>70%) are shown at the nodes. Ex-type strains are in bold 

and the isolates from the current study are in blue. 

 

 

 
 

Figure 2. Phylogenetic relationships of Didymosphaeriaceae species based on ITS and 

tub2 sequence data and inferred using the ML method under the Kimura 2-parameter 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Cucurbitaria berberidis (CBS 130007) and 

Coniothyrium palmarum (CBS 400.71). Bootstrap values (>70%) are shown at the nodes. 

Ex-type strains are in bold and the isolates from the current study are in blue. 
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Figure 3. Phylogenetic relationships of Didymosphaeriaceae species based on ITS and 

tef1-α sequence data and inferred using the ML method under the Kimura 2-parameter 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Cucurbitaria berberidis (CBS 130007) and 

Coniothyrium palmarum (CBS 400.71). Bootstrap values (>70%) are shown at the nodes. 

Ex-type strains are in bold and the isolates from the current study are in blue. 

 

Taxonomy 

 

Neptunomyces M. Gonçalves, T. Vicente & A. Alves, gen. nov.  

 

MycoBank: MB831436. 

 

Description: Asexual morph: mycelium consisting of septate, smooth hyphae, thick- 

walled, hyaline and rarely with nucleus. Conidia aseptate, golden yellow, smooth, 

subcylindrical with rounded apices. Chlamydospores not observed. Sexual morph 

unknown. 

 Xenocamarosporium acaciae MFLUCC 17-2432
Neptunomyces aureus CMG14
Neptunomyces aureus MUM 19.38/CMG10A
Neptunomyces aureus CMG11
 Neptunomyces aureus CMG13
Neptunomyces aureus CMG12

Montagnula opulenta UTHSC DI16-208
Montagnula bellevaliae MFLUCC 14-0924 
 Montagnula cirsii MFLUCC 13-0680 

Tremateia arundicola MFLUCC 16-1275 
Tremateia guiyangensis GZAAS01 
Bimuria novae zelandiae CBS 107.79 

Didymocrea leucaenae MFLUCC 17-0896 
Cylindroaseptospora siamensis MFLUCC 17-2527 

Neokalmusia brevispora KT 2313 
Austropleospora keteleeriae MFLUCC 18-1551 

Karstenula rhodostoma CBS 691.94 
Laburnicola muriformis MFLUCC 16-0290 

Coniothyrium palmarum CBS 400.71 
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100
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85

97

86

75

74

73
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Etymology: Referring to Neptune (Latin: Neptūnus) the god of the seas in Roman 

mythology. 

 

Type species: Neptunomyces aureus M. Gonçalves, T. Vicente & A. Alves.  

 

Neptunomyces aureus M. Gonçalves, T. Vicente & A. Alves, sp. nov.  

 

 
 

Figure 4. Neptunomyces aureus (MUM 19.38). A–B. Colony after 2 weeks at 25°C on 

PDA (obverse and reverse). C–D. Colony after 2 weeks at 25°C on MEA (obverse and 

reverse). E–F. Colony after 2 weeks at 25°C on OA (obverse and reverse). G–H. 

Conidiomata after 1 month at 25°C on pine needles and PDA. I–J. Conidiogenous cells. K. 

Conidia. Bars: 2.5 μm. 
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MycoBank: MB831437. 

 

Typification: Portugal, Aveiro: Ria de Aveiro (40°40'38"N, 8°42'21"W), isolated from 

Gracilaria gracilis, 26th September 2018, M. Gonçalves, deposited in the MUM 

Herbarium (holotype: a dried culture sporulating on pine needles, AVE-F-1; ex-type living 

culture, MUM 19.38 = CMG 10A). GenBank accession numbers for DNA sequences 

derived from ex-type: ITS = MK912119; tub2 = MK934131; tef1-α = MK947998. 

 

Etymology: Referring to the golden yellow conidia. 

 

Distribution: Estuary Ria de Aveiro, Portugal. 

 

Known substrata: Gracilaria gracilis, Enteromorpha and Ulva species. 

 

Description: Mycelium smooth, white, 2–3 μm wide hyphae. Hyphae thick-walled, 

smooth, hyaline and rarely with nucleus. Conidiomata aggregated or solitary, globose to 

subglobose, dark brown, immersed or rarely superficial. Conidiomata wall 

pseudoparenchymatous. Conidiophores reduced to ampulliform to subcylindrical, hyaline, 

smooth conidiogenous cells (mean ± S.D. = 5.2 ± 0.3 × 2.0 ± 0.6 μm, n = 20). Conidia 

solitary, subcylindrical with rounded apices, aseptate, initially hyaline, smooth, becoming 

golden yellow (mean ± S.D. = 7.0 ± 0.6 × 2.7 ± 0.2 μm, n = 100). Sexual morph unknown. 

 

Culture characters: On 2 weeks old PDA and OA plates, at 25°C, colonies growing to 50 

mm in diameter, regular and above and a little immersed into agar. PDA obverse white 

near the center getting flesh orange towards the borders; reverse buff orange in the center 

and lighter in periphery. OA obverse skimmed milk white; reverse snow white. On 2 

weeks old MEA plates, at 25°C, colonies growing to 44 mm in diameter, regular and above 

and a little immersed into agar. Obverse orange-colored white; reverse reddish orange in 

the center and ochre yellow in periphery. At 35°C, there was no growth in any media 

tested. 
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Additional specimens examined: Portugal, Aveiro: Ria de Aveiro, isolated from Ulva sp., 

Enteromorpha intestinalis and Enteromorpha sp. M. Gonçalves, living cultures CMG 11, 

CMG 12, CMG 13 and CMG 14. 

 

Notes: Neptunomyces aureus clustered in a distinct lineage in the family 

Didymosphaeriaceae with high p-distances (= 0.07) of nucleotide sites among the two-loci 

se quences (ITS and tef1-α) with closest genus Xenocamarosporium. Although the 

morphology of conidiomata, conidiomata wall and conidiogenous cells can be very similar 

in the genera of this family, conidial morphology distinguishes Neptunomyces from 

Xenocamarosporium (Table 1). 

 

Table 1. Comparison of Neptunomyces aureus and Xenocamarosporium acaciae. 

 
Species Neptunomyces aureus  Xenocamarosporium acaciae 
Strain MUM 19.38 CBS 139895 

Nucleotide differences  
ITS 65 
tef1-α  58 

(p-distance) ITS + tef1-α  0.07 

Conidia 

Size (μm) 7.0 ± 0.6 × 2.7 ± 0.2 (11–)12–14(–15) × (3.5–)4(–5) 
Morphology Subcylindrical Ellipsoidal to subcylindrical 

Apex and base Rounded 
Obtuse and rounded to truncate 
base 

Colour Hyaline becoming golden 
yellow 

Hyaline becoming golden 
brown 

Septation Aseptate (1–)3-septate 

Conidiogenous cells 
Size (μm) 5.2 ± 0.3 × 2.0 ± 0.6 7–12 × 5–7 
Morphology Ampulliform Ampulliform 
Colour Hyaline Hyaline 

References Present study Crous et al. 2015 

 

Discussion 

This study adds to the family Didymosphaeriaceae a new genus/species, namely 

Neptunomyces aureus isolated from macroalgae in the estuary of Ria de Aveiro in 

Portugal. The family Didymosphaeriaceae contains now 26 genera described. 

The majority of the genera in the Didymosphaeriaceae remain under studied, which 

makes the family still poorly understood and not well resolved (Wanasinghe et al., 2016). 

In fact, there was no tub2 and tef1-α sequence data available for many species and 
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therefore the phylogenetic analyses presented did not encompass all known species of the 

family. For example, phylogenetic analyses based on ITS+tub2 revealed that N. aureus is 

closely related to the genera Alloconiothyrium and Kalmusia, while on ITS+tef1-α it is 

related to the genus Xenocamarosporium, since there is no tef1-α/tub2 for 

Alloconiothyrium, Kalmusia and Xenocamarosporium, respectively. However, this family 

contains several well supported clades, most of which correspond to monotypic genera 

(e.g., Alloconiothyrium, Bimuria, Karstenula, Xenocamarosporium), or genera with only 

two species (e.g., Cylindroaseptospora, Deniquelata, Didymocrea). 

Comparison of the ITS and tef1-α sequences from N. aureus and the closest genus/ 

species X. acaciae revealed 65 and 58 base pair differences, respectively, with high p- 

distances (= 0.07) supporting the establishment of Neptunomyces as a distinct genus. 

Although the morphology of conidiomata, conidiomata wall and conidiogenous cells are 

similar, the conidiogenous cells of N. aureus are smaller than those of X. acaciae. Also, 

both can be easily discriminated by their conidia morphology, color and size. The conidia 

of N. aureus are aseptate, subcylindrical with rounded apices and initially hyaline and soon 

become golden yellow, while conidia of X. acaciae are mostly tri-septate, ellipsoidal to 

subcylindrical, sometimes with truncate base and golden brown. Moreover, conidia of N. 

aureus are considerably smaller than those of X. acaciae. 

Neptunomyces aureus was isolated from healthy tissues of the macroalgae 

analyzed, where it may occur as endophyte or epiphyte. Further investigations are essential 

for clarifying its biology, ecology, physiological characteristics and host-specificity. 

Moreover, we did not obtain any sexual morph for this new species and there is no 

molecular support to link possible sexual taxa. 

So far, species of Didymosphaeriaceae seem to be cosmopolitan in distribution: 

they have been recorded from both temperate and tropical regions. Also, 

Didymosphaeriaceae have been found on various hosts and substrates, including plants, 

humans and soil, being regarded as saprobes, endophytes or pathogens of a wide variety of 

plant substrates worldwide (Ariyawansa et al., 2014a; Liu et al., 2015; Wanasinghe et al., 

2016). However, most Didymosphaeriaceous genera occur on plants of more than 20 host 

families, the majority of them being monocotyledons and herbaceous plants, such as 

Anacardiaceae, Asparagaceae, Asteraceae, Caprifoliaceae, Euphorbiaceae, Fagaceae, 

Lecythidaceae and Poaceae. Reports of Didymosphaeriaceous species in marine/estuarine 
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environments are almost non-existent. So far, this new genus/species has been found only 

in association with macroalgae species. Garzoli et al. (2018) reported, for the first time, 

some species within this family in Padina pavonica, a brown alga collected in the 

Mediterranean Sea: Paraconiothyrium variabile, Paraphaeosphaeria neglecta and another 

eight unidentified Didymosphaeriaceous species. Also, Paraconiothyrium estuarinum was 

isolated from sediments of an estuarine environment (Verkley et al., 2004) and 

Paraphaeosphaeria michotii from Phragmites australis, also typically found in estuaries 

(Eriksson, 1967). 

Physiological tests allowed us to characterize the retrieved isolates as a slight 

halophile as they grow equally well in the presence and absence of 3% sea salts. 

Information regarding NaCl tolerance is still poorly described in Didymosphaeriaceous 

species, but future studies related to tolerance to salinity in these organisms (especially in 

this new species) may provide physiological unique characteristics which may have some 

biotechnological potential. 
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SUBCHAPTER 2.6. 
 

Verrucoconiothyrium ambiguum sp. nov., a novel species isolated from sea water, and 

affiliation of the genus Verrucoconiothyrium to the family Didymellaceae 

 

Micael F.M. Gonçalves, Bruno M.V. Silva, Ana C. Esteves, Artur Alves 

 

International Journal of Systematic and Evolutionary Microbiology 

2019 

69, 3769–3776 

 

Abstract  

The genus Verrucoconiothyrium was erected to accommodate Coniothyrium-like 

species with verruculose conidia. So far, it includes only four species, which have been 

found in association with plants, and very little is known about their distribution and host 

preferences. In this study, a Coniothyrium-like fungus isolated from sea water from the 

north of Portugal was characterised. Phylogenetic analysis, based on sequence data of the 

ITS and tub2 loci, placed this fungus within the genus Verrucoconiothyrium but clearly 

distinct from the other known species. A novel species Verrucoconiothyrium ambiguum sp. 

nov. is described and illustrated. The taxonomic affiliation of the genus 

Verrucoconiothyrium at the family level was addressed through individual and combined 

gene genealogies. Our results show that the genus Verrucoconiothyrium is a member of the 

family Didymellaceae. 

 

Keywords: Coniothyrium; Didymosphaeriaceae; marine Fungi; taxonomy; phylogeny. 

 

Introduction 

The family Didymellaceae, the largest in the order Pleosporales, was introduced by 

de Gruyter et al. (de Gruyter et al., 2009) and typified by the genus Didymella Sacc. with 

Didymella exigua as the type species. Species of Didymellaceae are cosmopolitan and 

occur in a wide diversity of environments, including plants, soil, air, water, carbonatite and 
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faeces (Chen et al., 2017). Most species from this family are plant pathogens, causing leaf 

and stem diseases (Chen et al., 2017). 

Accurate species identification in the family Didymellaceae has always been 

difficult because it was based essentially on morphology and host association (Aveskamp 

et al., 2010; Chen et al., 2017). Phylogenetic analyses based on regions such as the ITS and 

tub2 proved to be useful in delimiting taxa (Chen et al., 2017). Several studies have been 

conducted to resolve the boundaries of this family. First, Didymellaceae was established to 

include Ascochyta, Didymella and Phoma, as well as other allied Phoma-like genera (de 

Gruyter et al., 2009). Then, Aveskamp et al. (2010) rearranged the family Didymellaceae 

based on phylogenetic data and morphological comparisons. Two asexual genera 

(Leptosphaerulina and Macroventuria) and three sexual genera (Epicoccum, Boeremia and 

Stagonosporopsis) were redefined or established. Despite these efforts, the polyphyly of 

Ascochyta, Didymella and Phoma still remained unresolved. In the last few years, 14 

genera were also included in the amily. A revision of the Didymellaceae by Chen et al. 

(2017) introduced Allophoma, Calophoma, Heterophoma, Neoascochyta, 

Neodidymelliopsis, Nothophoma, Paraboeremia, Phomatodes and Xenodidymella. 

Subsequently, additional genera were added, namely Briansuttonomyces (Crous et al., 

2016), Neomicrosphaeropsis (Thambugala et al., 2017), Didymellocamarosporium 

(Wijayawardene et al., 2016), Heracleicola and Neodidymella (Ariyawansa et al., 2015). 

Currently, the family comprises 21 genera. 

The genus Verrucoconiothyrium was introduced by Crous et al. (2015) based on 

28S and ITS phylogenetic analyses to accommodate Coniothyrium-like species with 

verruculose conidia, such as Verrucoconiothyrium nitidae, previously placed in the genus 

Coniothyrium (Leptosphaeriaceae, Pleosporales). Despite of their similarities, V. nitidae 

differs in conidial morphology and is phylogenetically distinguishable from Coniothyrium. 

Verrucoconiothyrium was initially treated as a genus in the family Didymosphaeriaceae 

(Crous et al., 2015) and currently comprises four recognized species, namely 

Verrucoconiothyrium acaciae (Crous et al., 2017a), Verrucoconiothyrium eucalyptigenum 

(Crous et al., 2017b), Verrucoconiothyrium nitidae (Crous et al., 2015) and 

Verrucoconiothyrium prosopidis (Crous et al., 2017b), all of them associated to plant hosts. 

During an extensive survey of the marine fungal diversity in Portugal we isolated a 

Coniothyrium-like fungus from sea water. Here we report the morphological, cultural and 
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phylogenetic analyses of this fungus and introduce a novel species in the genus 

Verrucoconiothyrium. 

 

Material and Methods 

Collection and isolation 

Sea water was collected at Moledo, Portugal 41°51'05"N 8°52'03"W. Samples were 

placed in sterile plastic containers and maintained at 4°C until fungal isolation as described 

in Subchapter 2.1. 

 

DNA isolation, amplification and analyses 

All procedures for DNA extraction, amplification, sequencing, and phylogenetic 

analyses were according to the Subchapter 2.1. The sequences generated in this study were 

deposited in GenBank and taxonomic novelties in MycoBank. Alignment and tree were 

deposited in TreeBASE (TB2: S24143). 

 

Morphology and growth studies 

Observations of morphological characters were made according to the Subchapter 

2.1. Colony characters and pigment production were registered after 2 weeks of growth on 

PDA, MEA and OA incubated at 25°C. Morphological descriptions were based on cultures 

sporulating on PDA, incubated for 2 months at 25°C. Temperature growth studies were 

performed as described in Subchapter 2.1. 

 

Results 

Phenotype 

Regarding conidial morphology, strain MUM 18.57 (= CMG 5) is characterized by 

having one-septate golden-brown conidia. For all media tested, the minimum, maximum 

and optimal growth temperatures were 10, 30 and 25ºC. 

 

Phylogenetic analysis 

BLASTn searches against the NCBI nucleotide database using the ITS and tub2 

sequences of the isolate retrieved various hits, of which those with the highest sequence 

similarity belonged to members of the genus Verrucoconiothyrium. Based on a megablast 
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search using the ITS sequence, the closest matches in GenBank were Verrucoconiothyrium 

sp. JAC13966 = ICMP 21121 [GenBank accession, MK432792; identities 498/498 

(100%), no gaps], V. nitidae CBS 111322=CPC 1476 [GenBank accession, JN712452; 

identities 490/499 (98%), one gap]. The highest similarities using the tub2 sequence were 

V. eucalyptigenum CBS 142535 [GenBank accession, KY979935; identities 484/508 

(95%), one gap] and V. nitidae CBS 111321=CPC 1477 (GenBank accession, JN712453; 

identities 477/503 (95%), four gaps). Thus, the sequences generated in this study and the 

sequences from several Didymosphaeriaceae and Didymellaceae species obtained in 

previous studies were included in phylogenetic analyses (Table 1). 

The alignment of the ITS and combined ITS and tub2 regions contained 59 and 33 

sequences (including the outgroup), and there was a total of 719 and 1268 positions in the 

final dataset, respectively. In both phylogenetic trees ITS only (Figure 1) and combined 

ITS and tub2 (Figure 2), generated by ML analyses, isolate MUM 18.57 (= CMG 5) 

grouped within the genus Verrucoconiothyrium thus confirming it as a member of this 

genus. However, it is clearly distinct from the other species of Verrucoconiothyrium 

described so far and therefore it is considered as a previously undescribed species. In both 

ML phylogenetic trees (ITS and ITS+tub2, Figures 1 and 2), the isolates studied clustered 

into two large and distinct clades that received high (99–100%) bootstrap support. These 

two clades correspond to the families Didymellaceae and Didymosphaeriaceae 

(Pleosporales). The genus Verrucoconiothyrium is phylogenetically well delimited and 

receives high bootstrap support (93–96%) in both analyses (Figures 1 and 2) being placed 

within the family Didymellaceae. 
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Table 1. List of isolates used in this study. 

Species Family Strain Host/Substrate Country 
GenBank Accessions 

ITS tub2 

Alloconiothyrium aptrootii Didymosphaeriaceae CBS 980.95* Soil Papua New Guinea JX496121 JX496460 

Allophoma labilis Didymellaceae CBS 124.93 Solanum lycopersicum Netherlands GU237765 GU237619 

Allophoma piperis Didymellaceae CBS 268.93* Peperomia pereskiifolia Netherlands GU237816 GU237644 

Allophoma zantedeschiae Didymellaceae CBS 131.93 Calla sp. Netherlands FJ427084 FJ427188 

Coniothyrium palmarum Leptosphaeriaceae CBS 400.71* Chamaerops humilis Italy AY720708 KT389792 

Cucurbitaria berberidis Cucurbitariaceae CBS 130007* Berberis vulgaris Austria MH865620 LT717676 

Didymela exigua Didymellaceae CBS 183.55* Rumex arifolius France GU237794 GU237525 

Heterophoma novae-verbascicola Didymellaceae CBS 127.93 Verbascum densiflorum Netherlands GU237774 GU237639 

Heterophoma poolensis Didymellaceae CBS 116.93 Antirrhinum majus Netherlands GU237755 GU237649 

Kalmusia italica Didymosphaeriaceae MFLUCC 13-0066* Spartium junceum Italy KP325440 - 

Kalmusia longispora Didymosphaeriaceae CBS 582.83* Arceuthobium pusillum Germany MH861658 JX496436 

Kalmusia variispora Didymosphaeriaceae CBS 121517* Declined grapevine Syria JX496030 JX496369 

Laburnicola centaureae Didymosphaeriaceae MFLUCC 13-0601* Centaurea sp. Italy KX274239 - 

Laburnicola hawksworthii Didymosphaeriaceae MFLUCC 13-0602* Laburnum sp. Italy KU743194 - 

Laburnicola muriformis Didymosphaeriaceae MFLUCC 16-0290* Laburnum anagyroides Italy KU743197 - 

Montagnula aloes Didymosphaeriaceae CBS 132531* Aloe sp. South Africa JX069863 - 

Montagnula bellevaliae Didymosphaeriaceae MFLUCC 14-0924* Bellevalia romana Italy KT443906 - 

Montagnula cirsii Didymosphaeriaceae MFLUCC 13-0680* Cirsium sp. Italy KX274242 - 

Neodidymelliopsis cannabis Didymellaceae CBS 591.67 Urtica dioica Netherlands KT389528 KT389826 

Neodidymelliopsis polemonii Didymellaceae CBS 109181* Polemonium caeruleum Netherlands GU237746 GU237648 

Neodidymelliopsis xanthina Didymellaceae CBS 168.70 Delphinium sp. Netherlands KT389533 KT389831 

Nothophoma arachidis-hypogaeae Didymellaceae CBS 125.93 Arachis hypogaea India GU237771 GU237583 

Nothophoma infossa Didymellaceae CBS 123395* Fraxinus pennsylvanica Argentina FJ427025 FJ427135 
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Paracamarosporium hawaiiense Didymosphaeriaceae CBS 120025* - USA JX496027 JX496366 

Paracamarosporium psoraleae Didymosphaeriaceae CPC 21632* Psoralea pinnata South Africa KF777143 - 

Paraconiothyrium cyclothyrioides Didymosphaeriaceae CBS 972.95* Soil Papua New Guinea JX496119 JX496458 

Paraconiothyrium estuarinum Didymosphaeriaceae CBS 109850* 
Sediment from estuarine 
habitat 

Brazil MH862842 JX496355 

Paraphaeosphaeria angularis Didymosphaeriaceae CBS 167.70* Saccharum officinarum Brazil MH859539 JX496386 

Paraphaeosphaeria michotii Didymosphaeriaceae CBS 340.86 Phragmites australis France MH861961 JX496418 

Paraphaeosphaeria minitans Didymosphaeriaceae CBS 111750 Lucerne Italy JX496017 JX496356 

Phoma neerlandica Didymellaceae CBS 134.96* Delphinium sp. Netherlands KT389535 KT389834 

Phoma herbarum Didymellaceae CBS 377.92 Human leg Netherlands KT389536 KT389837 

Phomatodes aubrietiae Didymellaceae CBS 627.97* Aubrietia sp. Netherlands GU237895 GU237585 

Phomatodes nebulosa Didymellaceae CBS 740.96 Armoracia rusticana Netherlands KT389540 KT389839 

Pseudocamarosporium corni Didymosphaeriaceae MFLUCC 13-0541* Cornus sanguinea Italy KJ747048 - 

Pseudocamarosporium cotinae Didymosphaeriaceae MFLUCC 14-0624* Cotinus coggygria Russia KP744460 - 

Pseudocamarosporium lonicerae Didymosphaeriaceae MFLUCC 13-0532* Lonicera sp. Italy KJ747047 - 

Spegazzinia intermedia Didymosphaeriaceae CBS 249.89 Field soil Sudan MH862171 - 

Spegazzinia tessarthra Didymosphaeriaceae MFLUCC 17-2249 - Thailand MH071193 - 

Stagonosporopsis actaeae Didymellaceae CBS 106.96* Actaea spicata Netherlands GU237734 GU237671 

Stagonosporopsis crystalliniformis Didymellaceae CBS 713.85* Solanum lycopersicum Colombia GU237903 GU237683 

Stagonosporopsis dennisii Didymellaceae CBS 631.68* Solidago floribunda Netherlands GU237899 GU237687 

Verrucoconiothyrium acaciae Didymellaceae CBS 143448 = CPC 32330* Acacia falciformis Australia NR_156665 MG386165 

Verrucoconiothyrium eucalyptigenum Didymellaceae CBS 142535 = CPC 29000* Eucalyptus Australia NR_156005 KY979935 

Verrucoconiothyrium ambiguum Didymellaceae MUM 18.57 = CMG 5* Sea water Portugal MH454105 MH454106 
Verrucoconiothyrium nitidae Didymellaceae CBS 111321 = CPC 1477* Protea nitida South Africa JN712453 JN712647 
  CBS 111322 = CPC 1476* Protea nitida South Africa JN712452 - 
  CBS 111302 = CPC 1478* Protea nitida South Africa JN712454 - 
  CBS 111380 = CPC 1532* Protea nitida South Africa JN712455 - 
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Verrucoconiothyrium nitidae (?) Didymosphaeriaceae CBS 119209 = CMW 19988 Leucadendron salignum South Africa EU552112 - 

Verrucoconiothyrium prosopidis Didymellaceae CBS 136415 = CPC 21699* Prosopis sp. South Africa KF777149 - 
  CPC 21708 Prosopis sp. South Africa KF777153 - 
  CPC 21705 Prosopis sp. South Africa KF777152 - 
  CPC 21701 Prosopis sp. South Africa KF777150 - 
  CPC 21703 Prosopis sp. South Africa KF777151 - 

Verrucoconiothyrium sp. Didymellaceae JAC13966 Eucalyptus New Zealand MK432792 - 

Xenocamarosporium acaciae Didymosphaeriaceae CPC 24755* Acacia mangium Malaysia KR476724 - 

Xenodidymella applanata Didymellaceae CBS 195.36* Rubus idaeus Netherlands KT389548 KT389852 

Xenodidymella catariae Didymellaceae CBS 102635 Nepeta catenaria Netherlands GU237727 GU237524 

 

CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CMG: Culture collection of Micael Gonçalves, housed at 

Department of Biology, University of Aveiro, Portugal; CPC: Culture collection of Pedro Crous, housed at CBS; MUM: Culture collection 

hosted at Center for Biological Engineering of University of Minho, Braga, Portugal. MFLUCC: Mae Fah Luang University Culture 

Collection, Chiang Rai, Thailand. Ex-type strains are marked with an asterisk. Sequences generated in this study are shown in bold.
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Figure 1. Phylogenetic relationships of Didymellaceae and Didymosphaeriaceae including 

Verrucoconiothyrium species based on ITS sequence data and inferred using the ML 

methods under the Kimura 2-parameter model. The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site and rooted to Cucurbitaria 

berberidis (CBS 130007) and Coniothyrium palmarum (CBS 400.71). Bootstrap values 

(>70%) are shown at the nodes. Ex-type strains are in bold and the sequence resulting from 

the current study are in blue. 
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Figure 2. Phylogenetic relationships of Didymellaceae and Didymosphaeriaceae including 

Verrucoconiothyrium species and allied families based on combined ITS and tub2 

sequence data and inferred using the ML method under the General Time Reversible 

model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Cucurbitaria berberidis (CBS 130007) and 

Coniothyrium palmarum (CBS 400.71). Bootstrap values (>70%) are shown at the nodes. 

Ex- type strains are in bold and the sequence resulting from the current study are in blue. 
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Taxonomy 

 

Verrucoconiothyrium ambiguum M. Gonçalves & A. Alves, sp. nov.  

 

 
 

Figure 3. Verrucoconiothyrium ambiguum (MUM 18.57). A–B. Colony after 2 weeks at 

25ºC on PDA (obverse and reverse). C–D. Colony after 2 weeks at 25ºC on MEA (obverse 

and reverse). E–F. Colony after 2 weeks at 25ºC on OA (obverse and reverse). G. 

Conidiomata after 2 months at 25ºC on PDA. H–I. Conidia. Bars: 2.5 μm. 

 

MycoBank: MB830063. 

 

Typification: Portugal, Viana do Castelo, Moledo: isolated from sea water, October 2017, 

M. Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture sporulating, 

MUM-H 18.57; ex-type living culture, MUM 18.57 = CMG 5). GenBank accession 

numbers for DNA sequences derived from ex-type: ITS = MH454105; tub2 = MH454106. 
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Etymology: Due to the ambiguous nature of its ecology (plant- and marine-associated 

species). 

 

Distribution: Portugal. 

 

Known substrata: sea water. 

 

Description: Conidiomata solitary, globose, dark brown. Conidiophores reduced to 

conidiogenous cells and hyaline. Conidia solitary, initially hyaline and aseptate developing 

a central septum and then becoming golden brown, finely roughened, thick-walled, 

granular to finely guttulate, subcylindrical to narrowly ellipsoid, apex sub obtuse (mean ± 

SD = 11.54 ±1.55 × 5.15 ± 1.41 μm, n = 50). 

 

Culture characters: PDA 25ºC, 14 days: surface olivaceous near the center getting lighter 

towards the borders; reverse brown vinaceous in the center and olivaceous black in 

periphery. MEA 25ºC, 14days: surface olivaceous near the center getting lighter towards 

the borders; reverse brown vinaceous in the center getting dark vinaceous towards the 

margins. OA 25ºC, 7 days: surface and reverse oscillation between olivaceous black and 

grey olivaceous. 

  

Discussion 

Verrucoconiothyrium is a small genus containing only four species described to 

date. In this study, based on morphological and phylogenetic data, we describe a novel 

species isolated from sea water, which we named V. ambiguum. Two different groups 

based on conidial morphology are evident in Verrucoconiothyrium: V. eucalyptigenum and 

V. nitidae with one-septate, initially hyaline and soon becoming brown to golden brown 

conidia and V. prosopidis and V. acaciae with aseptate brown to medium brown conidia. 

Morphologically, the new species described V. ambiguum fits within the first group. 

Phylogenetically it is also more closely related to V. eucalyptigenum and V. nitidae than to 

other species of Verrucoconiothyrium. 

Crous et al. (2015) introduced Verrucoconiothyrium as a new genus distinct from 

Coniothyrium based fundamentally on phylogenetic differences. These authors 
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accommodated Coniothyrium nitidae, a foliar pathogen of Proteaceae (Swart et al., 1998) 

in this new genus as its type species, Verrucoconiothyrium nitidae. Later, Crous et al. 

(2017a, 2017b) introduced V. eucalyptigenum isolated from Eucalyptus leaves and V. 

acaciae isolated from Acacia falciformis. Additionally, Crous et al. (2017b) transferred 

Coniothyrium prosopidis to Verrucoconiothyrium as V. prosopidis. 

The taxonomic affiliation of Verrucoconiothyrium at the family level has been 

somehow confusing. Crous et al. (2011) recognized that C. nitidae was not a member of 

Coniothyrium sensu stricto in the Leptosphaeriaceae but that it clustered in the 

Didymellaceae, although it did not fit into any genus within that family as discussed by 

Aveskamp et al. (2010). When Crous et al. (2015) established the new genus 

Verrucoconiothyrium it was placed in the family Didymosphaeriaceae, because the V. 

nitidae strain (CBS 119209 = CMW 19988) used in their phylogenetic analysis clustered 

with other members of this family. In our study we included strain CBS 119209 in the 

phylogenetic analysis and confirmed its affiliation to the Didymosphaeriaceae. However, 

the remaining V. nitidae cultures analysed here, as well as all other Verrucoconiothyrium 

species, were clearly placed within the family Didymellaceae thus showing that the genus 

is a member of the Didymellaceae. 

The culture CBS 119209 used by Crous et al. (2015) is not an ex-type culture and 

cannot be linked in any way to the type of V. nitidae, but the remaining cultures analysed 

(CBS 111321 = CPC 1477, CBS 111322 = CPC 1476, CBS 111302 = CPC 1478 and CBS 

111380 = CPC 1532) are ex-type cultures of V. nitidae (= C. nitidae) Crous et al. (2011). 

The culture CBS 119209 identified as V. nitidae is clearly not a member of this species and 

genus. As shown by our results it fits well within the family Didymosphaeriaceae (Figure 

1) and is closely related to the genera such as Paraphaeosphaeria, Paraconythirium, 

Paracamarosporium and Pseudocamarosporium. It possibly represents a separate genus, 

but this needs to be confirmed by further studies. 

All Verrucoconiothyrium species described until now have been isolated from 

plants, but host and habitat preferences of members of this genus are still largely unknown. 

We describe a novel species isolated from sea water which is the first and single report of 

Verrucoconiothyrium occurrence in a marine environment. However, strain MUM 18.57 = 

CMG 5 was collected near the coastal environment and the ITS sequence had 100% 

similarity to a Verrucoconiothyrium sp. JAC13966 = ICMP 21121 (GenBank accession: 
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MK432792) that was isolated from a leaf of Eucalyptus sp. in New Zealand. Based on ITS 

sequence analysis, this isolate most likely belongs to the same species described in this 

study. This suggests that the species described here could be plant associated like all other 

members of the genus Verrucoconiothyrium and most of the Didymellaceae. Our results 

show that V. ambiguum could be classified as a slightly halotolerant since it can grow with 

and without 3 % (w/v) sea salts, but future studies are needed to confirm if this occurrence 

in the marine environment is anecdotal. Marine and saline environments harbor a 

considerable fungal diversity (e.g., Picard et al. (2017)) and it is possible that 

Verrucoconiothyrium species are part of this rich mycobiota. 
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SUBCHAPTER 2.7. 
 

Three new species of Neocamarosporium isolated from saline environments: N. 

aestuarinum sp. nov., N. endophyticum sp. nov. and N. halimiones sp. nov. 

 

Micael F.M. Gonçalves, Ana Aleixo, Tânia F.L. Vicente, Ana C. Esteves, Artur Alves 

 

Mycosphere 

2019 

10, 608–621 

 

Abstract  

Neocamarosporium species are typically halotolerant, being commonly found in 

saline environments like saline water, hypersaline soils and especially in association with 

halophytes. Several isolates were obtained from saline water, dead leaves of the seaweed 

Zostera noltii and live tissues of the halophyte Halimione portulacoides. Phylogenetic 

analysis based on ITS sequence data placed these isolates into three clades within the 

genus Neocamarosporium distinct from the currently known species. Isolates from each 

clade showed clear differences in conidial morphology. Three new species N. aestuarinum 

sp. nov., N. endophyticum sp. nov. and N. halimiones sp. nov. are described and illustrated. 

Our results show that the salt marsh plant H. portulacoides harbours a high diversity of 

Neocamarosporium species. 

 

Keywords: Neocamarosporiaceae, endophyte, halophyte, seagrass, salt marsh. 

 

Introduction 

Camarosporium-like taxa has been shown to be polyphyletic, thus resulting in the 

introduction of several novel genera, namely Neocamarosporium (Crous et al., 2014a), 

Paracamarosporium and Pseudocamarosporium (Wijayawardene et al., 2014), 

Xenocamarosporium (Crous et al., 2015), Magnicamarosporium (Tanaka et al., 2015), 

Phragmocamarosporium (Wijayawardene et al., 2015), Didymellocamarosporium and 

Melanocamarosporium (Wijayawardene et al., 2016). 
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Neocamarasporium was introduced by Crous et al. (2014a) with N. goegapense as 

the type species that was first isolated from dying leaves of Mesembryanthemum sp. in 

South Africa. Although morphologically very similar to Camarosporium (e.g., pycnidial 

conidiomata, conidiophores reduced to conidiogenous hyaline cells, proliferating 

percurrently and brown, smooth muriform conidia), it is phylogenetically distinguishable 

(Crous et al., 2014a, 2014b; Wijayawardene et al., 2014, 2016; Wanasinghe et al., 2017; 

Ariyawansa et al., 2018). Currently, the genus comprises 15 species listed in the Index 

Fungorum (2019) and Mycobank databases. Although initially treated as a genus in the 

family Pleosporaceae, multi-gene phylogenies supported a new family, 

Neocamarosporiaceae in Pleosporales (Wanasinghe et al., 2017). 

Most species of Neocamarosporium have been found in association with 

halophytes (salt-tolerant plants) in marine or estuarine habitats (Papizadeh et al., 2017). 

Some examples are N. salicorniicola, found on dead stems of Salicornia sp. in Thailand, 

N. salsolae. Hyde on dead stems of Salsola sp. in Uzbekistan, N. obiones on stems of 

Halimione portulacoides in Netherlands, and N. calvescens in Atriplex hastata in Germany 

(de Gruyter et al., 2013; Ariyawansa et al., 2015; Wijayawardene et al., 2017a). In 

addition, N. chichastianum was also found in saline soil of Lake Urima in Iran. Papizadeh 

et al. (2017) introduced three novel Neocamarosporium species: N. jorjanensis, N. 

persepolisi and N. solicola, all of them have also been isolated from saline environments in 

Iran. 

Saline environments, including salt marshes, mangroves, saline soils and water 

cover a wide area of the planet and harbour a considerable fungal diversity with many new 

species described recently (Hyde and Jones, 1998; Poon and Hyde; 1998; Hyde and 

Pointing, 2000; Sarma and Hyde, 2001; Jones et al., 2015; Wijayawardene et al., 2017a, 

2017b; Devadatha et al., 2018a, 2018b). These environments also receive fungi from 

terrestrial sources that here find new niches for evolution (Azevedo et al., 2011). Despite 

this, the biology and ecology of fungi in these habitats are still poorly studied (Kis-Papo et 

al., 2001, 2003; Gunde-Cimerman et al., 2004, Butinar et al., 2005a, 2005b). 

During an extensive survey of the fungal diversity in marine and estuarine 

environments in Portugal, we have obtained a number of Camarosporium-like isolates. 

The aim of this study was to characterise these isolates based on morphological, cultural 

and DNA sequence analyses. 
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Material and Methods 

Collection and isolation 

Water samples were collected from the sea at Vila Real de Santo António, near to 

the mouth of the estuary (37º09’54.2’’N 7º24’04’’W) and dead leaves of Zostera noltii in 

the salt marsh of Ria de Aveiro (40º39’33.3’’N 8º43’27.4’’W) in Portugal. Samples were 

placed in sterile plastic containers and maintained at 4ºC until fungal isolation as described 

in Subchapter 2.1. 

Endophytic isolates from the halophyte Halimione portulacoides were obtained in a 

previous study (Aleixo et al., unpublished). Briefly, H. portulacoides samples were 

collected from three distinct sites in Ria de Aveiro and the roots, stems and leaves tissues 

were used for isolation. After the surface sterilization, all tissues were cut into small pieces 

and placed on PDA and incubated at 25ºC for the growth of fungal colonies. 

 

DNA isolation, amplification and analyses 

All procedures for DNA extraction, amplification, sequencing, and phylogenetic 

analyses were according to the Subchapter 2.1. The sequences generated in this study were 

deposited in GenBank and taxonomic novelties in MycoBank. Alignment and tree were 

deposited in TreeBASE (TB2: S24085). 

 

Morphology and growth studies 

Observations of morphological characters were made according to the Subchapter 

2.1. Colony characters and pigment production were registered after 2 weeks of growth on 

PDA, MEA and OA incubated at 25°C. Morphological descriptions were based on cultures 

sporulating on PDA, incubated for 2 weeks at 25°C. Temperature growth studies were 

performed as described in Subchapter 2.1. 

 

Results 

Phenotype 

On the basis of conidial morphology, the isolates studied were divided into three 

groups: 1) isolates with aseptate golden-brown conidia; 2) isolates with 1-septate golden-

brown conidia and 3) isolates with muriform septate golden-brown conidia. 
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For all isolates and all culture media tested, the minimum, maximum and optimal 

growth temperatures were 10, 30 and 25ºC, respectively, with the exception of OA where 

the maximum growth temperature was 35ºC.  

 

Phylogenetic analysis 

BLASTn searches against the NCBI using the ITS sequences of the isolates 

retrieved various hits, of which those with the highest sequence similarity belonged to 

members of the genus Neocamarosporium. Thus, the sequences generated in this study and 

sequences from Neocamarosporium species deposited in GenBank were included in a 

phylogenetic analysis (Table 1). The alignment of the ITS region contained 39 sequences 

(including the outgroup), and there was a total of 598 positions in the final dataset. The 

phylogenetic tree generated by ML analysis confirmed that the isolates studied fall into the 

genus Neocamarosporium (Neocamarosporiaceae, Pleosporales). Pyrenochaetopsis 

tabarestanensis (IBRC-M 30051) was used as outgroup. 

 

Table 1. List of isolates used in this study. 

Species Strain Host/Substrate Country ITS 

Alternaria eureka CBS 193.86* Medicago rugosa Australia MH861937 

Comoclathris spartii MFLUCC 13-0214* Spartium junceum Italy KM577159 

Foliophoma fallens 
 

CBS 284.70 
CBS 161.78 

Nerium oleander 
Olea europaea 

Italy 
New 
Zealand 

MH859609 
KY929147 

Libertasomyces 
quercus CBS 134.97* Quercus ilex Spain KY929152 

Neocamarosporium 
aestuarinum 

MUM 18.55/CMG 4* Saline water Portugal MH397366 

CAA 803  Halimione portulacoides Portugal MK139931 

Neocamarosporium 
betae    

CBS 109410 Beta vulgaris - KY940790 
CBS 112.85 Beta vulgaris Denmark KY940782 
CBS 111.85 Beta vulgaris Denmark KY940781 
CBS 236.28 Solanum tuberosum Netherlands KY940746 
CBS 523.66 Beta vulgaris Netherlands FJ426981 

Neocamarosporium 
calvescens    

CBS 246.79 Atriplex hastata Germany KY940774 
CBS 343.78 Atriplex hastata Netherlands KY940773 
CBS 215.57 - UK KY940760 

Neocamarosporium 
chersinae  

CPC 27298* Dead angulate tortoise shell South 
Africa 

NR_154261 

Neocamarosporium 
chichastianum 

CBS 137502/IBRC-M 
30126* 

Saline soil of Lake Urima Iran KM670458 
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Neocamarosporium 
endophyticum 

MUM 18.56/CAA 808* Halimione portulacoides Portugal MK139935 

CAA 809 Halimione portulacoides Portugal MK139936 

CAA 804 Halimione portulacoides Portugal MK139937 

CMG 10 Dead leaves of Zostera noltii Portugal MK492323 

Neocamarosporium 
goegapense 

CPC 23676/CBS 
138008* 

Mesembryanthemum sp. South 
Africa 

KJ869163 

Neocamarosporium 
halimiones 

MUM 18.54/CAA 807* Halimione portulacoides Portugal MK139932 

CAA 805 Halimione portulacoides Portugal MK139933 

CAA 806 Halimione portulacoides Portugal MK139934 

Neocamarosporium 
jorjanensis 

IBRC-M 30243* Hypersaline soil Iran KX817213 

Neocamarosporium 
korfii 

MFLUCC 17-0745* - Russia NR_154268 

Neocamarosporium 
lamiacearum 

MFLU 15-2989* Lamiaceae sp. Russia NR_154269 
MFLUCC 17-0750 - Russia MF434192 

Neocamarosporium 
obiones    

CBS 786.68  Halimione portulacoides Netherlands GU230753 
CBS 432.77 Halimione portulacoides Netherlands GU230752 

Neocamarosporium 
persepolisi 

IBRC-M 30134* Hypersaline soil Iran KX817215 

Neocamarosporium 
phragmitis 

MFLUCC 17-0756* Phragmites australis UK MG844345 

Neocamarosporium 
salicorniicola 

MFLU 15-0957* Salicornia sp. Thailand NR_154270 

Neocamarosporium 
salsolae 

MFLU 17-0192* Salsola sp. Uzbekistan NR_154271 

Neocamarosporium 
solicola 

IBRC-M 30257* Hypersaline soil Iran KX817217 

Paradendryphiella 
salina 

CBS 142.60* Spartina stem UK MH857928 

Pyrenochaetopsis 
tabarestanensis 

IBRC-M 30051* Rice farm Iran NR_155636 

Stemphylium 
vesicarium 

CBS 191.86* Medicago sativa India MH861935 

CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CAA: Culture 

collection of Artur Alves, housed at Department of Biology, University of Aveiro, 

Portugal; CMG: Culture collection of Micael Gonçalves, housed at Department of Biology, 

University of Aveiro, Portugal; CPC: Culture collection of Pedro Crous, housed at CBS; 

MFLU: Herbarium of Mae Fah Luang University; IBRC: Iranian Biological Resource 

Center; MUM: Culture collection hosted at Center for Biological Engineering of 

University of Minho, Braga, Portugal. MFLUCC: Mae Fah Luang University Culture 

Collection, Chiang Rai, Thailand. Ex-type strains are marked with an asterisk. Sequences 

generated in this study are shown in bold. 
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In the ML ITS phylogenetic tree (Figure 1) the isolates studied clustered into three 

distinct clades that received high bootstrap supports: clade 1 and 3 (99%) and clade 2 

(91%). These three clades match exactly the same three groups previously defined on the 

basis of conidial morphology. Thus, these morphologically and phylogenetically distinct 

groups of isolates are deemed to represent three novel species of Neocamarosporium, 

which are described here in detail. 

 

 
 

Figure 1. Phylogenetic relationships of Neocamarosporium species based on ITS sequence 

data and inferred using the ML method under the Kimura 2-parameter model. The tree is 

drawn to scale, with branch lengths measured in the number of substitutions per site and 

rooted to P. tabarestanensis (IBRC-M 30051). Bootstrap values (>70%) are shown at the 

nodes. Ex-type strains are in bold and the isolates from the current study are in blue. 
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Taxonomy 

 

Neocamarosporium aestuarinum M. Gonçalves & A. Alves, sp. nov. 

 

 
 

Figure 2. Neocamarosporium aestuarinum (MUM 18.55). A–B. Colony after 2 weeks at 

25ºC on PDA (B reverse). C–D.  Colony after 2 weeks at 25ºC on MEA (D reverse). E–F. 

Colony after 2 weeks at 25ºC on OA (F reverse). G. Conidiomata developed on PDA. H–

K. Conidia. Bars: H–I = 10 μm, J–K = 2.5 μm. 

 

MycoBank: MB829965. 
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Typification: Portugal, Vila Real de Santo António, isolated from saline water, October 

2017, M. Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture 

sporulating, MUM-H 18.55; ex-type living culture, MUM 18.55 = CMG 4). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MH397366. 

 

Etymology: Named for the environment it was first isolated from, namely an estuary. 

 

Distribution: Portugal. 

 

Known substrata: saline water, Halimione portulacoides. 

 

Description: Endophytic in marine habitats. Sexual morph: not observed. Asexual morph: 

coelomycetous. Conidiomata solitary, pycnidial, immersed to erumpent and globose. 

Paraphyses absent. Conidia (mean ± S.D. = 10.7 ± 2.5 × 12.1 ± 2.0 μm, n = 50), solitary, 

initially hyaline, aseptate, thick-walled, developing a central septum and becoming 

muriform when mature with shape variable from globose to obovoid to ellipsoid or 

subcylindrical or irregular, golden-brown, finely roughened. 

 

Culture characters: Colonies smooth, with fluffy aerial mycelium, lighter in the center 

getting a colour towards the periphery. On PDA surface, margin semi regular, blood 

colour, smoke grey near the center; reverse blood colour. On MEA surface, margins flesh 

with little tuffs of aerial mycelium, dirty white near the center; reverse light blood colour. 

On OA, olivaceous-black near the center getting lighter towards the borders, with tuffs of 

dirty white mycelium. Colonies growing slower on PDA and MEA, reaching 20 mm in 14 

days at 25ºC, in darkness. On OA the colonies grew fast reaching 90 mm at the same time. 

At 35ºC, there was only growth on OA with 50 mm in 14 days. 

 

Additional specimens examined: Portugal, Aveiro: Ria de Aveiro, isolated from H. 

portulacoides, A. Aleixo, living culture CAA 803. GenBank accession numbers: ITS = 

MK139931. 

 



 

 
209 

Notes: Neocamarosporium aestuarinum is phylogenetically closely related but distinct 

from N. jorjanensis (IBRC-M 30243). Although conidial dimensions of both species are 

similar in length, conidia of N. aestuarinum are more globose with a wider width than N. 

jorjanensis. Also, they differ in 23 nucleotide positions in ITS (Tables 2 and 3). 

 

Neocamarosporium endophyticum M. Gonçalves & A. Alves, sp. nov. 

 

 
 

Figure 3. Neocamarosporium endophyticum (MUM 18.56). A–B. Colony after 2 weeks at 

25ºC on PDA (B reverse). C–D. Colony after 2 weeks at 25ºC on MEA (D reverse). E–F. 

Colony after 2 weeks at 25ºC on OA (F reverse). G. Conidiomata developed on fennel 

stems. H. Conidiomata developed on PDA. I–K. Conidia. Bars: I–J = 10 μm, K = 2.5 μm. 
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MycoBank: MB829966. 

 

Typification: Portugal, Vila Real de Santo António, isolated from H. portulacoides, 

October 2017, A. Aleixo, deposited in the MUM Herbarium (holotype: a dried culture 

sporulating, MUM-H 18.56; ex-type living culture, MUM 18.56 = CAA 808). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MK139935. 

 

Etymology: Named for to the endophytic nature of the isolates obtained from plant tissues. 

 

Distribution: Portugal. 

 

Known substrata: Halimione portulacoides, dead leaves of Zostera noltii. 

 

Description: Endophytic in marine habitats. Sexual morph: not observed. Asexual morph: 

coelomycetous. Conidiomata solitary, pycnidial, immersed to erumpent and globose. 

Paraphyses absent. Conidia (mean ± S.D. = 7.8 ± 1.2 × 3.2 ± 0.4 μm, n = 50), solitary, 

initially hyaline, aseptate, thick-walled, developing a central septum (rarely developing 

additional septa) when mature with shape variable from obovoid to ellipsoid or 

subcylindrical, becoming golden-brown. 

 

Culture characters: Colonies smooth, with fluffy aerial mycelium. On PDA, MEA and 

OA, olivaceous-grey to olivaceous-black. Colonies growing on PDA and MEA reaching 

60 mm in 14 days at 25ºC, under dark. On OA the colonies grew fast reaching 70 mm at 

the same time. At 35ºC, there was only growth in OA with 10 mm in 14 days. 

 

Additional specimens examined: Portugal, Aveiro: Ria de Aveiro, isolated from H. 

portulacoides, A. Aleixo, living culture CAA 804, CAA 809. Portugal, Aveiro: Ria de 

Aveiro, isolated from dead leaves of Zostera noltii, M. Gonçalves living culture CMG 10. 

GenBank accession numbers: ITS = MK139937, MK139936, MK492323. 

 

Notes: Neocamarosporium endophyticum is phylogenetically closely related to N. 

halimiones (MUM 18.54). Although some culture characteristics of both species are 
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similar, they differ in conidial morphology (septate vs. aseptate), dimensions and in 14 

nucleotide positions in ITS (Table 2 and 3). 

 

Neocamarosporium halimiones M. Gonçalves & A. Alves, sp. nov. 

 

 
 

Figure 4. Neocamarosporium halimiones (MUM 18.54). A–B. Colony after 2 weeks at 

25ºC on PDA (B reverse). C–D. Colony after 2 weeks at 25ºC on MEA (D reverse). E–F. 

Colony after 2 weeks at 25ºC on OA (F reverse). G. Conidiomata developed on PDA. H. 

Conidiogenous layer with conidiogenous cells and paraphyses. J. Conidiogenous cells. I–L 

Conidia. Bars: H–I = 10 μm, J–L = 2.5 μm. 
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MycoBank: MB829967. 

 

Typification: Portugal, Vila Real de Santo António, isolated from H. portulacoides, 

October 2017, A. Aleixo, deposited in the MUM Herbarium (holotype: a dried culture 

sporulating, MUM-H 18.54; ex-type living culture, MUM 18.54 = CAA 807). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MK139932. 

 

Etymology: named for the host it was first isolated from, namely H. portulacoides. 

 

Distribution: Portugal. 

 

Known substrata: H. portulacoides. 

 

Description: Endophytic in Halimione portulacoides. Sexual morph: not observed. Asexual 

morph: coelomycetous. Conidiomata solitary, pycnidial, immersed to erumpent and 

globose. Paraphyses absent. Conidiogenous cells separate, hyaline, smooth, ampulliform. 

Conidia (mean ± S.D. = 4.5 ± 0.8 × 4.0 ± 0.7 μm, n = 50), solitary, initially hyaline, 

aseptate, thick-walled, shape variable from globose, subglobose to obovoid or irregular, 

becoming golden-brown. 

 

Culture characters: Colonies smooth, with fluffy aerial mycelium. On PDA surface, 

margin irregular, olivaceous-grey to olivaceous-black; reverse olivaceous-black. On MEA, 

olivaceous to olivaceous-grey, margins regular and dirty white. On OA, olivaceous-grey. 

Colonies growing on PDA and MEA, reaching 50 mm in 14 days at 25ºC, under dark. On 

OA the colonies grew faster reaching 65 mm at the same time. At 35ºC, there was only 

growth on OA with 8 mm in 14 days. 

 

Additional specimens examined: Portugal, Aveiro: Ria de Aveiro, isolated from H. 

portulacoides, A. Aleixo, living culture CAA 805, CAA 806. GenBank accession numbers: 

ITS = MK139933, MK139934.  
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Notes: Neocamarosporium halimiones is phylogenetically closely related to N. 

endophyticum (MUM 18.56). They differ mainly in conidial morphology and in 14 

nucleotide positions in ITS (Table 2 and 3). 

 

Table 2. Synopsis of recorded Neocamarosporium species discussed in this study. 

 

Species 
Conidia   

References 
Size (μm) Septation Colour 

N. aestuarinum 10.7 ± 2.5 × 12.1 ± 2.0 Muriform Golden-brown Present study 

N. betae 
(2.5–)4–6.5(–9.5) × (1.5–)2.5–

4(–5.5) 
0 - Boerema 1993 

N. calvescens     - 1 Brown Wijayawardene et al. 2016 

N. chersinae (10–)12–13(–15) × (5–)6(–7) Muriform Golden-brown 
Crous and Groenewald 

2017 

N. chichastianum 
(11–)15–19(–22) × (6–)8–9(–

11) 
Muriform Brown Crous et al. 2014b 

N. endophyticum 7.8 ± 1.2 × 3.2 ± 0.4 1 (–2) Golden-brown Present study 

N. goegapense (15–)20–22(–24) × 15–17(–19) Muriform Golden-brown Crous et al. 2014a 

N. halimiones 4.5 ± 0.8 × 4.0 ± 0.7 0 Golden-brown Present study 

N. jorjanensis (9–)11–12(−13) × 4–7(−8) Muriform Golden-brown Papizadeh et al. 2017 

N. korfii 12–18 × 8–10 Muriform Dark brown Wanasinghe et al. 2017 

N. lamiacearum 14–20 × 8–11 Muriform Pale brown Wanasinghe et al. 2017 

N. obiones 8.5–9 × 3–4 1 
Pale-yellow to 

brownish 
Dickinson and Jones 1966 

N. persepolisi (8–)14–18(−19) × 6–9 Muriform Golden-brown Papizadeh et al. 2017 

N. phragmitis 12–16 × 6–8 Muriform Pale brown Hyde et al. 2018 

N. salicorniicola 8–12 × 4–6 Muriform Dark brown Wanasinghe et al. 2017 

N. salsolae 18–25 × 12–20 Muriform Dark brown Wanasinghe et al. 2017 

N. solicola (8–)12(−16) × (2–)2.5(−4) 0 Hyaline Papizadeh et al. 2017 
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Table 3. Major ITS base pair differences of Neocamarosporium aestuarinum, N. 

chersinae, N. chichastianum, N. endophyticum, N. halimiones and N. jorjanensis. n.b. 

nonexistent base. 

 

Species Base pair difference 
Place of ITS nucleotides 

difference 

N. aestuarinum and N. jorjanensis 

G instead of A 

A instead of n.b. 

C instead of T 

T instead of C 

A instead of G 

A instead of C 

T instead of n.b. 

n.b. instead of A 

C instead of A 

n.b. instead of C 

n.b. instead of T 

36, 481 

41, 180, 401 

42, 70,  

48, 395 

132, 402, 487 

382 

96-400 

422 

435 

475, 496 

482 

N. endophyticum and N. halimiones 

A instead of T 

T instead of C 

C instead of T 

A instead of G 

G instead of A 

C instead of n.b. 

T instead of n.b. 

26 

33, 42, 44, 50, 378 

40, 347, 372,  

52 

113 

474 

475, 462 

N. endophyticum and N. chichastianum 

 

A instead of G 

A instead of T 

C instead of T 

T instead of C 

G instead of A 

C instead of n.b. 

T instead of n.b. 

C instead of G 

G instead of C 

T instead of G 

13, 19, 52 

26, 68 

32, 347, 372, 393, 447 

33, 50, 66, 378 

113 

374 

375, 462 

386 

389 

448 

N. endophyticum and N. chersinae  

G instead of A 

A instead of G 

A instead of C 

7, 21, 113 

19, 25 

22 
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A instead of T 

C instead of T 

T instead of C 

G instead of T 

C instead of n.b. 

T instead of n.b. 

T instead of G 

26 

32, 347, 372 

33, 50, 140, 378 

39 

374 

375, 462 

448 

N. halimiones and N. chichastianum A instead of G 

C instead of T  

T instead of C 

C instead of T 

A instead of T 

C instead of G 

G instead of C 

T instead of G 

12, 18 

31 

39, 65, 390 

41, 43, 444 

77 

383 

386 

445 

N. halimiones and N. chersinae  G instead of A 

A instead of G 

A instead of C 

C instead of T 

G instead of T 

T instead of C 

C instead of T 

T instead of G 

6, 20, 51 

8, 24 

21 

31 

38 

39, 139 

41, 43 

445 

 

Discussion 

The genus Neocamarosporium harbours 15 species described so far (Index 

Fungorum 2019). This study adds three novel species isolated from saline environments, 

namely Neocamarosporium aestuarinum, N. endophyticum and N. halimiones. The 

introduction of these species is well supported by morphological and phylogenetic data. 

Crous et al. (2014a) introduced Neocamarosporium as a new genus distinct from 

Camarosporium. The presence of two distinct groups within Neocamarosporium with 

morphological and phylogenetic differences based on combined dataset of ITS and tub2 

was reported by Papizadeh et al. (2017) suggesting the possibility of these representing two 

separate genera. One clade comprises the species N. betae, N. calvescens and N. solicola 

which have hyaline aseptate conidia and a second clade contains N. goegapense, N. 

jorjanensis, N. chichastianum and N. persepolisi with muriformly septate brown conidia. 
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However, there was no tub2 sequence data available for most species and therefore the 

phylogenetic analysis presented did not encompass all known species in 

Neocamarosporium.  

The three novel species described in this study are supported by morphological as 

well as DNA base pair differences as outlined by Jeewon and Hyde (2016). In our 

phylogenetic analysis, N. aestuarinum is more closely related to N. jorjanensis with high 

bootstrap support. Comparison of the ITS sequence from N. aestuarinum and N. 

jorjanensis revealed 23 base pair differences which support the establishment of N. 

aestuarinum as a distinct species. Neocamarosporium aestuarinum and N. jorjanensis have 

similar golden-brown and muriform conidia but can be differentiated by the size of 

conidia. 

Neocamarosporium endophyticum and N. halimiones cluster together but their ITS 

sequences have 14 base pair differences. In addition, a comparison of the ITS sequences of 

N. endophyticum and other closely related Neocamarosporium species such as N. 

chersinae and N. chichastianum revealed 19 and 21 base pair differences, respectively. 

Same comparison with N. halimiones revealed 13 base pair differences with both N. 

chersinae and N. chichastianum. Morphologically, N. endophyticum and N. halimiones can 

be easily discriminated. The conidia of N. halimiones are aseptate, initially hyaline and 

soon become golden-brown while conidia of N. endophyticum are golden-brown and have 

a single central septum.  

Two of the species described here, namely N. halimiones and N. aestuarinum, 

challenge the separation of the genus into two groups based on conidial characters as 

suggested by Papizadeh et al. (2017). Despite this, it is evident that the genus 

Neocamarosporium as currently circumscribed encompasses a wide diversity of conidial 

morphologies. It is possible that these different morphologies correspond to different 

genera. For example, Wijayawardene et al. (2014) established two genera, 

Pseudocamarosporium and Paracamarosporium. Although phylogenetically very close 

and have both pycnidial conidiomata, enteroblastic and phialidic conidiogenesis with 

percurrent proliferation and muriform conidia, they differ in microconidia morphology. 

However, multi-gene phylogenies including all Neocamarosporium species are needed to 

evaluate if these morphological groups represent distinct genera or not. 
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The majority of the Neocamarosporium species described so far appear to have 

some host and habitat preference, i.e., ecologically they can be found in estuarine or 

marine habitats in association with various genera of halophytes, such as, Atriplex, Beta, 

Chenopodium, Halimione, Mesembryanthemum, Phragmites, Salicornia and Salsola 

(Crous et al., 2014b; Ariyawansa et al., 2015; Wanasinghe et al., 2017). Papizadeh et al. 

(2017) reported the presence of Neocamarosporium species in hypersaline lakes soils in 

Iran, showing their halotolerance capacity by the ability to grow in media containing 

various concentrations of NaCl and MgCl2. In fact, halotolerance seems to be a typical 

characteristic of the genus as suggested by Papizadeh et al. (2017). The species described 

here can be regarded as halotolerant as they grow equally well in the presence and absence 

of sea salts. 

It is noteworthy that saline environments encompass such a high diversity of 

Neocamarosporium species and further studies will be necessary to understand the 

ecological role of these species in estuarine, marine and other saline habitats. Species of 

Neocamarosporium are regarded as pathogenic or saprobic on dying leaves and stems 

(Ariyawansa et al., 2015; Wanasinghe et al., 2017). However, their status as pathogens 

needs to be properly addressed as no clear evidence of their pathogenicity has been shown 

so far.  

Here we describe three novel species that occur as endophytes on healthy tissues 

(leaves and stems) of the halophyte H. portulacoides, being N. aestuarinum also found in 

sea water and N. endophyticum on dead leaves of Z. noltii. With four distinct species 

described so far (N. aestuarinum, N. endophyticum, N. halimiones and N. obiones), the 

salt-tolerant H. portulacoides seems to represent a diversity hotspot of the genus 

Neocamarosporium that deserves further investigation.  

The relevance of the endophytic species reported for the host (H. portulacoides) 

harbouring them is unknown. However, as reported for other endophytes it is possible that 

these species have some plant-growth promoting effects thus contributing to the overall 

plant health and performance. Also, these species may have a significant contribution to 

the halophytes ability to tolerate salt stress as well as other environmental stresses (Sun et 

al., 2011; Ruppel et al, 2013). Future research should be conducted in order to better 

understand these Neocamarosporium-halophytes and their functional interactions. 
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Taxonomy 
 
Trichoderma aestuarinum M. Gonçalves & A. Alves, sp. nov. 
 
 

 

 
Figure 1. Trichoderma aestuarinum MUM 19.05. A. Colony after 2 weeks at 25 °C on 

PDA. B. on CMA. C. on SNA; D. Conidiation pustules. E. Phialides. F. Conidia on SNA. 

Bars: E = 10 μm, F = 2.5 μm. 

 

MycoBank: MB830732. 

 

Typification: Portugal, Aveiro: Ria de Aveiro, isolated from saline water, October 2017, 

M. Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture sporulating, 

MUM-H 19.05; ex-type living culture, MUM 19.05 = CMG 1). GenBank accession 

numbers for DNA sequences derived from ex-type: ITS = MK770830, tef1-α = 

MK770831, 28S = MN535286. 

 

Etymology: Named after the environment where the species was collected, namely an 

estuary. 
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Distribution: Ria de Aveiro, Portugal. 

 

Known substrata: saline water. 

 

Description: Mycelium on SNA smooth, hyaline with aerial hyphae. Chlamydospores 

infrequent. Conidiation starting after 7 days, short effuse and predominantly in small 

pustules 1–2 mm diam formed mostly in the middle plate. Conidiophore’s variable, 

irregular. Phialides solitary or divergent, (7.7–)13.7(–20.1) × (1.9–)2.5(–3.2) μm (n = 50). 

Conidia ellipsoid to oblong, green, rough, (4.4–)6.1(–7.4) × (2.6–)3.4(–4.4) μm (n = 100). 

 

Culture characters: Optimum temperature for growth 25°C. No growth at 35°C in PDA, 

CMA and SNA. Colony radius after 2 weeks: on PDA, colonies have 75 mm at 25, 20 and 

15°C; 15 mm at 10°C and 3 mm at 30°C; colony circular, dense, margin wavy, surface 

whitish, abundant aerial hyphae, absent autolytic excretions, conidiation pustules and 

diffusing pigment, odour indistinct, reverse turning slightly yellowish. On CMA, colonies 

have 75 mm at 25, 20 and 15°C; 26 mm at 10°C and 2 mm at 30°C; colony circular, 

hyaline, dense, aerial hyphae scant, absent autolytic excretions and diffusing pigment, 

odour indistinct, conidiation pustules mainly in periphery, green or grey-green. On SNA, 

colonies have 75 mm at 25, 20 and 15°C; 6mm at 10°C and 3 mm at 30°C; colony circular, 

hyaline, dense, with some aerial hyphae from the middle, absent autolytic excretions and 

diffusing pigment, odour indistinct, conidiation pustules green beginning to form in the 

center. 

 

Notes: Phylogenetic analysis of Trichoderma species based on the ITS and tef1-α genes 

provides highest resolution for identification of species of the genus, particularly in the 

distinction of species within the Viride clade (Jaklitsch et al., 2006; Samuels et al., 2006). 

Based on a megablast search of NCBIs GenBank nucleotide database, the closest hits using 

the ITS sequence are Trichoderma koningii (GenBank KY788329; Identities = 568/570 

(99%), no gaps), Trichoderma koningiopsis (GenBank MF116301; Identities = 567/570 

(99%), no gaps) and Trichoderma sp. (GenBank KP172544; Identities = 567/ 570 (99%), 

no gaps). Closest hits using the tef1-α sequence had highest similarity to Trichoderma 
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paraviridescens (GenBank MF782846; Identities = 608/646 (94%), 18 gaps (2%)), Tricho- 

derma trixiae (GenBank MF782847; Identities = 605/646 (94%), 21 gaps (3%)) and 

Trichoderma vinosum (GenBank DQ841719; Identities = 587/624 (94%), 22 gaps (3%)). 

Alignment and tree (Figure 2) were deposited in TreeBASE (TB2: S24289). 

 

 
 

Figure 2. Phylogenetic relationships of some Trichoderma species clade Viride based on 

combined ITS and tef1-α sequence data and inferred using the ML method under the 

Kimura 2-parameter. The tree is drawn to scale, with branch lengths measured in the 

number of substitutions per site and rooted to Trichoderma harzianum (CBS 226.95). 

Bootstrap support values (>50 %) are shown at the nodes. Ex-type strains are in bold and 

the isolate from the current study is in blue. 
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Neodevriesia aestuarina M. Gonçalves & A. Alves, sp. nov. 
 

 
 

Figure 3. Neodevriesia aestuarina (MUM 19.27). A–B. Colony after 30 days at 25ºC on 

PDA (B reverse). C–D. Colony after 30 days at 25ºC on MEA (D reverse). E–F. Colony 

after 30 days at 25ºC on SNA (F reverse). G. moniliform hyphae. H–I. conidiogenous cells 

and conidia on SNA. Bars: 2.5 μm. 

 

MycoBank: MB831390. 

 

Typification: Portugal, Aveiro: Ria de Aveiro, isolated from saline water, October 2017, 

M. Gonçalves, deposited in the MUM Herbarium (holotype: a dried culture sporulating, 

MUM-H 19.27; ex-type living culture, MUM 19.27 = CBS 146734 = CMG 9). GenBank 

accession numbers for DNA sequences derived from ex-type: ITS = MN046879, 28S = 

MN653390. 

 

Etymology: Named after the environment where the species was collected, namely an 

estuary. 
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Distribution: Ria de Aveiro, Portugal. 

 

Known substrata: saline water. 

 

Description: Mycelium on SNA consisting of branched, septate, olivaceous grey, 

moniliform hyphae with aerial hyphae absent. Chlamydospores not observed. 

Conidiophores arising from hyphae occasionally reduced to conidiogenous cells, thick-

walled, cylindrical, straight to slightly curved, long, septate, brown with an apical 

conidiogenous apparatus. Conidia smooth, cylindrical, sometimes in acropetal chains, apex 

and base truncate with one and occasionally two septa, (13.2–)15.6(–18.9) × (2.2–)3.0(–

3.7) μm (n = 100). 

 

Culture characters: Optimum temperature for growth 25°C. No growth at 35°C on PDA, 

CMA and SNA. Colony radius after 30 days: on PDA, colonies have 2 mm at 10°C, 5 mm 

at 15°C, 10 mm at 20°C, 12 mm at 25°C and 5 mm at 30°C; colony flat, circular, dense, 

obverse and reverse greenish black, aerial hyphae absent. On MEA, colonies have 2 mm at 

10°C, 4 mm at 15°C, 7 mm at 20°C, 10 mm at 25°C and 4 mm at 30°C; colony circular, 

dense, obverse and reverse greenish black, aerial hyphae absent. On SNA, colonies have 2 

mm at 10°C, 4 mm at 15°C, 6 mm at 20°C, 7 mm at 25°C and 5 mm at 30 °C; colony 

circular, obverse and reverse olivaceous-grey, aerial hyphae absent. 

 

Notes: The genus Neodevriesia was introduced by Quaedvlieg et al. (2014) to 

accommodate Devriesia-like species. Although morphologically very similar to Devriesia 

it is phylogenetically distinguishable. Neodevriesia aestuarina is the first member of the 

genus isolated from saline water, but other species have been found in a marine 

environment associated with macroalgae. Based on a megablast search of NCBIs GenBank 

nucleotide database, the closest hits using the ITS sequence are Neodevriesia capensis 

(GenBank MK448259; Identities = 497/529 (94%), 17 gaps (3%)) and an uncultured 

marine ascomycete (GenBank AF423023; Identities = 495/531 (93%), 19 gaps (3%)). 

Closest hits using the 28S sequence had highest similarity to Neodevriesia grateloupiae 

(GenBank KU578120; Identities = 1078/1099 (98%), 3 gaps (0%)), Neodevriesia 

cladophorae (GenBank KU578114; Identities = 1076/1099 (98%), 7 gaps (0%)) and 
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Neodevriesia strelitziae (GenBank GU301810; Identities = 1061/1091 (97%), 7 gaps 

(0%)). The alignment and tree (Figure 4) were deposited in TreeBASE (TB2: S24538). 

 

 
 

Figure 4. Phylogenetic relationships of Neodevriesia species based on ITS sequence data 

and inferred using the ML method under the Tamura-Nei model. The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site and rooted to 

Teratosphaericola pseudoafricana (CBS 114782). Bootstrap support values (>70 %) are 

shown at the nodes. Ex-type strains are in bold and the isolate from the current study is in 

blue. 
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Abstract  

There is an urgent need for new substances to overcome current challenges in the 

health sciences. Marine fungi are known producers of numerous compounds, but the 

manipulation of growth conditions for optimal compound production can be laborious and 

time-consuming. In Portugal, despite its very long coastline, there are only a few studies on 

marine fungi. From a collection of Portuguese marine fungi, we screened for antimicrobial, 

antioxidant, enzymatic, and cytotoxic activities. Mycelia aqueous extracts, obtained by 

high pressure-assisted extraction, and methanolic extracts of culture media showed high 

antioxidant, antimicrobial, and cytotoxic activities. The mycelium extracts of 

Cladosporium rubrum showed higher antioxidant potential compared to extracts from 

other fungi. Mycelia and culture media extracts of Aspergillus affinis and Penicillium 

lusitanum inhibited the growth of Staphylococcus aureus, Kocuria rhizophila, 

Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas 

aeruginosa, including multiresistant strains. Penicillium lusitanum and Trichoderma 

aestuarinum inhibited the growth of clinical strains of Candida albicans, C. glabrata, C. 

parapsilosis, and C. tropicalis. All extracts from culture media were cytotoxic to Vero 

cells. Sea salt induced alterations in the mycelium’s chemical composition, leading to 

different activity profiles. 

 

Keywords: antimicrobial; antioxidant; cytotoxicity; extracellular enzymes; FTIR; marine 

fungi 
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Introduction 

Marine environments represent the last frontier of biodiversity. Even though marine 

habitats account for more than 70% of the Earth’s surface, supporting large numbers of 

living organisms, they remain biologically unexplored. Marine fungi have been largely 

overlooked in comparison to terrestrial fungi. They represent less than 1% of the known 

fungal species (Jones, 2011; Richards et al., 2012), remaining a poorly characterized and 

poorly understood group. In this respect, marine fungi only recently have attracted 

attention and are yet to find a prominent place in biotechnology (Bugni and Ireland, 2004; 

Imhoff et al., 2011; Overy et al., 2019).  

Under extreme conditions, such as high salinity, ultraviolet light exposition, low 

temperature, limited access to nutrients and substrates for growth, and even extreme 

hydrostatic pressure (Gladfelter et al., 2019), marine fungi have developed unique 

physiological and chemical capabilities to thrive and survive (Gladfelter et al., 2019; 

Sakayaroj et al., 2011). They have been isolated from a variety of habitats including 

mangrove plants, macroalgae, seagrass, other marine plants or macrophytes, coral reefs, 

drift- and intertidal wood, vertebrate and invertebrate marine animals, phytoplankton, sea 

ice, sea garbage, and coastal and open-ocean water columns (Pang et al., 2016; 

Raghukumar, 2017). 

Studies have shown that marine fungi are a biochemically diverse group of 

organisms which provide a plentiful and diverse source of unique novel bioactive natural 

compounds with a wide range of industrial, agricultural, cosmetic, and pharmaceutical 

applications (Imhoff et al., 2011; Mayer et al., 2013; Li et al., 2014; Chen et al., 2015; 

Moghadamtousi et al., 2015). Recently, many studies focused on the identification of 

compounds produced by marine fungi (Raghukumar, 2017). Marine fungi produce a wide 

diversity of enzymes with biotechnological relevance, such as amylase, chitinase, 

fucoidanase, galactosidase, glucosidase, inulinase, keratinase, laccase, lipase, lignin 

peroxidase, protease, polygalacturonase, and xylanase (Bonugli-Santos et al., 2015). 

Additionally, they are known to produce secondary metabolites including terpenes, 

steroids, polyketides, peptides, and alkaloids (Bugni and Ireland, 2004; Imhoff et al., 

2011). These secondary metabolites are associated with a wide range of activities, such as 

antibacterial (Xu et al., 2015; Han et al., 2020), antifungal (Chen et al., 2015), antiviral 

(Moghadamtousi et al., 2015; Yasuhara-Bell and Lu, 2010), anticancer (Kumar et al., 
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2015; Deshmukh et al., 2018), cytotoxic (Jans et al., 2017), and antioxidant activities (Sun 

et al., 2009). In addition, recent studies recognized marine fungi as being useful in the 

biodegradation of polyethylene microplastics (Russel et al., 2011; Paço et al., 2017). 

While searching for biotechnologically relevant activities produced by marine 

fungi, we screened fungal species isolated from marine and estuarine environments for 

enzymatic, antimicrobial, antioxidant, and cytotoxic activities. We also investigated 

whether sea salt can have pronounced effects on bioactivities from marine fungi. 

 

Material and Methods 

Fungal Strains 

Twenty-five fungal strains isolated from different substrates from marine and 

estuarine environments in Portugal were used in this study (Table 1). These strains were 

previously identified by Crous et al. (2019, 2020), Gonçalves et al. (2019a, 2019b, 2019c, 

2019d, 2020a, 2020b, 2021) and Vicente et al. (2021). All strains were maintained at 25ºC 

in PDA containing 3% sea salt prior to testing. 

 

Table 1. List of fungal strains used in this study. 

 

Species Strain Host/Substrate Reference 

Aspergillus affinis CMG 70 Sea water Gonçalves et al. (2020a) 

Aspergillus protuberus CMG 71 Sea water Gonçalves et al. (2020a) 

Cladosporium rubrum MUM 19.39/CMG 28 Enteromorpha sp. Vicente et al. (2020) 

Emericellopsis cladophorae MUM 19.33/CMG 25 Cladophora sp. Gonçalves et al. (2020b) 

Emericellopsis enteromorphae MUM 19.34/CMG 26 Enteromorpha sp. Gonçalves et al. (2020b) 

Emericellopsis phycophila MUM 19.32/CMG 15 Filamentous green alga Gonçalves et al. (2020b) 

Lulworthia cf. purpurea MUM 20.50/CMG 55 Submerged wood Gonçalves et al. (2021) 

Lulworthia cf. purpurea MUM 20.56/CMG 57 Submerged wood Gonçalves et al. (2021) 

Neocamarosporium aestuarinum MUM 18.55/CMG 4 Sea water Gonçalves et al. (2019a) 

Neocamarosporium endophyticum MUM 18.56/CAA 808 Halimione portulacoides Gonçalves et al. (2019a) 

Neocamarosporium haliniones MUM 18.54/CAA 807 Halimione portulacoides Gonçalves et al. (2019a) 

Neodevriesia aestuarina MUM 19.27/CMG 9 Saline water Crous et al. (2020) 

Neptunomyces aureus MUM 19.38/CMG 10A Gracilaria gracilis Gonçalves et al. (2019b) 

Paraconiothyrium salinum MUM 19.91/CMG 49 Sponge Gonçalves et al. (2020a) 

Paralulworthia halima MUM 20.56/CMG 69 Submerged wood Gonçalves et al. (2021) 
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Parasarocladium aestuarinum MUM 19.35/CMG 30 Fucus sp. Gonçalves et al. (2020b) 

Parasarocladium alavariense MUM 19.36/CMG 32 Rhodophyta Gonçalves et al. (2020b) 

Parasarocladium fusiforme MUM 19.37/CMG 36 Ulva sp. Gonçalves et al. (2020b) 

Penicillium lusitanum MUM 18.49/CMG 8 Sea water Gonçalves et al. (2019c) 

Remispora submersa MUM 20.48/CMG 53 Submerged wood Gonçalves et al. (2021) 

Sedecimiella taiwanensis CMG 51 Submerged wood Gonçalves et al. (2021) 

Trichoderma aestuarinum MUM 19.05/CMG 1 Saline water Crous et al. (2019) 

Verrucoconiothyrium ambiguum MUM 18.57/CMG 5 Sea water Gonçalves et al. (2019d) 

Zalerion maritima MUM 20.138/CMG 67 Submerged wood Gonçalves et al. (2021) 

Zalerion pseudomaritima MUM 20.49/CMG 65 Submerged wood Gonçalves et al. (2021) 

CAA: culture collection of Artur Alves, housed at Department of Biology, University of 

Aveiro, Aveiro, Portugal; CMG: culture collection of Micael Gonçalves, housed at 

Department of Biology, University of Aveiro, Aveiro, Portugal; MUM: culture collection 

hosted at Center for Biological Engineering of University of Minho, Braga, Portugal. 

 

Detection of extracellular enzymes 

Ten different types of culture medium were used to detect extracellular activity of the 

following enzymes: amylase, caseinase, cellulase, chitinase, gelatinase, laccase, pectin 

lyase, pectinase, urease, and xylanase. Culture media were prepared as described by 

Esteves et al. (2014), with the exception of the medium for chitinase detection. Briefly, the 

substrates (0.2% (w/v) starch, 1% (w/v) skimmed milk, 0.5% (w/v) 

carboxymethylcellulose, 1% (w/v) gelatin, 1% (w/v) tannic acid, 0.5% (w/v) pectin, 2% 

(w/v) urea, and 0.5% (w/v) xylan, respectively) were independently added to a solution of 

1.5% (w/v) agar. The activities were detected by the formation of a halo around the 

mycelium (caseinases, gelatinases, laccases, and ureases) or after the addition of Lugol 

solution (amylases), Congo Red (cellulases and xylanases) or cetyltrimethyl ammonium 

bromide (pectinases). Chitinase activity was measured using a medium containing (g/L) 

4.5 g of colloidal chitin, 0.3 g of magnesium sulfate heptahydrate (MgSO4.7H2O), 3 g of 

ammonium sulfate (NH4SO4), 2 g of monopotassium phosphate (KH2PO4), 1 g of citric 

acid monohydrate (C6H8O7.H2O), 15 g of bacto-agar, and 0.15 g of bromocresol purple 

(C21H16Br2O5S). The pH was set to 4.7. Activity was detected as a visible purple halo 

around the mycelium (Fenice et al., 1998). The preparation of colloidal chitin was adapted 

from Agrawal and Kotasthane (2012). Briefly, 1 g of chitin was dissolved in 20 mL of 

concentrated HCl (37%) and left on a magnetic stirrer overnight at 4ºC. After this, 500 mL 
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of ice-cold 96% ethanol was added and stirred for 2 h and then centrifuged at 3000 rpm for 

10 min at 4ºC. The precipitate was washed with sterile water repeatedly, until the pH of the 

solution was 7. Colloidal chitin was finally dried with absorbent filter paper. Two 

conditions of each culture medium in triplicate were used, with and without 3% sea salt. 

All agar media were inoculated with a 5 mm diameter agar plug from an actively 14 days 

growing culture and incubated at 25ºC in the dark until the mycelium reached about 2 cm 

in diameter. 

 

Detection of antibacterial activity based on dual culture test-variant  

Fungi were inoculated on one side of 90 mm plates with PDA (with and without 3% 

sea salt) in triplicate and incubated at 25ºC until the mycelium reached the middle of the 

plate. Three Gram-positive bacteria, Staphylococcus aureus (ATCC 6538), Kocuria 

rhizophila (ATCC 9341) and Enterococcus faecalis (ATCC 29212), and three Gram-

negative bacteria, Escherichia coli (ATCC 25922), multiresistant Klebsiella pneumoniae 

(P9.5) and Pseudomonas aeruginosa (4P6.2), obtained from MicroLab from Department of 

Biology, University of Aveiro, Aveiro, Portugal, were used. These two multiresistant 

strains were isolated from the Lis River (Central Portugal) and were resistant to β-lactams 

and other classes of antibiotics (Teixeira et al., 2020). Cultivation was done on plate count 

agar (VWR Chemicals, Alfragide, Portugal) overnight at 37ºC. Cell suspensions were 

prepared using fresh bacterial colonies and turbidity adjusted to 0.5 McFarland. Each 

bacterium was streaked horizontally on each fungal plate and incubated overnight at 37ºC. 

 

Production of crude extracts and extraction 

Eight of the marine fungal strains were selected for further characterization. Two 

plugs of mycelia were inoculated into 1 L Erlenmeyer flasks containing 250 mL of potato 

dextrose broth (PDB) (Merck, Germany) in two conditions: with and without 3% sea salt 

and incubated at 25ºC for 14 days under stationary conditions (4 replicates for each 

condition). Afterwards, the mycelium was removed through sterile filter paper, and then, 

the culture medium was filtrated with 0.45 μm cellulose membranes (GN-6 Metricel, Pall 

Corporation, New York, NY, USA) followed by 0.2 μm nitrate cellulose membranes 

(Sartorius Stedim Biotech, Gottingen, Germany) in a vacuum system. The mycelia and 

culture media were stored at −80ºC until lyophilization. 
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Dried mycelia were weighed, and 40 mg of each lyophilized mycelium was used 

for evaluation of the antioxidant activity and 10 mg to be analyzed by FTIR-ATR (Fourier 

Transform Infrared Spectroscopy—Attenuated Total Reflectance). For antioxidant activity 

determination, lyophilized mycelium samples were extracted with 70% (v/v) methanol 

(MeOH) in water. Briefly, 1.5 mL of 70% MeOH was added to the samples and kept in an 

orbital shaker at 700 rpm, 25ºC for 1 h. Then, the samples were centrifuged at 10,000 × g 

at 4ºC for 15 min and the supernatant was collected. The extraction process was repeated 

once, and the mycelial extract solutions were stored at −80ºC. Then, the remaining 

lyophilized mycelia were transferred to polyamide-polyethylene bags (Albipack-Packaging 

Solutions, Águeda, Portugal). For each 1 g of lyophilized mycelium, 80 mL of 22% 

ethanol was added. The bags were heat sealed manually and subjected to high pressure-

assisted extraction (HPE). HPE is an emergent extraction methodology that uses the 

application of high pressure (100–600 MPa) to provide an efficient extraction process, 

preserving the bioactivity of heat labile bioactive compounds (Azmir et al., 2013). HPE 

was performed at 200 MPa for 1 min at room temperature in a hydrostatic press 

(Hiperbaric 55, Hiperbaric, Burgos, Spain), with a pressure vessel of 200 mm inner 

diameter and 2000 mm length. After extraction, the aqueous extracts were removed from 

the bags and filtered through a glass filter funnel using glass microfiber filter 0.47 mm 

(Prat Dumas, Couze-St-Front, France) and the mycelium was discarded. Ethanol was 

evaporated under vacuum using a rotary evaporator and the extracts were frozen at −80ºC 

until lyophilization. 

Two grams of the dried culture medium were transferred to falcon tubes. MeOH for 

HPLC (Frilabo, Maia, Portugal) was used for extraction. Briefly, 20 mL of cold 80% 

MeOH in (−80ºC) was added to each falcon tube and vortex for 5 min. Each mixture was 

centrifuged at 14,000 × g for 10 min at 4ºC to remove precipitated proteins. The 

supernatant was collected, and the extraction process was repeated once. After extraction, 

the methanolic extracts were filtered using a glass microfiber filter 0.47 mm and 

evaporated in vacuo using a rotary evaporator. The extracts were stored at −80ºC until 

lyophilization. 
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Antibacterial activity of fungal extracts 

The dried crude extracts from the mycelia and culture media were tested for their 

antimicrobial activity against the same six bacteria mentioned above using the disk 

diffusion method described by the National Committee for Clinical Laboratory Standards 

(NCCLS, 2004). Bacterial suspensions were prepared from 24 h-old fresh bacterial 

cultures and adjusted to turbidity of 0.5 McFarland. Mueller–Hinton agar (Oxoid, 

Hampshire, England) plates were inoculated with a sterile swab and the plates were 

allowed to dry. The dried crude extracts were dissolved in sterile water to a concentration 

of 500 mg/mL. Then, 10 μL of the dissolved extract was pipetted to 6-mm diameter sterile 

filter circular paper disks (Liofilchem, Roseto degli Abruzzi, Italy). Discs with sterile 

water were used as negative controls and commercial discs containing amoxicillin (10 

mg/disc) and tigecycline (15 mg/disc) (Oxoid, England) were used as positive controls. 

After 15 min at room temperature, the plates were incubated at 37ºC for 24 h. The diameter 

of the inhibition zone was measured in millimeters and the assay was carried out three 

times for each strain. 

 

Anti-fungal activity of fungal extracts 

Six clinical strains of Candida species, C. albicans (3), C. glabrata (1), C. 

parapsilosis (1) and C. tropicalis (1), obtained from patients with clinical signs of oral 

candidiasis at the University Dental Clinic, Faculty of Dental Medicine, Universidade 

Católica Portuguesa, Viseu, Portugal, were tested. The ethics committee of the same 

faculty approved the consent form and research protocol. These strains were cryopreserved 

in 20% glycerol at −80ºC and, during experiments, maintained on Sabouraud Dextrose 

Agar (SDA) at 4ºC. Suspensions were prepared from 24 h-old fresh yeast cultures and 

adjusted to a turbidity of 0.5 McFarland. SDA plates were inoculated with the aid of a 

sterile swab and allowed to dry. Then, 10 μL of the dissolved fungal extracts (500 mg/mL) 

was pipetted onto 6 mm diameter sterile filter circular paper disks (Liofilchem, Roseto 

degli Abruzzi, Italy). Discs with sterile water were used as negative controls and 

cycloheximide (20 mg/disc) was used as a positive control. Three replicates were used for 

each extract. After 15 min at room temperature, the plates were incubated at 37ºC for 24 h. 

The diameter of the inhibition zone was measured in millimeters. 
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Cytotoxic activity of culture media extracts 

In vitro cytotoxicity assessment was performed as previously reported by Duarte et al. 

(2015). A Vero cell line (ECACC 88020401, African green monkey kidney cells, GMK 

clone) was grown and maintained according to Ammerman et al. (2009). The multiwell 

plates were incubated at 37ºC in 5% carbon dioxide (CO2) for 24 h. Vero cells were treated 

with 10 μL of the media extracts for 18 h. Two different concentrations were analyzed 

(500 and 250 mg/mL in sterile water) and the assay was carried out five times for each 

concentration. After the incubation period, the medium was removed by aspiration and 50 

μL of DMEM with 10% resazurin (0.1 mg/mL in PBS) was added to each well to assess 

cell viability. The multiwell plates were incubated at 37ºC in 5% CO2 for 3 h. The 

absorbance was read at 570 and 600 nm wavelengths in a multiwell plate 

spectrophotometer (Varioskan LUX, Thermo Scientific, Waltham, MA, USA). Sterile 

water was used as the control. 

 

Antioxidant activity of mycelium 

DPPH-Free Radical Scavenging Activity 

Total antioxidant capacity was measured based on the DPPH (2,2-diphenyl-1-

picrylhydrazyl)- free radical scavenging method adapted from Xu et al. (2007). A total of 

22 μL of mycelial extract and 200 μL of 120 μM DPPH solution dissolved in 70% MeOH 

were added to a 96-well microplate and left in the dark at room temperature for 30 min. 

The absorbance was measured at a wavelength of 517 nm (A1). The absorbance of the 

solvent was measured as A0. Each sample was determined in quintuplicate. Trolox was 

used as standard to determine the calibration curve (0–1 mg/mL). The percentage of 

scavenging activity was also determined using Equation (1): 

. 
 

Phenolic Compounds Quantification 

Total phenolic content was estimated by Folin–Ciocalteu’s method adapted from 

Singleton et al. (1999). A total of 20 μL of mycelial extract, 90 μL of distilled water and 10 

μL of Folin–Ciocalteau reagent solution were added to a 96-well microplate and left in the 

dark at room temperature for 6 min. Then, 80 μL of 7% sodium carbonate solution were 

added to each well and incubated in the dark at room temperature for 2 h. The absorbance 
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was measured at a wavelength of 750 nm. Each sample was determined in quintuplicate. 

Gallic acid was used as standard to build a calibration curve (0–1 mg/mL). 

 

Ortho-Phenols Quantification 

Total ortho-phenols were quantified using sodium molybdate colorimetric assay 

adapted from Singleton et al. (1999). A total of 160 μL of mycelial extract and 40 μL of 

5% sodium molybdate solution were added to a 96-well microplate and left in the dark at 

room temperature for 15 min. The absorbance was measured at a wavelength of 370 nm. 

Each sample was determined in quintuplicate. Gallic acid was used as standard to calculate 

calibration curve (0–1 mg/mL). 

 

Flavonoid’s Quantification 

Total flavonoid content was measured following the aluminum chloride colorimetric 

assay adapted from Chang et al. (2002). A total of 60 μL of mycelial extract and 28 μL of 

5% sodium nitrite solution were added to a 96-well microplate and left in the dark at room 

temperature for 6 min. Then, 28 μL of 10% aluminum chloride solution was added to each 

well and incubated again for 6 min in the dark. After that, 120 μL of 4% sodium hydroxide 

solution was added to each well and gently shook. The absorbance was measured at 370 

nm. Each sample was determined in quintuplicate. Catechin was used as standard to 

calculate calibration curve (0–0.5 mg/mL). 

 

FTIR-ATR analysis of mycelium 

FTIR analyses provide a spectrum that allows for differentiating the functional groups 

of molecules, including those from fungi (2020). Lyophilized mycelia grown with and 

without 3% sea salt were analyzed by FTIR-ATR using a Perkin Elmer (Norwalk, CT, 

USA) Spectrum BX FTIR instrument. The mycelia were analyzed at a 4 cm−1 resolution 

within the 4000–400 nm range. Air was used for the background spectrum. 

 

Results  

Screening of enzymatic and antibacterial activity 

The marine strains assayed exhibited a broad spectrum of different extracellular 

enzymatic activities (Table S1). For example, amylase was detected in E. enteromorphae 
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in the presence of salt but not in the absence of salt in culture medium. On the other hand, 

Nep. aureus revealed amylase activity when cultivated only without salt. Most of the 

strains expressed amylase, caseinase, cellulase, pectin lyase, pectinase, and xylanase, while 

the least detected enzymes were laccases. Chitinase activity was detected in ten out of the 

25 strains in this study. 

Fungi exhibited also different antibacterial activity when cultivated in media with 

and without 3% sea salt (Table S2). Twenty-one strains (out of the 25 tested) inhibited the 

growth at least one bacterium. Overall, the strains tested were more effective against 

Gram-positive than Gram-negative bacteria. Twelve strains were able to inhibit the growth 

of E. coli, while the multiresistant K. pneumoniae and P. aeruginosa strains were the least 

inhibited (by six and nine strains, respectively). 

The eight strains with higher enzymatic and antimicrobial activities (A. affinis, A. 

protuberus, C. rubrum, E. cladophorae, Paral. halima, Paras. aestuarinum, Pen. 

lusitanum, and T. aestuarinum) were selected for further characterization: mycelium 

chemical composition, antibacterial, anti-yeast, antioxidant, and cytotoxic activities. 

 

FTIR-ATR analysis of mycelium 

The FTIR spectra (Figure 1) of the dried mycelium of the selected strains show two 

main regions. The region 3600–3000 cm−1 includes the signals from the vibrations of O–H 

and N–H bonds by carboxyl, hydroxyl and phenol groups with H–bonds, amines, and 

amides. The second region (3000–2800 cm−1) is mainly attributed to C–H bonds in alkane 

backbone and aldehydes (Girometta et al., 2020). The region 1800–800 cm−1 contains more 

specific information on the chemical composition of the mycelium, where it was possible 

to observe differences in its spectra in both conditions and in all species analyzed, with the 

exception of A. affinis. The region 1800–1200 cm−1 includes five main peaks at ∼1720, 

∼1630, ∼1530, ∼1370, and ~1230 cm−1. The peak at ~1720 cm−1 is attributed to the bond 

vibrations caused by the C=O bonds, typically from lipids (Paço et al., 2017). The peak at 

~1630 cm−1 is commonly attributed to amides, aromatic rings and conjugated alkenes. The 

peak at ~1530 cm−1 is mainly due to the aromatic rings conjugated with C=C, N–H from 

secondary amines and amides and C–O bending. As mentioned in other studies, this region 

is also important to observe chitin and ergosterol (Girometta et al., 2020; Di Mario et al., 

2008). The region between the peaks of ~1370 cm−1 and ~1230 cm−1 is affected by 
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polysaccharides from C–O bonds from different sources, amines, and amides C–N from 

chitin and also O–H bonds. Absorbance reaches its highest values in the region between 

1200–800 cm−1. This region joins the signals from the vibrations of C–O (C–OH included) 

found in carbohydrates, C–N and C–C (Girometta et al., 2020). Lastly, the region (800–

400 cm−1) is poorly informative with hardly distinguishable bands. 

 

 
 

Figure 1. FTIR-ATR spectra of fungal mycelia grown with (blue) and without 3% sea salt 

(orange). A. A. affinis (CMG 70); B. A. protuberus (CMG 71); C. C. rubrum (MUM 

19.39); D. E. cladophorae (MUM 19.33); E. Paral. halima (MUM 20.56); F. Paras. 

aestuarinum (MUM 19.35); G. Pen. lusitanum (MUM 18.49); H. T. aestuarinum (MUM 

19.05). 
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Antibacterial activity of fungal extracts 

At a concentration of 500 mg/mL, only the mycelium extract of A. affinis (with and 

without sea salt inhibited the growth of E. coli (Figure 2). Regarding culture media 

extracts, A. affinis, E. cladophorae, Pen. lusitanum and T. aestuarinum showed 

antibacterial activity. Differences were also observed in culture media extracts with and 

without sea salt. The culture medium extract of A. affinis grown without sea salt inhibited 

the growth of all bacteria tested. As well, Pen. lusitanum, regardless of the presence of sea 

salt in the growth medium, inhibited the growth of all Gram-positive and Gram-negative 

bacteria tested, except for E. faecalis, but with a smaller zone of inhibition when compared 

with A. affinis. The culture medium extract of A. affinis grown in the presence of sea salt 

inhibit the growth of E. coli and P. aeruginosa. On the other hand, the culture medium 

extract of T. aestuarinum grown in the presence of sea salt exhibited antibacterial activity 

only against Gram-positive bacteria. The culture medium extract of E. cladophorae grown 

in the presence of sea salt inhibited the growth of K. rhizophila. 

 

 

Figure 2. Antibacterial activity of the mycelium and culture media extracts of A. affinis 

(CMG 70), E. cladophorae (MUM 19.33), Pen. lusitanum (MUM 18.49) and T. 

aestuarinum (MUM 19.05) using the disk diffusion assay. Data is shown as average (n=3) 

± standard error. Extracts not inducing inhibition halos were not included.  
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Anti-fungal activity of fungal extracts 

Differences in inhibitory activity of Candida growth were observed in mycelium and 

culture media extracts of fungi grown with and without sea salt.  

From all the mycelia extracts, only the one from Pen. lusitanum inhibited Candida 

strains (Figure 3). When grown without sea salt, Pen. lusitanum mycelium extract 

inhibited only the growth of C. albicans strains. Nonetheless, the presence of sea salt lead 

to larger C. albicans inhibition halos than of other Candida species tested. Candida 

glabrata and C. parapsilosis were not inhibited by salt- and non-salt mycelia extracts from 

Pen. lusitanum. The C. albicans strains tested were resistant to cycloheximide.  

Regarding culture media extracts, only extracts of Pen. lusitanum and T. aestuarinum 

grown without sea salt showed anti-Candida activity. The culture medium extract of Pen. 

lusitanum inhibited the growth of all Candida strains tested, while the culture medium 

extract of T. aestuarinum inhibited C. albicans (strain 61C) and C. glabrata. 

 

 

 

Figure 3. Anti-fungal activity of the mycelium and culture media extracts of Pen. 

lusitanum (MUM 18.49) and T. aestuarinum (MUM 19.05) using the disk diffusion assay. 

Data is shown as average (n=3) ± standard error. Extracts not inducing inhibition halos 

were not included. 
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Cytotoxic activity of culture media extracts 

At 500 mg/mL all culture media extracts induced 100% of Vero cell mortality (data 

not shown). At 250 mg/mL (Figure 4) culture media extracts of E. cladophorae, Paral. 

halima and Paras. aestuarinum grown without 3% sea salt lead to 72%, 75% and 87% of 

cell viability, respectively. Cell viability was significantly impared by salt-culture media 

extracts. 

 

 

Figure 4. Cytotoxicity of the culture media extracts (250 mg/mL) with (blue) and without 

3% sea salt (orange) of E. cladophorae (MUM 19.33), Paral. halima (MUM 20.56) and 

Paras. aestuarinum (MUM 19.35) using Vero cells. Data is shown as average (n=5) ± 

standard error. Letters (a) indicates a significant different t-test, p < 0.05 in relation to the 

correspondent non-saline sample, and (b) in relation to the control. 

 

Antioxidant activity of mycelium 

Data shows that mycelia extract of C. rubrum, Pen. lusitanum and T. aestuarinum 

had higher antioxidant activity when cultivated in media without 3% sea salt then in 

presence of sea salt, while for A. affinis, A. protuberus, E. cladophorae, Paral. halima and 

Paras. aestuarinum the opposite was observed (Fig. 5). In general, the mycelium extract of 

C. rubrum when grown without sea salt showed a high antioxidant content (58.42, 107.36, 

and 38.33 mg equivalens.mL-1 in phenolic compounds, ortho-phenols and flavonoids, 

respectevely). The exception was A. protuberus in saline and non-saline samples, which 
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showed 39.33 and 34.86 mg equivalens.mL-1, respectevely, in DPPH-free radical 

scavenging activity. 
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Figure 5. Antioxidant activity of fungal mycelium with (blue) and without 3% sea salt 

(orange) using methanolic extracts. (A) Percentage of DPPH scavenging activity; (B) 

Phenolic compounds’ content; (C) Ortho-phenols’ content; (D) Flavonoids’ content. Data 

is presented as average (n=5) ± standard deviation. Letters (a) indicates a significant 

different t-test, p < 0.05 in relation to the correspondent non-saline sample, and (b) in 

relation to the control. 

 

Discussion 

Metabolites from marine fungi are diverse and are described as expressing various 

biotechnological relevant activities. Our results confirm this with an emphasis on 

enzymatic, antibacterial, anti-yeast and antioxidant activities, revealing significant 

bioresources for outstanding opportunities to study natural product drug discovery.  

Fungi express a spectrum of enzymes crucial for host colonization (Hyde et al., 

1998) and for the degradation of organic matter to obtain nutrients (Esteves et al., 2014). A 

wide range of activities have been identified from marine fungi, including antibacterial, 

antidiabetic, antifungal, antitumor, and cytotoxic activities, many of which can be 

attributed to specific enzymes (Mayer et al., 2013). Eighty-eight percent of the strains we 

assayed express cellulolytic activity, 68% express xylanases, and 92% and 80% express 

pectinases and pectin lyases, respectively.  

Xylanases are glycoside hydrolases able to catalyze the hydrolysis of xylan (one of 

the most abundant polysaccharides in plants and algae) to xylose (Liu and Kokare, 2017). 

The most well-known examples of fungal species expressing xylanases belong to the 

genera Aspergillus, Penicillium and Trichoderma, these being the main commercial source 

of this type of enzyme (Liu and Kokare, 2017). Here, we demonstrate that A. affinis, A. 

protuberus, Pen. lusitanum, and T. aestuarinum are also able of produce xylanases. These 

enzymes can be used in the pulp and paper industry, as a food supplement to poultry, in 

bread and various drinks, in textiles, in bleaching processes, and in the production of other 

industrial reagents (Bajpai, 2014). Bucher et al. (Bucher et al., 2004) described a group of 

marine fungi—commonly occurring in mangroves expressing xylanase and cellulase 

activities. Additionally, Raghukumar et al. (1994) showed that Lophiostoma mangrovei 

and Hypoxylon oceanicum can produce hemicellulases such as xylanases. Our strains of 

Neocamarosporium, a typical genus found in association with halophytes (salt tolerant 
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plants) in marine and estuarine habitats, also showed xylanolytic activity. Other lignicolous 

fungi isolated from submerged wood such as Remispora submersa, Z. maritima, Z. 

pseudomaritima, S. taiwanensis, Paralulworthia halima, and Lulworthia cf. purpurea also 

showed cellulolytic activity. Lignicolous mangrove fungi such as Halorosellinia oceanica, 

Lignincola laevis, and Trematosphaeria mangrovei are capable of producing extracellular 

cellulases, namely endoglucanase, cellobiohydrolase, and β-glucosidase (Pointing and 

Hyde, 2000).  

Previous studies have shown that marine fungi are also capable of expressing 

amylases (Sarkar et al., 2010; Homaei et al., 2016). Seventeen (out of 25) strains expressed 

amylolytic activity. This group of enzymes can catalyze the hydrolysis of starch molecules 

and have many industrial applications, such as in detergent and fuel alcohol production, in 

textiles, in the paper industry, and in bakeries (Liu and Kokare, 2017; Sundarram and 

Murthy, 2014). Some genera including some marine ones are reported as a source of 

amylases, such as Alternaria, Aspergillus, Ceriosporopsis, Corollospora, Dendryphiella, 

Lindra, Lulworthia, Microthelia, Penicillium, Trichoderma, and Zalerion (Sahoo et al., 

2014).  

Urea represents one of the sources of nitrogen that support growth in marine fungi 

(Sguros et al., 1973). Metalloenzymes such as urease catalyze the hydrolysis of urea to 

carbon dioxide and ammonia (Kumari et al., 2016). Ureolytic microorganisms are able to 

precipitate carbonates and could be used for biorecovery of valuable metals disseminated 

in the environment (Li and Gadd, 2017). From the strains assayed, 44% have ureolytic 

activity (A. protuberus, R. submersa, Neodevriesia aestuarina, Neptunomyces aureus, and 

S. taiwanensis).  

Chitinolytic activity was detected in A. affinis, A. protuberus, C. rubrum, E. 

cladophorae, R. submersa, Neo. aestuarina, Nep. aureus, Para. fusiforme, Pen. lusitanum, 

T. aestuarinum, and Verrucoconiothyrium ambiguum. Chitin is a biopolymer of N-

acetylglucosamine and is a structural component of fungal cell walls, as well as of the 

exoskeletons of several marine invertebrates, and can be degraded by chitinase into 

monomers (Liu and Kokare, 2017). Chitinases can be used as antifungal agents and 

biopesticides (Betrini et al., 2019). They are also useful in the manufacture of 

pharmaceutical products, as tools in cell engineering, and in medical diagnosis (Dahiya et 

al., 2006). Some marine fungi capable of synthesizing chitinases are already known, such 
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as species belonging to Aspergillus, Rhizopus, Penicillium, Beauveria (Raghukumar, 

2017), and Clonostachys rosea isolated from seagrass (Pasqualetti et al., 2019).  

Another relevant group of enzymes for the lignin degradative process with bleaching 

applications in the wood, paper, and cellulose industries are laccases (Raghukumar et al., 

1994), which are a family of multicopper oxidases distributed across bacteria, fungi, and 

plants (Reiss et al., 2013). These enzymes are constitutively secreted and are stable in the 

extracellular environment contributing to their attractiveness for biotechnological 

applications (Couto and Herrera, 2007). Several marine fungal strains isolated from 

seagrasses, algae, and decaying wood have been reported to produce laccases, such as 

Penicillium spp., Trichoderma spp., Lulworthia spp., Z. maritima, Aspergillus 

sclerotiorum, Cladosporium cladosporioides, and Mucor racemosus (Raghukumar et al., 

1994; Bonugli-Santos et al., 2010; Ben et al., 2020). In this study, only T. aestuarinum and 

V. ambiguum expressed extracellular laccases.  

Proteases also have a relevant role in the biotechnology industry, including the 

pharmaceutical industry. As reviewed earlier (Duarte et al., 2016), proteases, namely 

collagenases, have important applications in the health industry, such as the use of 

collagenases in the enzymatic debridement of wounds and of other injuries where the 

removal of devitalized tissue is necessary.  

Some studies have explored the influence of salt in the enzymatic activity of marine 

fungi. For example, Chamekh et al. (2019) evaluated different enzymatic activities of 

halotolerant and halophilic fungi and Arfi et al. (2013) reported the presence of more than 

400 lignocellulolytic enzymes from the mangrove fungus Pestalotiopsis sp. The authors 

concluded that the presence of salt modifies lignocellulolytic enzyme composition, with an 

increase in the secretion of xylanases and cellulases and a decrease in the production of 

oxidases, as we also observed in this study. Additionally, Chen et al. (2011) and Bonugli- 

Santos et al. (2012) achieved similar results in lignin enzymes when fungi were grown in 

saline conditions. In this study, sea salt induced the alteration of the enzymatic profiles 

detected.  

Eight strains were selected for a deeper characterization of their biotechnological 

potential. These strains belong to genera widely known to produce active extracellular 

metabolites with antibacterial activity, such as Penicillium, Aspergillus, Trichoderma, and 

Cladosporium (Kong et al., 2017), or even Emericellopsis (Inostroza et al., 2018). In the 
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present work, 80% of the 25 strains tested in the preliminary screening were able to inhibit 

the growth of at least one bacterium, mainly Gram-positive bacteria, during the primary 

screening. However, only four strains (A. affinis, E. cladophorae, Pen. lusitanum, and T. 

aestuarinum) of the eight fungi selected for the fermentation assay retained their 

antibacterial activity. Similar observations were reported in other studies, in which fungi 

showed activity in solid media but not when subjected to fermentation. This apparent loss 

of activity may be due to the type of medium, culture conditions, or to the extraction 

process (De Siqueira et al., 2011; dos Santos et al., 2015; Marcellano et al., 2017). In 

general, crude extracts of extracellular media showed higher activity than mycelia extracts. 

Aspergillus affinis led to the largest inhibition halos, inhibiting the growth of the three 

Gram negative bacteria, including the multiresistant strains K. pneumoniae and P. 

aeruginosa. These two multiresistant strains were isolated from the Lis River (Central 

Portugal) (Teixeira et al., 2020). These authors highlighted that the presence of antibiotic-

resistant bacteria and resistance genes in this particular environment is a major public 

health risk. The escalation of antibiotic-resistant infections globally during the last few 

decades imposes the need to search for new antimicrobial compounds and measures to 

contain the dispersion of this type of resistance. Therefore, the antibacterial activity 

exhibited by A. affinis (CMG 70) and Pen. lusitanum (MUM 18.49/CMG 8) against K. 

pneumoniae and P. aeruginosa suggests that these strains can be potential sources of 

antibacterial molecules. Additionally, as observed in enzymatic assays, variations between 

saline and non-saline culture conditions in antibacterial activity were detected, i.e., the 

presence or absence of salt affected the production of active metabolites.  

Penicillium species are important producers of antibacterial compounds, but only a 

few are reported to produce antifungal substances. In this study, both mycelium and culture 

medium extracts of Pen. lusitanum showed a higher inhibitory effect on the C. albicans 

strains tested than the cycloheximide control. These results suggest that Pen. lusitanum 

(MUM 18.49/CMG 8) could be a source of compounds useful in anti-Candida therapy, but 

more studies are necessary to confirm this. Moreover, Komai et al. (Komai et al., 2006) 

reported the presence of two metabolites of Pen. simplicissimum active against other 

filamentous fungi and yeasts, such as C. albicans and Cryptococcus neoformans. Kaleem 

et al. (2019, 2020) also isolated metabolites from a marine Penicillium sp. able to inhibit 

the growth of a methicillin-resistant S. aureus, E. coli, and of C. albicans. Currently, 
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candidiasis represents the fourth leading cause of nosocomial infections, and mortality 

remains highly dependent on the infecting Candida species (Pal, 2020) and on the immune 

state of the patient (Rosa et al., 2020). Over the last two decades, the number of infections 

caused by non-C. albicans species (including C. glabrata, C. parapsilosis, and C. 

tropicalis, that we used in this study) has increased considerably (Pal, 2017). Clinical 

manifestations of candidiasis in humans are diverse and the patients can show several 

symptoms, such as stomatitis, gastritis, pneumonia, lung empyema, cystitis, meningitis, 

otitis, vulvovaginitis, and others (Pal, 2020). Some Candida strains are resistant to some 

topical and systemic antifungals used in the management of candidiasis, such as 

fluconazole, benomyl, or cycloheximide (Ben-Yaacov et al., 1994; Sasnauskas et al., 

1992). We also observed the resistance of C. albicans to cycloheximide, but little is known 

about the factors involved in the mechanisms of resistance. Resistance to this antimycotic 

has already been reported in C. maltosa involving the CYHR gene, which confers this 

resistance, and in Saccharomyces cerevisiae linked to mutations in ribosomal proteins 

(Sasnauskas et al., 1992).  

All crude culture medium extracts of the fungal species tested induced 100% 

cytotoxicity at 500 mg/mL against a mammalian cell line (Vero cells). We showed that 

cytotoxicity was concentration dependent, and cell viability was observed only after fungal 

extract dilution. The data suggest that the fungal extracts were more cytotoxic when 

species were cultured in the presence of sea salt. Aspergillus affinis and Pen. lusitanum, 

which exhibited effective antibacterial activity were highly cytotoxic. Some studies have 

already reported the cytotoxicity evaluation in cancer cell lines of compounds produced by 

fungal marine species, including Aspergillus, Cladosporium, Penicillium, and Trichoderma 

(El-Kashef et al., 2020; Tang et al., 2020; Wang et al., 2020). In fact, marine fungi with the 

ability to synthesize cytotoxic compounds showed the potential for the treatment of cancer 

diseases (Marchese et al., 2020). Further studies using the extracts that did not induce Vero 

cells mortality are required to evaluate the cytotoxicity on cancer cell lines for cancer 

research purposes.  

In the last few years, natural antioxidants have generated considerable interest in 

medicine and in the food industry. In consequence, attention has been focused on the 

characterization of the antioxidant properties of medicinal plant extracts, spices, and 

mushrooms (Bhanja et al., 2019). Although filamentous fungi are also known to produce 
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antioxidant activity, they are less explored. Some studies of filamentous fungi, such as of 

Aspergillus, Chaetomium, Cladosporium, Colletotrichum, Epicoccum, Lecanicillium, and 

Penicillium, revealed that they are also sources of antioxidants in the form of their 

secondary metabolites (Sun et al., 2009; Tavares et al., 2018).  

All major naturally occurring antioxidant classes, including DPPH, phenols, and 

flavonoids, were found in the methanolic extracts of each fungal species studied. The 

highest antioxidant activity, including phenols, ortho-phenols, and flavonoids, was 

observed for the extract of C. rubrum (MUM 19.39/CMG 28) when cultivated without sea 

salt, which may be a strain-specific characteristic. Phenolic compounds represent the 

largest category of natural products and are the most widely reported to exhibit antioxidant 

activity (Chang et al., 2002). To deal with different stress situations, fungi produce 

phenolic compounds that act as natural lipophilic radical scavengers (Hameed et al., 2017). 

With flavonoids, these compounds provide fungi with natural defenses and protection from 

oxidative stress-caused damage against the free radicals, metal chelators and pro-oxidants 

(Belozerskaya and Gessler, 2007). Some studies revealed that antioxidant capacity in 

filamentous fungi was attributed mainly to their phenolic content (Smith et al., 2015). Even 

though methanolic extracts of all fungal species studied were shown to possess antioxidant 

activities, extraction methods, solvents, time, temperature, and pH are crucial factors in 

obtaining natural antioxidants from different sources (Hameed et al., 2017). However, 

there are other mechanisms through which antioxidants can show their activity than by 

direct reaction mechanism (Hameed et al., 2017). We showed that these extracts from 

fungal marine species prove to also be a rich source of antioxidants components.  

According to FTIR analyses, the main differences found in functional groups between 

saline and non-saline culture conditions were chitin and ergosterol, lipids, and 

carbohydrates. Recently, Danilova et al. (2020) showed changes in the membrane lipid 

composition of Emericellopsis alkalina under different concentrations of NaCl. The 

present study suggests that sea salt applies a selective pressure on the activity profiles of 

the fungi assayed and induces an alteration in the chemical composition of fungal cell 

walls.  
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Conclusions 

Filamentous fungi are the preferred source of industrial enzymes due to their excellent 

capacity for extracellular enzyme production. Marine fungi harbor promising compounds 

with relevant applications in biotechnology. One major advantage of the utilization of 

marine fungi in drug discovery is that their diversity offers an almost endless source of 

novel bioactive compounds. In this study, we focused on extract activities rather than in 

pure metabolites: extracts are easier and cheaper to obtain than pure metabolites. 

Furthermore, the activity profiles from the extracts of the marine fungi studied were 

demonstrated to be responsive to sea salt.  
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Supplementary material 

 

Table S1. Detection of extracellular activity. 
 

Species Strain Time 
(d) Condition Amilase Cellulase Xylanase Pectinase Pectin  

Lyase Caseinase Urease Gelatinase Laccase Chitinase 

Aspergillus affinis CMG 70 7 
w/ salt + + + - - + - - - + 
w/o salt + + + - - + - + - + 

Aspergillus 
protuberus CMG 71 14 

w/ salt + + + + + + + - - + 
w/o salt + + + + + + + - - - 

Cladosporium 
rubrum 

MUM 
19.39/CMG 28 14 

w/ salt + + - + + + - - - + 
w/o salt - + - + + + + + - + 

Emericellopsis 
cladophorae 

MUM 
19.33/CMG 25 14 

w/ salt - - - + + + - - - + 
w/o salt - + - + + + + - - + 

Emericellopsis 
enteromorphae 

MUM 
19.34/CMG 26 14 

w/ salt + - + + + + - - - - 
w/o salt - - + - + + - - - - 

Emericellopsis 
phycophila 

MUM 
19.32/CMG 15 14 

w/ salt - - - + + + - - - - 
w/o salt - + - - + + - - - - 

Lulworthia cf. 
purpurea 

MUM 
20.50/CMG 55 33 

w/ salt - + - + + + - - - - 
w/o salt - + - - - - - - - - 

Lulworthia cf. 
purpurea 

MUM 
20.56/CMG 57 16 

w/ salt - - - + - - - - - - 
w/o salt - + - + + - - - - - 

Neocamarosporium 
aestuarinum 

MUM 
18.55/CMG 4 14 

w/ salt + - + + + + - - - - 
w/o salt - - + - + + - - - - 

Neocamarosporium MUM 14 w/ salt - + + + + + - + - - 



 

 
263 

endophyticum 18.56/CAA 
808  w/o salt - + + + + + - + - - 

Neocamarosporium 
haliniones 

MUM 
18.54/CAA 

807 
14 

w/ salt + + + + + + - + - - 

w/o salt + + + + + + - + - - 

Neodevriesia 
aestuarina 

MUM 
19.27/CMG 9 14 

w/ salt - + - - + + + - - + 
w/o salt + - - + + + + - - + 

Neptunomyces 
aureus 

MUM 
19.38/CMG 

10A 
14 

w/ salt - + + - + + + - - + 

w/o salt + + + + + + + + - + 

Paraconiothyrium 
salinum 

MUM 
19.91/CMG 49 14 

w/ salt + + + + + + - + - - 
w/o salt + + + + + + - + - - 

Paralulworthia 
halima 

MUM 
20.56/CMG 69 14 

w/ salt + + + + - + - + - - 
w/o salt + + + + - + - + - - 

Parassarocladium 
aestuarinum 

MUM 
19.35/CMG 30 14 

w/ salt + - + + + + - - - - 
w/o salt - - + - + + - - - - 

Parassarocladium 
alavariense 

MUM 
19.36/CMG 32 14 

w/ salt + + + + - - - - - + 
w/o salt + + - + + + + + - + 

Parassarocladium 
fusiforme 

MUM 
19.37/CMG 36 14 

w/ salt + + + + + + - - - - 
w/o salt + + - + + + - - - - 

Penicillium 
lusitanum 

MUM 
18.49/CMG 8 14 

w/ salt + + + - - + - - - + 
w/o salt + + + + + + - + - + 

Remispora 
submsersa 

MUM 
20.48/CMG 53 16 

w/ salt - - - + - + + - - + 
w/o salt - + - + - + + + - + 

Sedecimiella 
taiwanensis CMG 51 15 

w/ salt - + - - - + + - - - 
w/o salt + + - - - + + + - - 

Trichoderma 
aestuarinum 

MUM 
19.05/CMG 1 3 

w/ salt - + + + + + + - + + 
w/o salt - + + + + + + - + + 
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Verrucoconiothyrium 
ambiguum 

MUM 
18.57/CMG 5 14 

w/ salt + + + - - + + - + + 
w/o salt + + + + + + + + + + 

Zalerion maritima 
MUM 

20.138/CMG 
67 

14 
w/ salt + - + + - - - - - - 

w/o salt + + + + - - + - - - 

Zalerion 
pseudomaritima 

MUM 
20.49/CMG 65 14 

w/ salt - + - + + - - - - - 
w/o salt - + + + + + - - - - 
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Table S2. Screening of antibacterial activity.  

Species Strain Time 
(d) Condition Length  

(mm) 

Gram Positive Bacteria Gram Negative Bacteria 
Staphylococcus  

aureus  
ATCC 6538 

Kocuria 
rhizophila 

ATCC 9341 

Enterococcus 
faecalis  

ATCC 29212 

Escherichia  
coli  

ATCC 25922 

Klebsiella  
pneumoniae 

(P9.5) 

Pseudomonas  
aeruginosa 

(4P6.2) 

Aspergillus affinis CMG 70 7 
w/ salt 37 ± 0.1  + + + + + - 

w/o salt 16 ± 0.1  + + + + + + 

Aspergillus protuberus CMG 71 14 
w/ salt 19 ± 0.1  + - - - + - 

w/o salt 9 ± 0.1 + - + + + - 

Cladosporium rubrum MUM 
19.39/CMG 28 14 

w/ salt 16 ± 0.1 + + + + - + 

w/o salt 12 ± 0.1  + + + + - + 

Emericellopsis 
cladophorae 

MUM 
19.33/CMG 25 14 

w/ salt 9 ± 0.1 + + + + - + 

w/o salt 10 ± 0.1  + + + + - + 

Emericellopsis 
enteromorphae 

MUM 
19.34/CMG 26 14 

w/ salt 21 ± 0.1  - - - - - - 

w/o salt 7 ± 0.1 + - + - - - 

Emericellopsis 
phycophila 

MUM 
19.32/CMG 15 14 

w/ salt 43 ± 0.1  + + + - - - 

w/o salt 28 ± 0.1  + - + - - - 

Lulworthia cf. 
purpurea 

MUM 
20.50/CMG 55 33 

w/ salt 19 ± 0.1  - - - - - - 

w/o salt 7 ± 0.1  - - - - - - 

Lulworthia cf. 
purpurea 

MUM 
20.56/CMG 57 16 

w/ salt 38 ± 0.1  - - - - + - 

w/o salt 14 ± 0.1  + - + - + - 

Neocamarosporium 
aestuarinum 

MUM 
18.55/CMG 4 14 

w/ salt 6 ± 0.1  + - + + - - 

w/o salt 4 ± 0.1  + - + + - - 

Neocamarosporium 
endophyticum 

MUM 
18.56/CAA 808  14 

w/ salt 35 ± 0.1  - - - - - - 

w/o salt 23 ± 0.1  - - - - - - 

Neocamarosporium 
haliniones 

MUM 
18.54/CAA 807 14 

w/ salt 33 ± 0.1  - - - - - - 

w/o salt 25 ± 0.1  - - - - - - 
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Neodevriesia 
aestuarina 

MUM 
19.27/CMG 9 14 

w/ salt 10 ± 0.1  - + - - - - 

w/o salt 14 ± 0.1  - - - - - - 

Neptunomyces aureus MUM 
19.38/CMG 10A 14 

w/ salt 21 ± 0.1  - - - - - - 

w/o salt 18 ± 0.1  + - + - - - 

Paraconiothyrium 
salinum 

MUM 
19.91/CMG 49 14 

w/ salt 45 ± 0.1  + - - + + - 

w/o salt 39 ± 0.1  + + + + + - 

Paralulworthia halima MUM 
20.56/CMG 69 14 

w/ salt 23 ± 0.1  + - - + - - 

w/o salt 3.5 ± 0.1  + + + + - + 

Parassarocladium 
aestuarinum 

MUM 
19.35/CMG 30 14 

w/ salt 17 ± 0.1  + + + + - + 

w/o salt 8 ± 0.1  + + + + - + 

Parassarocladium 
alavariense 

MUM 
19.36/CMG 32 14 

w/ salt 36 ± 0.1  + + + - - - 

w/o salt 22 ± 0.1  + + + + - + 

Parassarocladium 
fusiforme 

MUM 
19.37/CMG 36 14 

w/ salt 27 ± 0.1  - - - - - - 

w/o salt 8 ± 0.1  + + - + - + 

Penicillium lusitanum MUM 
18.49/CMG 8 14 

w/ salt 13 ± 0.1  + + + - + - 

w/o salt 10 ± 0.1  + - + + + + 

Remispora submsersa MUM 
20.48/CMG 53 16 

w/ salt 24 ± 0.1  - - - - - - 

w/o salt 26 ± 0.1  - - - - - - 

Sedecimiella 
taiwanensis CMG 51 15 

w/ salt 34 ± 0.1  - - - - - - 

w/o salt 15 ± 0.1  - - - - + - 

Verrucoconiothyrium 
ambiguum 

MUM 
18.57/CMG 5 14 

w/ salt 10 ± 0.1  + + + - - + 

w/o salt 10 ± 0.1  + - + + - - 

Zalerion maritima MUM 
20.138/CMG 67 14 

w/ salt 21 ±  0.1 + + - - - - 

w/o salt 12 ± 0.1 - - - - - - 

Zalerion 
pseudomaritima 

MUM 
20.49/CMG 65 14 

w/ salt 31  ±  0.1 + + + - - - 

w/o salt 16  ±  0.1 + + + - - - 
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SUBCHAPTER 4.1 

 

Integrated genomic and metabolomic analyses of the marine fungus Emericellopsis 

cladophorae: insights into saltwater adaptability mechanisms and its biosynthetic potential  

 

Micael F.M. Gonçalves, Sandra Hilário, Yves Van de Peer, Ana C. Esteves, Artur Alves 

 

(submitted) 

 

Abstract  

The genus Emericellopsis is found in terrestrial but mainly in marine environments with a 

worldwide distribution. Although Emericellopsis has been recognized as an important source of 

bioactive compounds, the range of metabolites expressed by the species of this genus, as well as the 

genes involved in their production are still poorly known. Untargeted metabolomics, using UPLC-

QToF–MS/MS, and genome sequencing (Illumina HiSeq) was performed to unlock E. cladophorae 

MUM 19.33 chemical diversity. The genome of E. cladophorae is 26.9 Mb in size and encodes 

8,572 genes. A large set of genes encoding carbohydrate-active enzymes (CAZymes), secreted 

proteins, transporters, and secondary metabolite biosynthetic gene clusters were identified. Our 

analysis also revealed genomic signatures which may reflect a certain fungal adaptability to the 

marine environment, such as genes encoding for 1) the high-osmolarity glycerol pathway; 2) 

osmolytes’ biosynthetic processes; 3) ion transport systems, and 4) CAZymes classes allowing the 

utilization of marine polysaccharides. The fungal crude extract library constructed revealed a 

promising source of antifungal (e.g., 9,12,13-Trihydroxyoctadec-10-enoic acid, hymeglusin), 

antibacterial (e.g., NovobiocinA), anticancer (e.g., daunomycinone, isoreserpin, flavopiridol), and 

anti-inflammatory (e.g., 2'-O-Galloylhyperin) metabolites. We also detected unknown compounds 

with no structural match in the databases used. The metabolites’ profile of E. cladophorae MUM 

19.33 fermentations were salt dependent. The results of this study contribute to unravel aspects of 

the biology and ecology of this marine fungus. The genome and metabolome data are relevant for 

future biotechnological exploitation of the species. 

 

Keywords: antimicrobial, anticancer, marine fungi, metabolites, whole genome sequencing  

 

Introduction 

 The genus Emericellopsis was introduced by Kingma (1939) and is distributed worldwide. 

Species of Emericellopsis can be found in association with seaweeds in estuarine or marine 
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habitats, but also in soils, peat, and rhizomes (Zucarro et al., 2004; Konovalova and Logacheva, 

2015; Mohammadian et al., 2016). However, it is in saline environments that Emericellopsis 

species appear more frequently and thrive: macroalgae, sponges, sea and estuarine waters, marine 

sediments and even in soils with periodic flooding and extreme humidity and alkalinity (Tubaki 

1973; Zucarro et al., 2004; Domsch et al., 2007; Konovalova and Logacheva, 2015; Mohammadian 

et al., 2016; Gonçalves et al., 2020). 

 It has been demonstrated that species of Emericellopsis are important sources of bioactive 

metabolites, such as peptaibols with antibacterial and antifungal activities (Kuvarina et al., 2021). 

The Norine database (Flissi et al., 2019), which is dedicated to non-ribosomal peptide synthases 

(NRPS), includes some of these compounds: the antiamoebins I–XI from E. salmosynnemata and 

E. synnematicola, the bergofungins A–D from E. donezkii, the emerimicins II–IV from E. 

microspora and E. minima, the heptaibin from Emericellopsis sp. BAUA8289 and the zervamicins 

from E. salmosynnemata (Jaworski and Brückner 2000, Berg et al., 1996; Gessmann et al., 2017, 

Argoudelis and Johnson 1974; Inostroza et al., 2018, Ishiyama et al., 2000, Rinehart et al., 1981). 

Recently, Kuvarina et al. (2021) reported emericellipsins A–E as novel peptaibols from E. alkalina. 

Emericellopsis cladophorae was isolated from the reticulated filamentous green alga 

Cladophora sp. at the estuary Ria de Aveiro, Portugal, during the summer of 2018 (Gonçalves et 

al., 2020). Crude extracts from E. cladophorae have antibacterial, antioxidant and cytotoxic 

properties (Gonçalves et al., 2021). Moreover, it was shown that E. cladophorae strain MUM 19.33 

produces proteinases, cellulases, chitinases, pectinases, pectin lyases and ureases, among other 

enzymatic activities. Also, it was shown that all the bioactivity profiles assayed are salt-dependent. 

Fungal genome sequencing and metabolomics analyses have become more common and 

facilitated the research of gene diversity, helping to understand gene functions, pathogenicity, and 

the identification of secondary metabolites (Vargas-Gastélum and Riquelme, 2020). However, 

crucial information about marine fungi genomes’ structure remains poorly explored. One reason is 

the shortage of fungal reference genomes derived from the marine environment in public databases, 

essential for gene annotation algorithms. In addition, there are only few studies on the metabolome 

of marine fungi (Oppong-Danquah et al., 2020, Petersen et al., 2019). At present, studies on 

Emericellopsis mostly focus on the phylogenetic identification of species, but information about the 

entire genome and metabolome of this fungal genus is lacking. Although the genomes of E. 

maritima, E. palida and E. stolkiae are deposited in the JGI Genome Portal, none of them is 

publicly available. However, recently, Hagestad et al. (2021) provided a detailed taxonomic and 

genomic description of the first sequenced Emericellopsis species: E. atlantica, isolated from the 

sponge Stelletta normani in the Atlantic Ocean. 
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The aim of this study was mining the genome and metabolome of E. cladophorae strain 

MUM 19.33 to disclose its biosynthetic potential, and, as well, for carbohydrate-active enzymes, 

transporters, and secreted proteins, among several others. The data generated in this study 

contributes to the knowledge of full biotechnological potential and biology of Emericellopsis and 

other marine fungal species. 

 

Material and Methods 

Culture conditions and DNA extraction 

Two mycelium-colonized agar plugs were inoculated into Erlenmeyer flasks containing 

50 mL of PDB at 25 °C, without agitation for seven days, in the dark. Afterwards, mycelium was 

filtered through sterile filter paper, and was immediately grounded in liquid nitrogen. DNA was 

extracted according to Pitcher et al. (1989). The quality of the DNA was assessed by agarose gel 

electrophoresis (0.8%). DNA purity and quantity were determined using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

 

Genome sequencing, assembly, and prediction  

Emericellopsis cladophorae strain MUM 19.33 genome was sequenced from 100 ng of 

genomic DNA by Genome Sequencer Illumina HiSeq, with a sequence mode NovaSeq 6000 S2 

PE150 XP (Eurofins, Belgium). Adapter sequences and low-quality reads were removed from 

output reads using the Trimmomatic software v.0.39 (Bolger et al., 2014). The quality assessment 

analysis of the reads was performed in the fastQC program (Babraham, Bioinformatics, 2016). 

Then, the nuclear genome was assembled using SPAdes v.3.14 (Bankevich et al., 2012). QUAST 

web interface (http://cab.cc.spbu.ru/quast/) was used to assess the quality of the assembled genome. 

Gene prediction of the draft genome assembly was performed using Augustus v.3.3.3 (Stanke et al., 

2004).  

 

Genome annotation and functional analysis 

Several complementary methodologies were used to annotate the sequences. Dispersed 

Repeat sequences (DRs) were identified in OmicsBox v.1.4.12 with the Repeat Masking option 

(RepeatMasker v.4.0.9) (Smit et al., 2015). Tandem Repeat sequences (TRs) were identified by 

Tandem Repeats Finder (TRF) (http://tandem.bu.edu/cgi-bin/trdb/trdb.exe) (Gelfand et al., 2007). 

Analyses of noncoding RNAs, such as tRNAs were carried out using tRNAscan-SE tool 

(http://lowelab.ucsc.edu/tRNAscan-SE/) with default parameters (Lowe and Eddy, 1997). Genes 

were annotated in OmicsBox using Blast2GO against NCBI's nonredundant protein (Nr) database, 

Gene Ontology (GO), InterPro, Kyoto Encyclopedia of Genes and Genomes (KEGG) and the 
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Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups (EggNOG), which also 

contains the orthologous groups from the original COG/KOG database (euKaryotic cluster of 

Orthologous Groups of proteins). The e-value of the blast alignment was set as 1e-3. Carbohydrate-

degrading enzymes (CAZymes) were predicted with the web-based application dbCAN (HMMs 

5.0) (htttp://www.cazy.org/) using with default settings (http://bcb.unl.edu/dbCAN2/blast.php) (Yin 

et al., 2012). Fungal secreted proteins, including signal peptides, were predicted using the SignalP 

(Petersen et al. 2011). Transporters were identified with a BLAST analysis against the Transporter 

Classification (TC) Database (Saier et al., 2016), downloaded in March 2021, with an e-value 

threshold of 1e-5, using the Geneious Prime v.2021.0.3 (htttp://www.geneious.com). The genome 

has also been screened for the presence of Biosynthetic Gene Clusters (BGC) using the web-based 

application antiSMASH v.5.0, using strictness ‘relaxed’ option for detection of well-defined and 

partials clusters containing the functional parts (Blin et al., 2019).  

 

Small-scale fermentation and extraction of metabolites 

A small-scale fermentation was carried out as described in Chapter 3. For LC-MS, 5 

replicates of dried crude extracts (100 mg) for each condition were used. Metabolite extraction was 

performed by adding MeOH to each of the samples allowing them to vortexed for 40 min. Then, 

the samples were centrifuged for 5 min at 20,000 g and 400 μL of the methanolic fraction was 

vacuum dried. Afterwards, 100 μL of cyclohexane/water (1/1, v/v) was added to each sample and 

vortexed. Each mixture was centrifuged at 20,000 g for 5 min and 90 μL of the aqueous phase was 

filtered on a 96-filter plate and transferred to a 96-well plate. The samples were 10x diluted in 

water and 10 μL was analyzed by LC-MS.  

 

LC-MS data analysis, processing, and visualization 

UHPLC was performed on an ACQUITY UPLC I-Class system (Waters Corporation, 

Milford, Massachusetts, USA) consisting of a binary pump, a vacuum degasser, an autosampler, 

and a column oven. Chromatographic separation was carried out on an ACQUITY UPLC BEH C18 

column (150 × 2.1 mm, 1.7 μm, Waters Corporation), and temperature was maintained at 40 °C. A 

gradient of solution A (99:1:0.1 water:acetonitrile:formic acid, pH 3) and solution B (99:1:0.1 

acetonitrile:water:formic acid, pH 3) was used: 99% A for 0.1 min decreased to 50% A in 30 min, 

decreased to 30% in 5 minutes, decreased to 0% in 2 minutes. The flow rate was set to 0.35 mL 

min−1, and the injection volume was 10 μL. The UHPLC system was coupled to a Vion IMS QTOF 

hybrid mass spectrometer (Waters Corporation). The LockSpray ion source was operated in 

negative electrospray ionization mode under the following specific conditions: capillary voltage, 

2.5 kV; reference capillary voltage, 3 kV; cone voltage, 40 V; source offset, 50 V; source 
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temperature, 120 °C; desolvation gas temperature, 600°C; desolvation gas flow, 800 L h−1; and 

cone gas flow, 50 L h−1. Mass range was set from 50 to 1000Da. The collision energy for full 

HDMSe was set at 6 eV (low energy) and ramped from 20 to 70 eV (high energy), intelligent data 

capture intensity threshold was set at 5. Nitrogen (greater than 99.5%) was employed as desolvation 

and cone gas. Leucin-enkephalin (250 pg μL−1 in water:acetonitrile 1:1 [v/v], with 0.1% formic 

acid) was used for the lock mass calibration, with scanning every 2 min at a scan time of 0.1 s. 

Profile data were recorded through a UNIFI Scientific Information System (Waters Corporation). 

Data processing was performed with Progenesis QI software v.2.4 (Waters Corporation), PCA, t-

test and heatmaps were generated using online MetaboAnalyst v.4.0 (Chong et al., 2018). 

Computed p-values were adjusted using the Benjamin-Hochberg False Discovery Rate (FDR) 

correction. Ions having an FDR < 0.01 and a log2 fold change (FC) > 2 or <−2 were considered 

significantly abundant. For identification purposes, the fragmentation data (ESI negative) of the 

significant ions were selected and matched against in-house library and 44 external spectral 

libraries (https://mona.fiehnlab.ucdavis.edu/), using MSsearch software. For each ion, the best hit 

was based on a matching precursor ion (m/z <10ppm difference) and matching fragments (<50ppm 

accuracy), generating 5 common fragments, including the precursor m/z. For each hit the name of 

the matching compound followed by the collision energy used, the parent ion as a nominal mass, 

the chemical formula, a matching factor (MF), a reverse matching factor (RMF), and the name of 

the library found were obtained (File S1). This file contains sometimes positive ionizations, but 

only ions in negative mode was considered for identification. The reason why this can occur is 

because a m/z value of a compound could by accident be the same as a different compound ionized 

in negative mode. Thus, annotation was done at level 2 of the Metabolomics Standards Initiative 

(MSI). 

 

Results and discussion 

Sequencing, assembly data and genomic characteristics 

The genome of Emericellopsis cladophorae strain MUM 19.33 was sequenced into 23.1 

million matched paired-end reads (2 × 151bp), with an estimated 130-fold genome coverage. The 

total genome length is 26.9 Mb (26,938,564 bp) over 300 contigs (> 500 bp), the length of the N50 

fragment is 315,653 bp, the length of the N75 fragment is 183.8 kbp, the largest contig length is 

1,489,480 bp, and the GC content is 54.34% (Table 1). 
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Table 1. General statistics of Emericellopsis cladophorae MUM 19.33 genome assembly, and gene 

prediction.  

 General features 

Genome assembled  26.9 Mb 

Number of contigs (> 500 bp) 300 

Largest contig length 1,489,480 bp 

N50 315,653 bp 

N75  183,754 bp 

L50 20 bp 

L75 47 bp 

GC content  54.34% 

Number of genes  8,572 

Total genes length 13,253,623 bp 

Average genes length 1,546 bp 

Total genes length/Genome assembled 49.2% 

 

Gene prediction  

The number of predicted genes is 8,572. The total length of all the genes is 13,253,623 bp 

and the average length of the genes is 1,546 bp. The total length of the coding regions accounted 

for 49.2 % of the total genome length (Table 1). 

 

Repetitive sequences and noncoding RNAs prediction 

Repetitive sequences are classified as Dispersed Repeats (DRs) and Tandem Repeats (TRs). 

The total length of the 5,258 DRs in E. cladophorae MUM 19.33 genome is 261,095 bp, covering 

0.97% of the genome (Table 2). Among the DRs elements identified there are: no short 

interspersed nuclear elements (SINEs), 3 long interspersed nuclear elements (LINEs), 128 long 

terminal repeats (LTRs), 22 DNA transposons, 1 rolling-circles, 62 small RNA, 5 satellites, 4,656 

single repeats, and 381 low complexity elements. With respect to the TRs there are 2,365 sequences 

with a total length of 232,036 bp covering 0.86% of the genome (Table 2). 122 tRNAs were 

predicted, with a total length of 10,432 bp covering 0.04% of the genome (Table 2). Among the 

tRNAs, 5 were annotated as pseudogenes and the remaining 117 anti-codon tRNAs correspond to 

the 20 common amino acid codons. 
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Table 2. Statistical results of repetitive sequences and noncoding RNAs for the Emericellopsis 

cladophorae MUM 19.33 genome. SINEs: short interspersed nuclear elements; LINEs: long 

interspersed nuclear elements; LTRs: long terminal repeats. 

 

Type  Number Total length (bp) 
Percentage in 
genome (%) 

Interspersed repeat SINEs 0 0 0.0000 

 LINEs 3 196 0.0007 

 LTRs 128 48,958 0.1817 

 DNA transposons 22 1,362 0.0051 

 Rolling-circles 1 37 0.0001 

 Unclassified 0 0 0.0000 

 Small RNA 62 9,505 0.0353 

 Satellites 5 698 0.0026 

 Simple repeats 4,656 183,030 0.6794 

 Low complexity 381 17,309 0.0643 

 Total 5,258 261,095 0.9692 

Tandem repeat  

tRNAs 

 2,365 

122 

232,036 

10,432 

0.8614 

0.0387 

 

Gene annotation 

The genome of Emericellopsis cladophorae MUM 19.33 has 8,289 genes annotated 

according to the NCBI's nonredundant protein (Nr), UniProt/Swiss-Prot, EggNOG, KEGG, GO, 

and Pfam databases (Table S1). There are 7834 (91.4%) cellular proteins and approximately 8.6% 

secreted proteins (738) (Tables S1 and S3). 

Functional analysis (GO, Biological Processes) shows that most genes are involved in 

cellular (44%) and metabolic process (36%), localization (13%) and biological regulation (7%) and 

in (GO, Molecular Functions) catalytic (53%), binding (39%), and transporter (8%) activities 

(Figure 1, Table S1). Genes classified within the “cellular process” category were mainly 

classified as being involved in posttranslational modification, protein turnover, chaperones (34%); 

intracellular trafficking, secretion, and vesicular transport (27%); signal transduction (19%); 

cytoskeleton (6%); and others (14%), which include cell cycle control, cell wall and membrane 

biogenesis, cell mobility, and defense mechanisms. Within the “metabolic process” category, E. 

cladophorae genes are involved in the metabolism and transport of carbohydrates (22%, e.g., 

starch, sucrose, pyruvate, galactose, fructose, and mannose), of amino acids (16%), of lipids (12%) 

and of inorganic ions (10%), in the biosynthesis of secondary metabolites (16%, e.g., novobiocin, 
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penicillin, cephalosporin, streptomycin, and carbapenems), and in energy production and 

conversion (13%). 

 

 

 

Figure 1. Gene Ontology (GO) functional annotation (pie chart) and EggNOG functional 

classification (bars chart) of Emericellopsis cladophorae MUM 19.33 genome. 

 

Carbohydrate-active enzymes  

There are 552 genes encoding putative CAZymes, that were annotated using the HMMER, 

Diamond and Hotpep database (Table S2). Among these genes, 279 encode for glycoside 

hydrolases (GH), 123 for carbohydrate binding modules (CBM), 120 for glycosyltransferases (GT), 

82 for auxiliary activities/oxidoreductases (AA), 36 for carbohydrate esterases (CE), and 16 for 

polysaccharide lyases (PL) comprising 166 distinct CAZymes families. The most abundant GH 

family genes include ß-glucosidades (GH3), chitinases (GH18), cellulases (GH5), ß-xylosidades 

(GH43), amylases (GH13), xyloglucan:xyloglucosyltransferase (GH16), α-glucosidase (GH31) and 

α-mannosidase (GH47). Regarding GT, UDP-glucuronosyltransferase (GT1), cellulose/chitin 

synthases (GT2), sucrose synthase (GT4) and fucose-specific ß-1,3-N-

acetylglucosaminyltransferase (GT31) were the most abundant. Cellobiose dehydrogenase (AA3), 

glucooligosaccharide/chitooligosaccharide oxidases (AA7) and lipopolysaccharide N-

acetylglucosaminyltransferase (AA9) which belong to AA family were the most predominant. 

Carbohydrate binding modules are also an important class of CAZymes. Within this class, we 

highlight CBM1, involved in cellulose and chitin binding (Várnai et al., 2013) and CBM18 which 

is responsible for chitin recognition (Yan et al., 2017). Carbohydrate esterase families are classified 

in 18 sub-families and catalyze the de-O or de-N-acylation of substituted saccharides. In E. 
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cladophorae, 10 CEs are present with CE5 (acetyl xylan esterase, cutinase) being the most 

abundant. CE5 participates in the enzymatic hydrolysis of cutin, and are commonly secreted by 

plant pathogens, enabling them to penetrate through the cuticle (Nakamura et al., 2017). Also, 

results show that E. cladophorae genome encodes PL genes such as pectate lyase (PL1), pectate 

lyase (PL3) and rhamnogalacturonan endolyase (PL4). This family is known to be involved in 

breakdown of pectin from plants cell walls and as well as in diatoms and seagrasses (Hehemann et 

al., 2017, Hobbs et al., 2019). 

 

Transporter proteins  

Transport proteins are classified into five well defined classes according to the transport 

protein classification (TC) system (Saier et al. 2016): channels and pores (TC 1), electrochemical 

potential-driven transporters (TC 2), primary active transporters (TC 3), group translocators (TC 4), 

and transmembrane electron carriers (TC 5), accessory factors involved transport (TC 8) and 

incompletely characterized transport systems (TC 9). Emericellopsis cladophorae MUM 19.33 

genome encodes transporters (2,197 genes) from all the TC classes, accounting for 25.6% of the 

total predicted genes of E. cladophorae (Table 3 and S4). TC 2 class accounted for 25.9% of 

transporters in E. cladophorae genome. This transporters’ class encompass the Major Facilitator 

Superfamily (MFS), which can transport molecules, controlling membrane homeostasis and 

regulate internal pH and the stress response machinery in fungi (dos Santos et al., 2014). It has been 

demonstrated that many of MFS transporters are required for fungi to grow under stress conditions 

(Xu et al., 2014) and play an important role in multidrug resistance (Chen et al., 2017). 

Transporters encoding genes to transport glycerol, inositol, sodium, and chloride were found.  

Other transporters’ encoding genes are related to the salt overly sensitive signaling pathway, 

a well-defined pathway in plants to maintain cellular ion homeostasis by restricting the 

accumulation of sodium (Ji et al., 2013). It is known that at high salinity, fungi maintain osmotic 

balance mainly by the increased production and accumulation of glycerol or other compatible 

solutes, such as inositol, mannitol, arabitol, xylitol and nitrogen containing compounds (e.g., 

glycine, betaine) (Kogej et al., 2007). Emericellopsis cladophorae genome contains many genes 

involved in glycerol, mannitol, inositol, sorbitol, trehalose, glycine, and betaine biosynthetic 

process, suggesting that E. cladophorae has adaptability mechanisms to maintain positive turgor 

pressure allowing the interplay of osmolyte transporters. The second most abundant transporter 

class in E. cladophorae is TC 1 accounted for 21% of transporters. These transporters are mainly 

associated to ionic homeostasis allowing rapid changes in cell physiology (Anwar and Samudrala, 

2018). We identify transporters’ encoding genes likely to encode for calcium channels, 

nucleoporins, aquaporins, among others. Aquaporins are fundamental in all living organisms for 
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maintenance of water equilibrium and their cellular shape and turgor (Sabir et al., 2016). But to 

date, little is known about aquaporins in filamentous fungi. In yeasts for example, aquaporins play 

important roles in establishment of freeze tolerance, spore formation, and cell surface properties for 

adhesion (Ahmadpour et al., 2014). 

 

Table 3. Genes predicted to code for transporters in the genome of Emericellopsis cladophorae 

MUM 19.33. 

Transporter class MUM 19.33 

Channels and pores (TC 1) 461 
Electrochemical potential-driven transporters (TC 2) 570 
Primary active transporters (TC 3) 405 
Group translocators (TC 4) 77 
Transmembrane electron carriers (TC 5) 30 
Accessory factors involved in transport (TC 8) 270 
Incompletely characterized transport systems (TC 9) 384 
Total 2 197 

 

Biosynthetic Gene Clusters  

Thirty-seven BGC involved in the secondary metabolism of E. cladophorae MUM 19.33 

were predicted (Table S5). Among these gene clusters, there are 7 terpenes, 5 t1PKs and 1 t3PKs 

(type 1 and 3 polyketide synthases), 10 NRPS, 5 NRPS-t1PKs, 7 NRPS-like, 1 NRPS-like-t1PKs 

and 1 phosphonate. Three BGC showed 100% similarity with known BGC, such as clavaric acid 

(antitumor), EQ-4 Microperfuranone (immunosuppressive activity) and (-)-Mellein (antifungal). 

Others BGC, shared gene similarity with the ascochlorin BGC (87%), cephalosporin C BGC (57% 

of genes show similarity), leucinostatin A/leucinostatin B BGC (45% of genes show similarity) and 

with copalyl diphosphate BGC and squalestatin S1 BGC (42% and 40%), respectively. Other genes 

probably involved in BGC of yanuthone D, oosporein and shearinine D were also detected. 

 Ascochlorin is an isoprenoid antibiotic isolated from Acremonium egyptiacum (syn. A. 

sclerotigenum), previously known as the phytopathogenic fungus Ascochyta viciae (Araki et al., 

2019). Ascochlorin or related compounds have been reported to show antiviral and antitumor 

activities (Seephonkai et al., 2004) and was found in some ascomycetes, including Acremonium-

like or Emericellopsis species (Hagestad et al., 2021). The ascochlorin cluster is constituted by 

eight genes: ascA (prenyltransferase), ascB (NRPS-like oxidoreductase), ascC (polyketide 

synthase), ascD (halogenase), ascE (P450 monooxygenase/P450 reductase), ascF (terpene cyclase), 

ascG (cytochrome P450) and ascR (transcription regulator). This gene architecture was found in E. 

cladophorae, but the ascB gene is missing (Figure 2A). Also, near to this cluster other three genes 

coding for diphthamide, DNA mismatch repair and alcohol dehydrogenase were identified. This 
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similar cluster may indicate that E. cladophorae can be producer of ascochlorin or a related 

compound. In fact, ascofuranone was identified in the dried crude extracts of E. cladophorae MUM 

19.33 (see section: metabolome analysis). 

 Cephalosporins are among the most-widely used drugs for treatment of infections and 

belongs to the family of beta-lactam antibiotics. From the cephalosporin group, Cephalosporin C is 

the major source for production of 7-amino cephalosporanic acid (7-ACA) (Hu and Zhu, 2016). It 

has been demonstrated that Cephalosporin C is the major compound produced by Emericellopsis 

species, mainly by E. minima and E. salmosynnemata (Sarookhani and Moazzami, 2007). 

Cephalosporin C was isolated from Acremonium chrysogenum (syn. Cephalosporium acremonium) 

and its biosynthesis is well elucidated (Ullán et al., 2002). This cluster is comprised by cefT (MFS 

transporter), D-lactate dehydrogenase (ORF 3), pcbAB (ACV synthetase), pcbC (IPN synthase), 

cefD2 (IPN CoA epimerase), cefD1 (IPN CoA synthetase) and cefM (MFS transporter). Also, two 

other genes, cefEF (deacetoxycephalosporin C synthase) and cefG (acetyl CoA) were involved in 

cephalosporin C biosynthesis but belong to a different cluster (Teijeira et al., 2009). In E. 

cladophorae, only four genes of Cephalosporin C cluster are present (Figure 2B) namely pcbAB, 

pcbC, cefD1 and cefM, which is essential for cephalosporin biosynthesis (Teijeira et al., 2009). 

Additionally, cefD2, cefT and D-lactate dehydrogenase lack, but another MFS transporter located 

near to cefM was detected, which may have the same function of cefT that is responsible for 

cephalosporin secretion from the cell.  

 Leucinostatins are a family of lipopeptide antibiotics isolated firstly from Purpureocillium 

lilacinum (Arai et al., 1973) with broad extensive biological activities, including antimalarial, 

antiviral, antibacterial, antifungal, antitumor and phytotoxicity (Wang et al., 2016). Compounds 

such as leucinostatins have also been previously isolated from Acremonium-like species (Strobel et 

al., 1997). This twenty-genes cluster is constituted by one NRPS (lcsA), two PKs (lcsB and lcsC), 

phenylacetyl- ligase (lcsD), thioesterase (lcsE), basic-leucine zipper transcription factor (lcsF), 

sterigmatocystin 8-O-methyltransferase (lcsG), two ABC multidrug transporter (lcsH and lcsO), 

isotrichodermin C-15 hydroxylase (lcsI), thioesterase-like (lcsJ), two cytochrome P450 (lcsK and 

lcsN), bZIP transcription factor (lcsL), hypothetical protein (lcsM), branched-chain amino acid 

aminotransferase (lcsP), tRNA synthetases (lcsQ), zn-dependent hydrolase (lcsR), signal 

transduction protein (lcsS) and nucleoside-diphosphate-sugar epimerase (lcsT). The data show that 

eleven genes are present in E. cladophorae genome (Figure 2C) with different gene arrangement: 

lcsA, lcsB, lcsE, lcsH, lcsI, lcsK, lcsN, lcsO, lcsP, lcsR, and lcsT. Other three genes encoding for 

tyrosinase, alpha/beta hydrolase and 4-coumarate CoA ligase, along with other five genes encoding 

for hypothetical proteins are present in this cluster, indicating that this species can be producer of a 

related compound with a similar biosynthetic mechanism. 
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Figure 2. Comparison of three biosynthetic gene regions in Emericellopsis cladophorae MUM 

19.33 with A. Ascochlorin BGC of Acremonium egyptiacum F-1392; B. Cephalosporin C BGC of 

Acremonium chrysogenum ATCC 11550; and C. Leucinostatin A/B BGC of Purpureocillium 

lilacinum PLBJ-1. The genes that encode hypothetical proteins are represented as white arrows.  

 

High-osmolarity glycerol (HOG) pathway 

Mitogen-activated protein kinase (MAPK) pathways have been previously identified in 

Saccharomyces cerevisiae, regulating diverse physiological processes such as osmoregulation and 

nutrient-sensing (Kuo et al., 2020). These processes are mainly controlled by the high-osmolarity 



 

 281 

glycerol (HOG) signaling pathway, allowing to adapt to external hyperosmotic stress. In marine 

fungi, high levels of salinity lead to osmotic and ionic stress (Ren et al., 2019). However, it has 

been proposed that these organisms can maintain positive turgor pressure in a hypertonic 

environment, through the HOG pathway (de Assis et al., 2020). This pathway is responsible for 

regulation of salt efflux pumps and creation of osmolytes compatible with cellular functions 

(Gladfelter et al., 2019). 

The genes essential for the MAPK high osmolarity cascade were identified in the genome of 

E. cladophorae (Figure 3). These genes have been previously identified in S. cerevisiae (Kuo et al., 

2020), Candida albicans (Román et al. 2020), Aspergillus spp. (Miskei et al., 2009), Neurospora 

crassa (Huberman et al., 2017), and Magnaporthe oryzae (Kuo et al., 2020). MAPK osmolarity 

cascade can be activated by osmosensors (Sho1 and Sln1) and response regulator proteins, resulting 

in Hog1 activation (Takayama et al., 2019). Emericellopsis cladophorae has the Sln1 and Sho1 

cascades (Sln1-Ypd1-Ssk1-Ssk2-Pbs2-Hog1 and Sho1-Cdc42-Ste20(or Cla4)-Ste11-Pbs2-Hog1) to 

respond to changes in osmolarity in the extracellular environment. The activation of HOG-MAPK 

pathway ensures the accumulation of a high concentration of glycerol in the cytoplasm to reduce 

the osmotic pressure and prevent water losses. Also, we identified genes essential for the cascades 

of MAPK cell wall stress, resulting in cell wall remodeling.  

 

 

 

Figure 3. Model illustrating the high-osmolarity glycerol (HOG) - mitogen-activated protein kinase 

(MAPK) pathway in Emericellopsis cladophorae MUM 19.33, based on the Saccharomyces 

cerevisae HOG-MAPK pathway. Genes that were detected are highlighted in blue. Arrows indicate 

possible connections. The figure was created with BioRender.com. 
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Comparison of genome features between E. cladophorae MUM 19.33 and E. atlantica TS7 

The genus Emericellopsis harbors 23 species described so far. Recently, Hagestad et al. 

(2021) sequenced the first genome of an Emericellopsis species: E. atlantica strain TS7. The 

genome assembly and gene statistics for E. cladophorae and E. atlantica are summarized in Table 

4. Both genomes are similar regarding its genome size, GC content and biosynthetic gene clusters. 

Both genomes share a several conserved genes in biosynthetic gene clusters of ascochlorin, 

leucinostatin A/B and cephalosporin C. However, some BGCs were species specific, such as those 

encoding for helvolic acid, botrydial and fusaristatin A in E. atlantica, while clavaric acid, EQ-4, 

squalestatin S1 and (-)-Mellein in E. cladophorae. 

Emericellopsis cladophorae has 14% less genes than E. atlantica. Not surprisingly, 

CAZymes are more abundant in E. cladophorae than in E. atlantica. These differences might 

define the kind of carbon sources/substrates these species can use, possibly reflecting an adaption to 

their hosts: E. cladophorae was isolated from the filamentous green alga Cladophora sp. 

(Gonçalves et al., 2020), and E. atlantica from the sponge Stelletta normani (Hagestad et al., 2021). 

Such carbon sources include typically marine polysaccharides, such as agarose, alginate, 

carrageenan, chitin, fucoidan, laminarin, ulvan, among others (Barbosa et al., 2019). Emericellopsis 

cladophorae contains enzymes capable to degrade these polysaccharides, such as 4 and 5 genes 

encoding fucosinases (GH29 and GH95) and ulvanases, respectively. These enzymes are involved 

in degradation of algal fucoidan and ulvan. Nineteen genes were also detected with fucose activity 

(GT1 and GT31) and 27 genes encoding chitinases (GH18) and 17 for chitin recognition (CBM18). 

The presence of specific CAZymes relating to the utilization of marine polysaccharides indicates an 

adaption to this environment. 

 

Table 4. Overview of genome assembly and gene statistics for E. cladophorae MUM 19.33 and E. 

atlantica TS7. AA: auxiliary activity; CBM:  carbohydrate binding modules; CE: carbohydrate 

esterases; GH: glycoside hydrolases; GT glycosyltransferases; PL: polysaccharide lyases; NRPS: 

non-ribosomal peptide synthases; PKs: polyketide synthases. 

 

 E. cladophorae MUM 19.33 E. atlantica TS7 

Genome assembled  26.9 Mb 27.3 Mb 

Coverage 130 225.6 

GC content  54.34% 54.2% 

Number of genes  8,572 9,964 

Average genes length 1,546 bp 1,832 bp 

Genes encoding CAZymes 552 396 

          AA 82 53 
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          CBM 123 40 

          CE 36 21 

          GH 279 217 

          GT 120 93 

          PL 16 17 

BGCs 37 35 

          NRPS 10 8 

          NRPS-like 7 6 

          PKs 6 6 

          NRPS-PKs 5 3 

          NRPS-like-PKs 1 0 

          NRPS-PKS-hybrid 0 1 

          Terpenes 7 9 

          Indole 0 1 

          Phosphonate 1 1 

 

Metabolome analysis  

The influence of salt on the metabolomic profile of E. cladophorae MUM 19.33, was 

characterized using an untargeted metabolomic approach as described above. Quintuplicate profiles 

were combined for each condition for comparative analysis. The full list of ions can be found in 

Table S6. Despite the presence of some unknow compounds, the major classes identified were 

polyketides, phenolic compounds, terpenes, amino acids, drugs, mycotoxins, carbohydrates, 

carboxylic acids, fatty acids, alkaloids, and indoles. 

To understand the metabolomic fluctuations in response to sea salt, a IQR (interquartile 

range) filtering was applied because of a large number of significant ions, resulting in a selection of 

a set of 2500 ions for the data modeling. The log-transformed and pareto-scaled (normalized) LC-

MS integration values of the filtered ions were analyzed. The scores of the Principal Component 

Analysis (PCA) on all filtered ions clearly revealed dissimilarities in the metabolome of the salted 

and non-salted extracts of E. cladophorae (Figure 4). The growth of E. cladophorae grows in 

media with and without sea salt (Gonçalves et al., 2020) is accompanied by a different metabolic 

profile, suggesting that this species has the molecular tools to survive in both media.  
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Figure 4. Principal Component Analysis (PCA) scores plot of salted and non-salted extracts of 

Emericellopsis cladophorae MUM 19.33. Green represents salted extracts and in red non-salted 

extracts. 

 

Subsequently, statistical testing on the filtered ions was done using a t-test. Computed p-

values were adjusted using the false discovery rate (FDR) correction. 606 ions having an FDR < 

0.01 and a log2 fold change (FC) > 2 or <−2 were considered to be present in significantly different 

quantities: 414 and 192 compound ions were up- and down-regulated in the salted extracts, 

respectively (Table S7, Figure 5). Due to the lack of information on the MS databases (1 in-house 

library and MoNA), many of these compounds remained unidentified. We had already suggested 

(Gonçalves et al., 2021) that sea salt induces an alteration to the metabolic profile of E. 

cladophorae. For example, the compounds ions annotated as ergocryptine, 2'-O-Galloylhyperin, (-

)-Gallocatechin 3-gallate, N-[1-(4-methoxy-6-oxopyran-2-yl)-2-methylbutyl]acetamide, ferulic acid 

ethyl ester, 6-Methoxymethylone, 3'-O-Methylguanosine, heptanedioic acid, melezitose, salicylic 

acid, 5-Sulfosalicylic acid, N4-Acetylsulfadiazine, 5'-Iodoresiniferatoxin, and tafluprost acid were 

more abundant in salted medium. While the compounds ions annotated as maltotriose, L-N5-(1-

Imino-3-pentenyl)ornithine, hymeglusin, formylciprofloxacin, epiyangambin, lactobionic acid, 

folinic acid, gatifloxacin, 5-Hydroxymethylcytidine, 4-Hydroxyatorvastatin lactone, and fulvestrant 

9-sulfone under non-salted conditions. It is interesting to note that salt induces an increase on the 

quantity of metabolites produced by E. cladophorae, specifically of amino acids and peptides. It 

has been suggested that a selected group of physiologically compliant organic osmolytes, the 

compatible solutes, amasses when the environmental osmolality is raised in the cytoplasm upon 

hyperosmotic challenge (Bremer and Krämer, 2019). 
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Figure 5. Structural classification of up and down regulated (p<0.01) metabolites produced by 

Emericellopsis cladophorae MUM 19.33, grown in the presence of sea salt. 

 

 Analysis of E. cladophorae extracts by LC-MS proved effective in detecting bioactive 

compounds that have been reported for their multiple activities, such as, anti-bacterial, anti-fungal, 

anti-viral, anti-cancer, anti-inflammatory, and antioxidant (Table 5). Emericellopsis cladophorae 

produces diverse metabolites involved in carbohydrate metabolism such as guanosine, maltose, 

maltotriose, laminaritetraose, palatinose and others, which could be related to the fermentation 

medium (PDB) that was used. The main constituent of this medium is starch, a complex 

polysaccharide, widely utilized by fungi to obtain carbon and produce energy. Therefore, when the 

growth medium contains an excess of carbon source, fungi have the ability to accumulate 

carbohydrates (Bidochka et al., 1990). Notably, we detected many genes involved in carbohydrate 

metabolism that were annotated in GO, KEGG and EggNOG databases. For example, in starch and 

sucrose metabolism, we identified genes encoding for glycosylases, hydrolases and cellulases, 

glycolysis/gluconeogenesis, pyruvate, amino and nucleotide sugars, galactose, and inositol. In 

addition, it was also reported in Aspergillus niger a high concentration of citric acid when grown in 

sugar medium (Cairns et al., 2018), as we also detected in E. cladophorae. 

According to our metabolomic analyses, a large number of amino acids and peptides was 

detected: Phe, Val-Leu, Pro-Ile, Leu-Gln, Try-Leu and others (Table S5). Considering the GO, 

KEGG and EggNOG analyses, several genes involved in the amino acid metabolism were found 

encoding for cysteine and methionine metabolism, glycine, serine and threonine metabolism, 

alanine, aspartate and glutamate metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, 

tryptophan metabolism and valine, leucine, and isoleucine biosynthesis.  
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The number of fungal infections - invasive candidiasis, pneumonia, aspergillosis, 

cryptococcal meningitis and histoplasmosis - has increased over the last years (Bongomin et al., 

2017). With the prevalence of antifungal resistance, it is an urgent and unmet need to develop novel 

and safe antifungal drugs with novel modes of action, because the few treatments available remain 

unsatisfactory (Meir and Osherov, 2018). We detected some derivative antifungal compounds in 

our metabolomic analyses such as 9,12,13-Trihydroxyoctadec-10-enoic acid, 

phosphatidylethanolamine, hymeglusin and salicylic acid. Hymeglusin was also identified in 

marine-derived fungus Fusarium solani, which was isolated from the mangrove sediments, with 

anti-fungal activities against tea pathogenic fungi Pestalotiopsis theae and Colletotrichum 

gloeosporioides (Liu et al. 2018). 

Meir and Osherov (2018) suggested that vitamin biosynthesis could be antifungal targets. 

Several genes from E. cladophorae were annotated as encoding for metabolism of cofactors and 

vitamins, particularly of vitamin B1 (thiamine), B2 (riboflavin), B5 (pantothenic acid), B6 

(pyridoxine), B7 (biotin) and B9 (folate). Compounds as (-)-Riboflavin and pantothenic acid were 

also detected in metabolomic analysis. In fungi, these vitamins are important for cellular processes 

as iron homeostasis (Averianova et al., 2020). Several filamentous fungi and yeasts, such as A. 

niger, A. terreus, A. flavus, Penicillium chrysogenum, and Fusarium and Candida spp. were 

reported as natural flavin producers capable of synthesizing riboflavin (Abbas and Sibirny, 2011). 

A recent study has shown that Emericellopsis alkalina produces the antimicrobial peptides 

Emericellipsins A–E. These compounds have a strong activity against drug-resistant pathogenic 

fungi (Aspergillus niger, A. terreus, A. fumigatus, Candida albicans, C. glabrata, C. krusei, C. 

tropicalis, C. parapsilopsis, Cryptococcus neoformans and Cryp. Laurentii), thus indicating its 

ability act against aspergillosis and cryptococcosis (Kuvarina et al., 2021). In a recent study, 

Gonçalves et al. (2021) did not observe antifungal activity against Candida spp. in E. cladophorae 

extracts, a close relative to E. alkalina (Gonçalves et al., 2020). The observed effects may be 

related to the fermentation culture conditions or extractions methods. Kuvarina et al. (2021) used an 

alkaline medium (pH 10.5) containing malt and yeast extract with ethyl acetate as solvent to obtain 

the crude extracts, while Gonçalves et al. (2021) used PDB and methanol. Additionally, Hagestad 

et al. (2021) used 11 different fermentation culture media and observed different bioactivities 

profiles, indicating the likelihood of expression of different compounds. 

Antibiotic resistance is a major public health concern and a most serious challenges of our 

time. In this regard, finding effective solutions to address this problem is crucial. Antibacterial 

compounds were detected in metabolomic analyses, mainly NovobiocinA and N4-

Acetylsulfadiazine derivatives. Emericellopsis cladophorae genome contains genes involved, not 

only in the biosynthesis of novobiocin, but also in monobactam, streptomycin, carbapenem, 
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penicillin and cephalosporin biosynthesis. Although these molecules were not detected, we cannot 

discard the presence of derivative compounds. Apart from biosynthetic gene cluster of 

Cephalosporin C, the genes mentioned above were also detected in genome of E. atlantica 

(Hagestad et al., 2021). However, only penicillins and cephalosporins have been registered as 

natural products from Emericellopsis (Pinheiro, 2012).  

The crude extract of E. cladophorae contains metabolites used in chemotherapy, such as 

daidzein, daunomycinone, isoreserpin, 3,4-dihydroxycinnamic acid and flavopiridol. To our 

knowledge, this is the first time that these compounds have been described in a fungus, with 

exception of 3,4-dihydroxycinnamic acid, which was identified from Pycnoporus cinnabarinus 

(Hernández-Chávez et al., 2019). Additionally, rohitukine, a precursor of flavopiridol was isolated 

from F. proliferatum, F. oxysporum and F. solani (Kumara et al., 2014). Hence, the discovery of 

novel drugs with an increased efficacy for the treatment of different cancers is vital. Therefore, E. 

cladophorae could be an interesting candidate to produce compounds used for anticancer therapy.
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Table 5. Metabolites with biotechnological potential of Emericellopsis cladophorae MUM 19.33 belonging to various chemical classes and related 

functions. Metabolites were annotated at MSI-level 2. m/z – ration mass/charge; Rt – retention time (min). 

 

Putative Metabolite m/z Rt Adduct 
Molecular 
Formula 

Class Function 

(-)-Gallocatechin 3-gallate 169.0130 6.87 [M–H_C15H12O6]–
 C22H18O11 Phenolic compound 

Antioxidant activity and inhibitory ability of α-

amylase and α-glucosidase related to diabetes 

(Wu et al., 2020) 

(-)-Riboflavin 375.1300 8.16 [M–H]
–
 C17H20N4O6 Vitamin 

Known as vitamin B2 and is the central source 

of all important flavins (Liu et al., 2020). It may 

be an attractive target for antifungal therapy 

(Dietl et al., 2018) 

2'-O-Galloylhyperin 307.0484 10.47 [M–2H]
2–

 C28H24O16 Phenolic compound 

Antioxidant and anti-inflammatory (Zhang et al., 

2019) 

3-Isomangostin 427.1782 4.91 [M+OH]
–
 C24H26O6 Xanthone 

Derivative of mangostin that has antioxidant, 

anti-inflammatory, anti-cancer and anti-

microbial activities (Kongkiatpainoon et al., 

2016) 

3,4-dihydroxycinnamic acid 264.0863 17.01 [M–H]
–
 C13H15NO5 Carboxylic acid 

Antioxidant, anti-cancer, anti-viral and anti-

inflammatory (Hernández-Chávez et al., 2019) 

9,12,13-Trihydroxyoctadec-10-

enoic acid 

329.2324 23.40 [M–H]
–
 C18H34O5 Fatty acid Antifungal (Masui et al., 1989) 

Citric Acid 191.0185 1.56 [M–H]
–
 C6H8O7 Carboxylic acid 

Antioxidant, preservative, acidulant and pH-

regulator (Cairns et al., 2018) 

Daidzein 253.0498 14.82 [M–H]
–
 C15H10O4 Phenolic compound 

Anticancer, anti-inflammatory, protective effects 

against osteoporosis, diabetes, and 
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cardiovascular diseases (Sun et al., 2016) 

Daunomycinone 379.0825 1.05 [M–H_H2O]
–
 C21H18O8 Naphthacene 

Antibiotic with anti-cancer activity (Howlett et 

al., 1999) 

(-)-Epigallocatechin 611.1352 2.55 [2M_H]
–
 C15H14O7 Phenolic compound 

Antiviral, antimicrobial, antitoxin and anti-

cancer (Matsumoto et al., 2012) 

Ergocryptine 558.0951 16.35 [M–H]
–
 C32H41N5O5 Alkaloid 

Cause ergot in cereal grains and fescue toxicoses 

in animals (Panaccione, 2005) 

Flavopiridol 382.0995 3.92 [M–H]
–
 C21H20ClNO5 Phenolic compound 

Treatment of chronic lymphocytic leukemia 

(Kumara et al., 2014) 

Guanosine 282.0838 2.27 [M–H]
–
 C10H13N5O5 Sugar 

Antioxidant, neuroprotective, cardiotonic and 

immuno-modulatory properties (Ledesma-

Amaro et al., 2015) 

Hymeglusin 647.3769 21.57 [2M–H]
 –
 C18H28O5 Polyketide 

Fungal beta-lactone antibiotic with anti-fungal 

activity (Liu et al., 2018) 

Isoreserpin 607.2677 2.33 [M–H]
–
 C33H40N2O9 Drug Anti-cancer (Ramu et al., 2021) 

Laminaritetraose 701.1903 1.10 [M+Cl]
–
 C24H42O21 Sugar 

Obtained from hydrolysis of laminarin, which is 

a carbohydrate food reserve (Qin et al., 2015) 

N4-Acetylsulfadiazine 291.0537 15.90 [M–H]
–
 C12H12N4O3S Sulfonamide 

Marine xenobiotic which is the main constituent 

of sulfadiazine (antibiotic) (Zonaras et al., 2016) 

NovobiocinA 611.2305 4.49 [M–H]
–
 C31H36N2O11 Glycoside Antibacterial (Tsuchikado et al., 2020) 

Palatinose 341.1078 1.05 [M–H]
–
 C12H22O11 Sugar 

Obtained from the enzymatic conversion of 

sucrose, used in food industries as a sugar 

substitute (Kawaguti and Sato, 2007) 

Pantothenic acid 18.1024 3.84 [M–H]
–
 C9H17NO5 Vitamin 

Known as vitamin B5 and is essential for fatty 

acid and carbohydrate metabolism. It may be an 

attractive target for antifungal therapy (Dietl et 

al., 2018) 
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Phosphatidylethanolamine
 

612.3720 7.33 [M–H]
–
 C32H56NO8P Fatty acid Anti-fungal (Zhang et al., 2020) 

Porphobilinogen 225.0870 3.72 [M–H]
–
 C10H14N2O4 Pyrrole 

Involved in the heme biosynthetic pathway and 

protection from nitrosative stress (Zhou et al., 

2011) 

Salicylic acid 137.0237 4.12 [M–H]
–
 C7H6O3 Phenolic compound Anti-fungal (Kong et al., 2021) 
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Conclusions 

This study unveils the genome and the metabolome of the algae-associated fungus, 

Emericellopsis cladophorae strain MUM 19.33. The genome sequence analysis includes many 

hypothetical proteins, which is directly related to the lack of sequencing data. Sequencing marine 

fungal genomes will increase data availability which can be used as templates for further 

sequencing analysis. Furthermore, marine fungal genome sequencing allows to unveil the full 

biosynthetic potential of compounds with medical, pharmaceutical, and biotechnological 

applications. Genome sequencing also allows to disclose fungal biology and specific genomic 

signatures. To understand the adaptability of fungi to marine environment, it is necessary an in-

depth study to properly access the function of specific CAZymes related to marine polysaccharides. 

Our findings also underline that the metabolites produced by E. cladophorae were responsive to sea 

salt. Fungal species present in marine environment are expected to have adapted for tolerance to 

high sodium and chloride concentrations. However, the involvement of these transporters in 

adaptability mechanisms to osmotic stress in marine fungi is unclear. We believe that some 

transporters play a crucial role in ions and osmolytes transport that allow marine fungi to thrive in 

saltwater, thereby playing roles in nutrient uptake and osmoregulation. 

Emericellopsis cladophorae is capable to produce a range of antifungal derived compounds, 

among others. Further studies using different culture media, alternative extractions methods and 

genetic engineering experiments are essential in the future to produce, isolate, and characterize 

putatively novel compounds. 
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the accession number JAGIXG000000000. The genome raw sequencing data and the assembly 

reported in this paper is associated with NCBI BioProject: PRJNA718178 and BioSample: 

SAMN18524397 within GenBank. The SRA accession number is SRR14127580. Data generated 

or analyzed during this study are included in this published article and its supplementary 

information files.  

 

Acknowledgments 

This work was supported by the Portuguese Foundation for Science and Technology (FCT) 

to CESAM (UIDB/50017/2020+UIDP/50017/2020) and the PhD grants of M. Gonçalves 

(SFRH/BD/129020/2017) and S. Hilário (SFRH/BD/137394/2018). We also thank the VIB 

Metabolomics Core (VIB-UGent, Belgium) for performing the metabolic profiling, LC-MS data 



 

 292 

processing and basic statistical analysis and Marta Tacão at Department of Biology, University of 

Aveiro, for her support in genome analyses.  

 

References 

Abbas, C.A., Sibirny, A.A. (2011). Genetic control of biosynthesis and transport of riboflavin and 

flavin nucleotides and construction of robust biotechnological producers. Microbiology and 

Molecular Biology Reviews 75, 321–360. 

Ahmadpour, D., Geijer, C., Tamás, M.J., Lindkvist-Petersson, K., Hohmann, S. (2014). Yeast 

reveals unexpected roles and regulatory features of aquaporins and aquaglyceroporins. 

Biochimica et Biophysica Acta 1840, 1482–1491. 

Anwar, T., Samudrala, G. (2018). Bioinformatics Analysis and Functional Prediction of 

Transmembrane Proteins in Entamoeba histolytica. Genes 9, 499. 

Arai, T., Mikami, Y., Fukushima, K., Utsumi, T., Yazawa, K. (1973). A new antibiotic, 

leucinostatin, derived from Penicillium lilacinum. The Journal of Antibiotics 26, 157–161. 

Araki, Y., Awakawa, T., Matsuzaki, M., Cho, R., Matsuda, Y., et al. (2019). Complete biosynthetic 

pathways of ascofuranone and ascochlorin in Acremonium egyptiacum. Proceedings of the 

National Academy of Sciences 116, 8269–8274. 

Argoudelis, A.D., Johnson, L.E. (1974). Emerimicins II, III and IV, antibiotics produced by 

Emericellopsis microspora in media supplemented with trans-4-n-propyl-L-proline. The 

Journal of Antibiotics 27, 274–282.  

Averianova, L.A., Balabanova, L.A., Son, O.M., Podvolotskaya, A.B., Tekutyeva, L.A. (2020). 

Production of vitamin B2 (riboflavin) by microorganisms: An overview. Frontiers in 

Bioengineering and Biotechnology 8, 570828. 

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, M., et al. (2012). SPAdes: a new 

genome assembly algorithm and its applications to single-cell sequencing. Journal of 

Computational Biology 19, 455–477. 

Barbosa, A.I., Coutinho, A.J., Costa Lima, S.A., Reis, S. (2019). Marine polysaccharides in 

pharmaceutical applications: fucoidan and chitosan as key players in the drug delivery match 

field. Marine Drugs 17, 12.  

Berg, A., Ritzau, M., Ihn, W., Schlegel, B., Fleck, W.F., et al. (1996). Isolation and structure of 

bergofungin, a new antifungal peptaibol from Emericellopsis donezkii HKI 0059. The Journal 

of Antibiotics 49, 817–820.  

Bidochka, M.J., Low, N.H., Khachatourians, G.G. (1990). Carbohydrate storage in the 

entomopathogenic fungus Beauveria bassiana. Applied and Environmental Microbiology 56, 

3186–3190. 



 

 293 

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., et al. (2019). antiSMASH 5.0: updates to 

the secondary metabolite genome mining pipeline. Nucleic Acids Research 47, W81–W87.  

Bolger, A.M., Lohse, M., Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 

sequence data. Bioinformatics 30, 2114–2120. 

Bongomin, F., Gago, S., Oladele, R.O., Denning, D.W. (2017). Global and multi-national 

prevalence of fungal diseases-estimate precision. Journal of Fungi 3, 57. 

Bremer, E., Krämer, R. (2019). Responses of microorganisms to osmotic stress. Annual Review of 

Microbiology 73, 313–334. 

Cairns, T.C., Nai, C., Meyer, V. (2018). How a fungus shapes biotechnology: 100 years of 

Aspergillus niger research. Fungal Biology and Biotechnology 5, 1–14. 

Chen, L.H., Tsai, H.C., Yu, P.L., Chung, K.R. (2017). A major facilitator superfamily transporter-

mediated resistance to oxidative stress and fungicides requires Yap1, Skn7, and MAP kinases 

in the citrus fungal pathogen Alternaria alternata. PLoS One 12, e0169103. 

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., et al. (2018). MetaboAnalyst 4.0: towards more 

transparent and integrative metabolomics analysis. Nucleic Acids Research 46, W486-W494. 

de Assis, L.J., Silva, L.P., Liu, L., Schmitt, K., Valerius, O., et al. (2020). The high osmolarity 

glycerol mitogen-activated protein kinase regulates glucose catabolite repression in 

filamentous fungi. PLoS Genetics 16, 1008996.  

Dietl, A.M., Meir, Z., Shadkchan, Y., Osherov, N., Haas, H. (2018). Riboflavin and pantothenic 

acid biosynthesis are crucial for iron homeostasis and virulence in the pathogenic mold 

Aspergillus fumigatus. Virulence 9, 1036–1049. 

Domsch, K.H., Gams, W., Anderson, T.H. (2007). Compendium of soil fungi. 2nd ed. Eching, 

Germany: IHW Verlag. 384 p.  

Dos Santos, S.C., Teixeira, M.C., Dias, P.J., Sá-Correia, I. (2014). MFS transporter required for 

multidrug/multixenobiotic (MD/MX) resistance in the model yeast: understanding their 

physiological function through post-genomic approaches. Frontiers in Physiology 5, 180.  

Flissi, A., Ricart, E., Campart, C., Chevalier, M., Dufresne, Y., et al. (2020). Norine: update of the 

nonribosomal peptide resource. Nucleic Acids Research 48, D465–D469.  

Gelfand, Y., Rodriguez, A., Benson, G. (2007). TRDB—the tandem repeats database. Nucleic acids 

Research 35, D80–D87. 

Gessmann, R., Axford, D., Brückner, H., Berg, A., Petratos, K. (2017). A natural, single-residue 

substitution yields a less active peptaibiotic: the structure of bergofungin A at atomic 

resolution. Acta Crystallographica Section F: Structural Biology Communications 73, 95–100. 

Gladfelter, A.S., James, T.Y., Amend, A.S. (2019). Marine fungi. Current Biology 29, R191–R195.  



 

 294 

Gonçalves, M.F.M, Vicente, T.F., Esteves, A.C., Alves, A. (2020). Novel halotolerant species of 

Emericellopsis and Parasarocladium associated with macroalgae in an estuarine environment. 

Mycologia 112, 154–171. 

Gonçalves, M.F.M., Paço, A., Escada, L.F., Albuquerque, M.S.F., Pinto, C.A., et al. (2021). 

Unveiling biological activities of marine fungi: the effect of sea salt. Applied Sciences 11, 

6008. 

Hagestad, O.C., Hou, L., Andersen, J.H., Hansen, E.H., Altermark, B., et al. (2021). Genomic 

characterization of three marine fungi, including Emericellopsis atlantica sp. nov. with 

signatures of a generalist lifestyle and marine biomass degradation. IMA fungus 12, 1–23. 

Hehemann, J-H, Truong, L.V., Unfried, F., Welsch, N., Kabisch, J., et al. (2017). Aquatic 

adaptation of a laterally acquired pectin degradation pathway in marine gammaproteobacteria. 

Environmental Microbiology 19, 2320–2333. 

Hernández-Chávez, G., Martinez, A., Gosset, G. (2019). Metabolic engineering strategies for 

caffeic acid production in Escherichia coli. Electronic Journal of Biotechnology 38, 19–26. 

Hobbs, J.K., Hettle, A.G., Vickers, C., Boraston, A.B. (2019). Biochemical reconstruction of a 

metabolic pathway from a marine bacterium reveals its mechanism of pectin 

depolymerization. Applied and Environmental Microbiology 85, e02114-02118. 

Howlett, D.R., George, A.R., Owen, D.E., Ward, R.V., Markwell, R.E. (1999). Common structural 

features determine the effectiveness of carvedilol, daunomycin and rolitetracycline as 

inhibitors of Alzheimer β-amyloid fibril formation. Biochemical Journal 343, 419–423. 

Hu, Y., Zhu, B. (2016). Study on genetic engineering of Acremonium chrysogenum, the 

cephalosporin C producer. Synthetic and Systems Biotechnology 1, 143–149. 

Huberman, L.B., Coradetti, S.T., Glass, N.L. (2017). Network of nutrient-sensing pathways and a 

conserved kinase cascade integrate osmolarity and carbon sensing in Neurospora crassa. 

Proceedings of the National Academy of Sciences 114, E8665–E8674.  

Inostroza, A., Lara, L., Paz, C., Perez, A., Galleguillos, F., et al. (2018). Antibiotic activity of 

Emerimicin IV isolated from Emericellopsis minima from Talcahuano Bay, Chile. Natural 

Product Research 32, 1361–1364.  

Ishiyama, D., Satou, T., Senda, H., Fujimaki, T., Honda, R., et al. (2000). Heptaibin, a novel 

antifungal peptaibol antibiotic from Emericellopsis sp. BAUA8289. The Journal of Antibiotics 

53, 728–732. 

Jaworski, A., Brückner, H. (2000). New sequences and new fungal producers of peptaibol 

antibiotics antiamoebins. Journal of peptide science: an official publication of the European 

Peptide Society 6, 149–167. 



 

 295 

Ji, H., Pardo, J.M., Batelli, G., Van Oosten, M.J., Bressan, R.A., et al. (2013). The Salt Overly 

Sensitive (SOS) pathway: established and emerging roles. Molecular Plant 6, 275–286. 

Kawaguti, H.Y., Sato, H.H. (2007). Palatinose production by free and Ca-alginate gel immobilized 

cells of Erwinia sp. Biochemical Engineering Journal 36, 202–208. 

Kingma, F.V.B.T. (1939) Beschreibung einiger neuer Pilzarten aus dem Centraalbureau voor 

Schimmelcultures, Baarn (Nederland). Antonie van Leeuwenhoek 6, 263–290. 

Kogej, T., Stein, M., Volkmann, M., Gorbushina, A.A., Galinski, E.A., et al. (2007). Osmotic 

adaptation of the halophilic fungus Hortaea werneckii: role of osmolytes and melanization. 

Microbiology 153, 4261–4273. 

Kong, J., Xie, Y., Yu, H., Guo, Y., Cheng, Y., et al. (2021). Synergistic antifungal mechanism of 

thymol and salicylic acid on Fusarium solani. LWT - Food Science and Technology 140, 

110787. 

Kongkiatpaiboon, S., Vongsak, B., Machana, S., Weerakul, T., Pattarapanich, C. (2016). 

Simultaneous HPLC quantitative analysis of mangostin derivatives in Tetragonula pagdeni 

propolis extracts. Journal of King Saud University-Science 28, 131–135. 

Konovalova, O., Logacheva, M. (2016). Mitochondrial genome of two marine fungal species. 

Mitochondrial DNA Part A 27, 4280–4281. 

Kumara, P.M., Soujanya, K.N., Ravikanth, G., Vasudeva, R., Ganeshaiah, K.N., Shaanker, R.U. 

(2014). Rohitukine, a chromone alkaloid and a precursor of flavopiridol, is produced by 

endophytic fungi isolated from Dysoxylum binectariferum Hook. f and Amoora rohituka 

(Roxb). Wight & Arn. Phytomedicine 21, 541–546. 

Kuo, C.Y., Chen, S.A., Hsueh, Y.P. (2020). The high osmolarity glycerol (HOG) pathway 

functions in osmosensing, trap morphogenesis and conidiation of the nematode-trapping 

fungus Arthrobotrys oligospora. Journal of Fungi 6, 191. 

Kuvarina, A.E., Gavryushina, I.A., Kulko, A.B., Ivanov, I.A., Rogozhin, E.A., et al. (2021). The 

emericellipsins A–E from an alkalophilic fungus Emericellopsis alkalina show potent activity 

against multidrug-resistant pathogenic fungi. Journal of Fungi 7, 153.  

Ledesma-Amaro, R., Buey, R.M., Revuelta, J.L. (2015). Increased production of inosine and 

guanosine by means of metabolic engineering of the purine pathway in Ashbya gossypii. 

Microbial Cell Factories 14, 1–8. 

Liu, S., Hu, W., Wang, Z., Chen, T. (2020). Production of riboflavin and related cofactors by 

biotechnological processes. Microbial Cell Factories 19, 1–16. 

Liu, S.Z., Yan, X., Tang, X.X., Lin, J.G., Qiu, Y.K. (2018). New bis-alkenoic acid derivatives from 

a marine-derived fungus Fusarium solani H915. Marine Drugs 16, 483. 



 

 296 

Lowe, T.M., Eddy, S.R. (1997). tRNAscan-SE: a program for improved detection of transfer RNA 

genes in genomic sequence. Nucleic Acids Research 25, 955–964. 

Masui, H., Kondo, T., Kojima, M. (1989). An antifungal compound, 9, 12, 13-trihydroxy-(E)-10-

octadecenoic acid, from Colocasia antiquorum inoculated with Ceratocystis fimbriata. 

Phytochemistry 28, 2613–2615. 

Matsumoto, Y., Kaihatsu, K., Nishino, K., Ogawa, M., Kato, N., et al. (2012). Antibacterial and 

antifungal activities of new acylated derivatives of epigallocatechin gallate. Frontiers in 

Microbiology 3, 53.  

Meir, Z., Osherov, N. (2018). Vitamin biosynthesis as an antifungal target. Journal of Fungi 4, 72. 

Miskei, M., Karányi, Z., Pócsi, I. (2009). Annotation of stress–response proteins in the aspergilli. 

Fungal Genetics Biology 46, S105–S120.  

Mohammadian, E., Arzanlou, M., Babai-Ahari, A. (2016). Two new hyphomycete species from 

petroleum-contaminated soils for mycobiota of Iran. Mycologia Iranica 3, 135–140.  

Nakamura, A.M., Nascimento, A.S., Polikarpov, I. (2017). Structural diversity of carbohydrate 

esterases. Biotechnology Research and Innovation 1, 35–51. 

Oppong-Danquah, E., Passaretti, C., Chianese, O., Blümel, M., Tasdemir, D. (2020). Mining the 

metabolome and the agricultural and pharmaceutical potential of sea foam-derived fungi. 

Marine Drugs 18, 128. 

Panaccione, D.G. (2005). Origins and significance of ergot alkaloid diversity in fungi. FEMS 

Microbiology Letters 251, 9–17. 

Petersen, T.N., Brunak, S., Von Heijne, G., Nielsen, H. (2011). SignalP 4.0: discriminating signal 

peptides from transmembrane regions. Nature Methods 8, 785–786. 

Petersen, L.E., Marner, M., Labes, A., Tasdemir, D. (2019). Rapid metabolome and bioactivity 

profiling of fungi associated with the leaf and rhizosphere of the Baltic seagrass Zostera 

marina. Marine Drugs 17, 419. 

Pinheiro, A.M.D.M.L. (2012). " Study of Bioactive Compounds of Marine-Derived Fungi". 

Pitcher, D.G., Saunders, N.A., Owen, R.J. (1989). Rapid extraction of bacterial genomic DNA with 

guanidium thiocyanate. Letters in Applied Microbiology 8, 151–156. 

Qin, Z., Yan, Q., Yang, S., Jiang, Z. (2016). Modulating the function of a β-1, 3-

glucanosyltransferase to that of an endo-β-1, 3-glucanase by structure-based protein 

engineering. Applied Microbiology and Biotechnology 100, 1765–1776. 

Ramu, A.K., Ali, D., Alarifi, S., Abuthakir, M.H.S., Abdul, B.A.A. (2021). Reserpine inhibits DNA 

repair, cell proliferation, invasion and induces apoptosis in oral carcinogenesis via modulation 

of TGF-β signaling. Life Sciences 264, 118730. 



 

 297 

Ren, W., Liu, N., Yang, Y., Yang, Q., Chen, C., et al. (2019). The sensor proteins BcSho1 and 

BcSln1 are involved in, though not essential to, vegetative differentiation, pathogenicity and 

osmotic stress tolerance in Botrytis cinerea. Frontiers in Microbiology 10, 328.  

Rinehart Jr, K.L., Gaudioso, L.A., Moore, M.L., Pandey, R.C., Cook Jr, J.C., et al. (1981). 

Structures of eleven zervamicin and two emerimicin peptide antibiotics studied by fast atom 

bombardment mass spectrometry. Journal of the American Chemical Society 103, 6517–6520. 

Román, E., Correia, I., Prieto, D., Alonso, R., Pla, J. (2020). The HOG MAPK pathway in Candida 

albicans: more than an osmosensing pathway. International Microbiol 2, 23–29.  

Saier Jr, M.H., Reddy, V.S., Tsu, B.V., Ahmed, M.S., Li, C., et al. (2016). The transporter 

classification database (TCDB): recent advances. Nucleic Acids Research 44, D372–D379. 

Sarookhani, M.R., Moazzami, N. (2007). Isolation of Acremonium species producing 

cephalosporine C (CPC) from forest soil in Gilan province, Iran. African Journal of 

Biotechnology 22, 2506–2510. 

Seephonkai, P., Isaka, M., Kittakoop, P., Boonudomlap, U., Thebtaranonth, Y. (2004). A novel 

ascochlorin glycoside from the insect pathogenic fungus Verticillium hemipterigenum BCC 

2370. The Journal of Antibiotics 57, 10–16. 

Smit, A.F.A., Hubley, R., Green, P. (2015). RepeatMasker Open-4.0. 2018. Institute for Systems 

Biology. http://www.repeatmasker.org 

Stanke, M., Steinkamp, R., Waack, S., Morgenstern, B. (2004). AUGUSTUS: a web server for 

gene finding in eukaryotes. Nucleic Acids Research 32, W309–W312. 

Strobel, G.A., Torczynski, R., Bollon, A. (1997). Acremonium sp.—a leucinostatin A producing 

endophyte of European yew (Taxus baccata). Plant Science 128, 97–108.  

Sabir F, Loureiro-Dias MC, Prista C (2016). Comparative analysis of sequences, polymorphisms 

and topology of yeasts aquaporins and aquaglyceroporins. FEMS Yeast Research 16, fow025. 

Sun, M.Y., Ye, Y., Xiao, L., Rahman, K., Xia, W., et al. (2016). Daidzein: A review of 

pharmacological effects. African Journal of Traditional, Complementary and Alternative 

Medicines 13, 117–132. 

Takayama, T., Yamamoto, K., Saito, H., Tatebayashi, K. (2019). Interaction between the 

transmembrane domains of Sho1 and Opy2 enhances the signaling efficiency of the Hog1 

MAP kinase cascade in Saccharomyces cerevisiae. Plos One 14, e0211380. 

Teijeira, F., Ullán, R.V., Guerra, S.M., García-Estrada, C., Vaca, I., et al. (2009). The transporter 

CefM involved in translocation of biosynthetic intermediates is essential for cephalosporin 

production. Biochemical Journal 418, 113–124.  

Tsuchikado, R., Kami, S., Takahashi, S., Nishida, H. (2020). Novobiocin inhibits membrane 

synthesis and vacuole formation of Enterococcus faecalis protoplasts. Microbial Cell 7, 300. 



 

 298 

Tubaki, K. (1973). Aquatic sediment as a habitat of Emericellopsis, with a description of an 

undescribed species of Cephalosporium. Mycologia 65, 938–941. 

Ullán, R., Liu, G., Casqueiro, J., Gutiérrez, S., Banuelos, O., et al. (2002). The cefT gene of 

Acremonium chrysogenum C10 encodes a putative multidrug efflux pump protein that 

significantly increases cephalosporin C production. Molecular Genetics and Genomics 267, 

673–683. 

Vargas-Gastélum, L., Riquelme, M. (2020). The mycobiota of the deep sea: what omics can offer. 

Life 10, 292. 

Várnai, A., Siika-Aho, M., Viikari, L. (2013). Carbohydrate-binding modules (CBMs) revisited: 

reduced amount of water counterbalances the need for CBMs. Biotechnology for Biofuels 6, 1–

12. 

Wang, G., Liu, Z., Lin, R., Li, E., Mao, Z., et al. (2016). Biosynthesis of antibiotic leucinostatins in 

bio-control fungus Purpureocillium lilacinum and their inhibition on Phytophthora revealed 

by genome mining. PLoS Pathogens 12, e1005685.  

Wu, X., Zhang, G., Hu, M., Pan, J., Li, A., et al. (2020). Molecular characteristics of gallocatechin 

gallate affecting protein glycation. Food Hydrocolloids 105, 105782. 

Xu, X., Chen, J., Xu, H., Li, D. (2014). Role of a major facilitator superfamily transporter in 

adaptation capacity of Penicillium funiculosum under extreme acidic stress. Fungal Genetics 

and Biology 69, 75–83. 

Yin, Y., Mao, X., Yang, J., Chen, X., Mao, F., et al. (2012). dbCAN: a web resource for automated 

carbohydrate-active enzyme annotation. Nucleic Acids Research 40, W445–W451. 

Zhang, S.D., Wang, P., Zhang, J., Wang, W., Yao, L.P., et al. (2019). 2′ O-galloylhyperin 

attenuates LPS-induced acute lung injury via up-regulation antioxidation and inhibition of 

inflammatory responses in vivo. Chemico-biological Interactions 304, 20–27. 

Zhang, Y., Tang, M., Dong, Z., Zhao, D., An, L., et al. (2020). Synthesis, secretion, and antifungal 

mechanism of a phosphatidylethanolamine-binding protein from the silk gland of the silkworm 

Bombyx mori. International Journal of Biological Macromolecules 149, 1000–1007. 

Zhou, S., Narukami, T., Nameki, M., Ozawa, T., Kamimura, Y., et al. (2012). Heme-biosynthetic 

porphobilinogen deaminase protects Aspergillus nidulans from nitrosative stress. Applied and 

Environmental Microbiology 78, 103–109. 

Zonaras, V., Tyrpenou, A., Alexis, M., Koupparis, M. (2016). Determination of sulfadiazine, 

trimethoprim, and N4‐acetyl‐sulfadiazine in fish muscle plus skin by Liquid Chromatography–

Mass Spectrometry. Withdrawal‐time calculation after in‐feed administration in gilthead sea 

bream (Sparus aurata L.) fed two different diets. Journal of Veterinary Pharmacology and 

Therapeutics 39, 504–513. 



 

 299 

Zuccaro, A., Summerbell, R.C., Gams, W., Schoers, H.J., Mitchell, J.I. (2004). A new Acremonium 

species associated with Fucus spp., and its affinity with a phylogenetically distinct marine 

Emericellopsis clade. Studies in Mycology 50, 283–297. 

 

Supplementary material 

The supplementary tables of this subchapter (S1–S7) are deposited in an excel file named 

“Supplementary material subchapter 4.1”, and supplementary file S1 in a pdf file named “All 

significant matched against MONA libraries based on precursor and MSMS”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 300 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 301 
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Genome and metabolome MS-Based mining of a marine strain of Aspergillus affinis 

 

Micael F.M. Gonçalves, Sandra Hilário, Marta Tacão, Yves Van de Peer, Artur Alves, Ana C. 

Esteves 
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Abstract  

Aspergillus section Circumdati encompasses several species that display both beneficial 

(e.g., biochemical transformation of steroids and alkaloids and production of enzymes and 

metabolites) and harmful properties (e.g., production of ochratoxin A (OTA)). Given their 

relevance, it is important to analyze the genetic and metabolic diversity of the species of this 

section. We sequenced the genome of Aspergillus affinis CMG 70, isolated from sea water, and 

compared it with the genomes of the section Circumdati, including the type of strain of A. affinis. 

The A. affinis genome was characterized considering secondary metabolites biosynthetic gene 

clusters (BGCs), carbohydrate-active enzymes (CAZymes), and transporters. To uncover the 

biosynthetic potential of A. affinis CMG 70, an untargeted metabolomics (LC-MS/MS) approach 

was used. Cultivating the fungus in the presence and absence of sea salt showed that A. affinis 

CMG 70 metabolite profiles are salt dependent. Analyses of the methanolic crude extract revealed 

the presence of unknown and of well-known Aspergillus compounds, such as ochratoxin A, anti-

viral (e.g., 3,5-Di-tert-butyl-4-hydroxybenzoic acid and epigallocatechin), anti-bacterial (e.g., 3-

Hydroxybenzyl alcohol, L-pyroglutamic acid, lecanoric acid), antifungal (e.g., L-pyroglutamic 

acid, 9,12,13-Trihydroxyoctadec-10-enoic acid, hydroxyferulic acid), and chemotherapeutic (e.g., 

daunomycinone, mitoxantrone) related metabolites. Comparative analysis of 17 genomes from 16 

different Aspergillus species revealed abundant CAZymes (568 per species), secondary metabolite 

BGCs (73 per species), and transporters (1,359 per species). Some BGCs are highly conserved in 

this section, (e.g., pyranonigrin E and UNII-YC2Q1O94PT (ACR toxin I)), while others are 

incomplete or completely lost among species (e.g., bikaverin and chaetoglobosins were found 

exclusively in series Sclerotiorum, while asper-lactone seemed completely lost). The results of this 

study, including genome analysis and identification of metabolites, emphasize the molecular 

diversity of A. affinis CMG 70, as well as of other species in the section Circumdati. 
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Introduction 

Aspergillus section Circumdati encompasses 27 species, many of which are economically, 

biotechnologically, and medically important, and having vast impacts on human and animal health 

(Visagie et al., 2020). On the harmful side, Circumdati species are notorious for producing highly 

toxic fungal compounds (e.g., ochratoxin A (OTA)) (Gil-Serna et al., 2020). In contrast, some 

Circumdati species, such as A. ochraceus and A. slerotiorum, are used for the biotransformation of 

steroids and alkaloids, while A. melleus is an important source of proteolytic enzymes (Luisetti et 

al., 1991). The yellow aspergilli A. affinis was the first species of the section Circumdati, isolated 

from a freshwater environment (submerged decomposing leaf litter), able to produce OTA, posing 

potential danger for marine organisms and their consumers even human through bioaccumulation 

(Davolos et al., 2012). However, little is known about A. affinis ecological role or biotechnological 

potential. Marine compounds from fungi represent the largest category of marine natural products 

(MNPs) (Carrol et al., 2019) and are the most widely reported to exhibit a diverse source and 

remarkable relevant bioactivities, including antibacterial, antifungal, antiviral, anticancer, anti-

inflammatory, antioxidant, and cytotoxic activities (Han et al. 2020a; Deshmukh et al. 2018; Jans et 

al. 2017; Chen et al. 2015; Moghadamtousi et al. 2015; Sun et al. 2009). Recently, during a survey 

of marine fungi from the Portuguese coast, Gonçalves et al. (2020) isolated a strain of A. affinis 

from sea water (strain CMG 70). Aspergillus affinis CMG 70 produces amylases, cellulases, 

chitinases, proteinases and xylanases, and has antimicrobial, cytotoxic and antioxidant activities 

(Gonçalves et al., 2021). The bioactivity profile of A. affinis CMG 70 suggests that it has the 

potential to represent a useful source of novel secondary metabolites. In fact, more than 30% of 

metabolites isolated from fungi so far are from Aspergillus or Penicillium (Bérdy, 2005).  

Advances in high-throughput genome sequencing, metabolomic technologies, and 

bioinformatics have further enabled research on fungal biology, revealing an untapped source of 

(novel) biosynthetic gene clusters and compounds with a wide range of biotechnological 

applications (Han et al., 2020a; 2020b; 2019; Doroghazi et al., 2014). At present, there is only one 

BioProject (PRJNA421325) on the whole-genome of A. affinis strain ATCC MYA-4773T (= CBS 

129190). Sixteen genomes of other species belonging to the section Circumdati are available at the 

JGI Genome Portal database.  

To disclose the biotechnological potential of A. affinis, we sequenced and analyzed the 

genome of A. affinis CMG 70. Additionally, to assess the effect of sea salt on the metabolic output 

of A. affinis CMG 70, a metabolomic approach was used. Moreover, given the importance of the 
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section Circumdati, a comparative analysis was undertaken using 16 fungal genomes of this 

section. 

 

Material and Methods 

Culture conditions and DNA extraction 

Aspergillus affinis CMG 70 was previously isolated from sea water collected at Vagueira 

(Portugal), during a survey of marine fungi from the Portuguese coast in 2018 (Gonçalves et al., 

(2020). All procedures for culture conditions and DNA extraction were according to the Subchapter 

4.1.  

 

Genome sequencing, assembly, and gene prediction  

All procedures for genome sequencing, assembly, and prediction were according to the 

Subchapter 4.1.  

 

Genome annotation and functional analysis 

All procedures for genome annotation and functional analysis were according to the 

Subchapter 4.1.  

 

Comparative analyses  

The genome of A. affinis CMG 70 was compared to other sequenced and annotated 

genomes from 16 species in the section Circumdati (Table 1). The information available in JGI 

Genome Portal databases such as genome size, GC content, CAZymes, transporters and BGCs 

abundance was used to evaluate genetic and metabolic diversity within the section Circumdati. 

Also, a phylogenetic analysis based on Maximum Likelihood using the sequences of the rDNA 

internal transcribed spacer region (ITS) and tubulin (tub2) of the Aspergillus strains was done using 

MEGA7 (Kumar et al., 2016). Clade stability was assessed using a bootstrap analysis with 1,000 

replicates. Sequences were aligned with ClustalX version 2.1 (Thompson et al., 1997) using the 

parameters described in Gonçalves et al. (2020). All alignments were checked and edited with the 

BioEdit Alignment Editor version 7.2.5 (Hall, 1999). 
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Table 1. List of Aspergillus species and strains used in this study. 

 

Species Strain Host/Substrate ITS tub2 

Aspergillus affinis CMG 70 Sea water MZ230522 MZ254672 

Aspergillus affinis ATCC MYA-4773 Leaf Litter MN431360 GU721092 

Aspergillus crcarbonarius CBS 556.65 Paper EF661204 EF661099 

Aspergillus cretensis CBS 112802 Soil FJ491572 EF661332 

Aspergillus elegans CBS 116.39 Japanese bread EF661414 EF661349 

Aspergillus melleus CBS 546,65 Soil EF661425 EF661326 

Aspergillus muricatus  CBS 112808 Soil EF661434 EF661356 

Aspergillus ochraceus AO.MF010 Soil Genome  Genome 

Aspergillus ostianus CBS 103.07 Unknown EF661421 EF661324 

Aspergillus persi CBS 112795 Toenail of patient FJ491580 AY819988 

Aspergillus pulvericola CBS 137327 Indoor house dust KJ775440 KJ775055 

Aspergillus roseoglobulosus CBS 112800 Decaying leaves FJ491583 AY819984 

Aspergillus sclerotiorum CBS 549.65 Apple EF661400 EF661337 

Aspergillus sesamicola CBS 137324 Sesame seed KJ775437 KJ775063 

Aspergillus steynii  IBT 23096 Green coffee bean EF661416 EF661347 

Aspergillus subramanianii CBS 138230 Shelled brazil nuts EF661403 EF661339 

Aspergillus westerdijkiae CBS 112803 Plant EF661427 EF661329 

Aspergillus westlandensis CBS 123905 Air sample KJ775433 KJ775065 

 

Small-scale fermentation and extraction of metabolites 

A small-scale fermentation was carried out as described in Chapter 3. All procedures for 

LC-MS were according to the Subchapter 4.1. 

 

LC-MS data analysis, processing, and visualization 

All procedures for LC-MS data analysis, processing, and visualization were according to the 

Subchapter 4.1. 

 

Results and discussion 

Sequencing, assembly data and genomic characteristics 

General data related to the draft genome of A. affinis strain CMG 70 is presented in Table 2. 

Briefly, the CMG 70 genome size was estimated at 37.6 Mp, assembled in 421 contigs, with 11,763 

predicted coding sequences from which 13.7% encode for hypothetical proteins, and a GC content 

of 50.21%. The Aspergillus affinis CMG 70 genome size is larger (0.8%), has a slightly higher GC 

content (0.2%) and has 5.2% fewer genes than ATCC MYA-4773T. 
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Table 2. General statistics of the Aspergillus affinis CMG 70 genome assembly, and gene 

prediction. 

 

 General features 

Genome assembled  37.6 Mb 

Number of contigs (> 500 bp) 421 

Largest contig length 919,884 bp 

N50 216,796 bp 

N75  126,688 bp 

L50 51 bp 

L75 106 bp 

GC content  50.21% 

Number of predicted genes 11,763 

Total length of predicted genes 18,519,399 bp 

Average length of predicted genes 1,574 bp 

Total length of predicted genes /Genome assembled 49.3% 

 

Repetitive sequences and prediction of noncoding RNAs 

Repetitive sequences are classified in Dispersed Repeats (DRs) and Tandem Repeats (TRs). 

The total length of the 12,411 DRs in the A. affinis CMG 70 genome amounts to 570,106 bp, 

covering 1.52% of the genome. With respect to the TRs, there are 4,491 sequences with a total 

length of 262,036 bp covering 0.70% of the genome. 251 tRNAs were also predicted, with a total 

length of 22,032 bp covering 0.06% of the genome (Table 3). Among the tRNAs, 11 are possible 

pseudogenes and the remaining 240 anti-codon tRNAs correspond to the 20 common amino acid 

codons. 

 

Table 3. Statistical results of repetitive sequences and noncoding RNAs for the Aspergillus affinis 

CMG 70 genome. SINEs: short interspersed nuclear elements; LINEs: long interspersed nuclear 

elements; LTRs: long terminal repeats. 

 

Type  Number Total length (bp) Percentage in genome (%) 

Interspersed repeat SINEs 7 460 0.0012 

 LINEs 69 4,979 0.0133 

 LTRs 124 30,681 0.0817 

 DNA transposons 93 9,220 0.0245 

 Rolling-circles 0 0 0 

 Unclassified 17 1,433 0.0038 
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 Small RNA 124 13,588 0.0362 

 Satellites 60 4,618 0.0123 

 Simple repeats 9,755 391,258 1.0415 

 Low complexicity 2,162 113,869 0.3031 

 Total 12,411 570,106 1.5176 

Tandem repeat  4,491 262,036 0.6975 

tRNAs  251 22,032 0.0586 

 

 

Gene annotation  

The genome of A. affinis CMG 70 has 11,584 genes annotated according to the NCBI's 

nonredundant protein (Nr), UniProt/Swiss-Prot, EggNOG, KEGG, GO, and Pfam databases (Table 

S1). There are 10,726 (91.2%) cellular proteins and approximately 1,037 secreted proteins (8.8%) 

(Tables S1 and S3). The number of predicted proteins of CMG 70 is similar to that of ATCC 

MYA-4773T, as well as to what has been reported for other Aspergillus species, which vary from 

9,078 in A. coremiiformis to 14,216 in A. transmontanensis (Kjærbølling et al., 2020). Functional 

analysis (GO, Biological Processes) showed that most genes are involved in cellular (43%) and 

metabolic process (36%), cellular localization (12%) and biological regulation (9%) (Fig. 1, Table 

S1). Genes classified within the “cellular process” category were mainly classified as being 

involved in posttranslational modification, protein turnover, chaperones (32%); intracellular 

trafficking, secretion, and vesicular transport (28%); signal transduction (16%); cell wall and cell 

cycle control (13%); cytoskeleton (6%); and others (5%), which include defense mechanisms and 

extracellular structures. Within the “metabolic process” category, A. affinis genes are involved in 

the metabolism and transport of carbohydrates (21%), amino acids (18%), lipids (10%) and 

inorganic ions (8%); in the biosynthesis of secondary metabolites (19%); and in energy production 

and conversion (13%). In GO, Molecular Functions, genes are involved in catalytic (51%), binding 

(39%), and transport (10%) activities (Fig. 1, Table S1). These values are in agreement with what 

has been described in the literature for fungi. 
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Figure 1. Gene Ontology (GO) functional annotation (pie chart) and EggNOG functional 

classification (bars chart) of the Aspergillus affinis CMG 70 genome. 

 

Carbohydrate-active enzymes (CAZymes) 

There are 779 genes encoding putative CAZymes, which were annotated using the 

HMMER, Diamond and the Hotpep databases (Table S2). Among these genes, 398 encode for 

glycoside hydrolases (GH), 173 for carbohydrate binding modules (CBM), 151 for 

glycosyltransferases (GT), 125 for oxidoreductases (AA), 55 for carbohydrate esterases (CE), and 

26 for polysaccharide lyases (PL) comprising 175 distinct CAZymes families. The main GH family 

includes ß-glucosidades (GH3), chitinases (GH18), cellulases (GH5), ß-xylosidades (GH43), 

polygalaturonases (GH28), and amylases (GH13). Regarding GT, UDP-glucuronosyltransferase 

(GT1) and cellulose/chitin synthases (GT2) were the most abundant. Carbohydrate binding 

modules 18, which is responsible for chitin recognition (Yan et al., 2018) and CBM48 associated 

with starch degradation (Shen et al., 2020), were the most CBM abundant. All these enzymes have 

an important role in the degradation of polysaccharides, such as fucoidan, chitin, and starch 

(Barbosa et al., 2019). This may reveal a certain adaptation for the fungus to obtain carbon sources 

from different marine substrates, like the algal fucoidan and the crab and shrimp shells’ chitin. 

Glucooligosaccharide/chitooligosaccharide oxidases (AA7) and cellobiose dehydrogenase (AA3), 

which belong to auxiliary activity (AA) family were the most predominant. Carbohydrate esterase 

families are classified in 18 sub-families and catalyze the de-O or de-N-acylation of substituted 

saccharides. In A. affinis, 10 CEs are present with CE4 the most abundant. CE4 participates in the 

deacetylation of polysaccharides, such as xylan, chitin, and peptidoglycan (Oberbarnscheidt et al., 

2007). Enzymes acting in the deacetylation of peptidoglycan may be involved in the degradation of 
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bacterial cell wall, being attractive for drug design with potential application in biomedical 

industry. Aspergillus affinis genome encodes PL genes such as pectate lyase (PL1) and 

rhamnogalacturonan endolyase (PL4). This family is known to be involved in the breakdown of 

pectin that is synthesized in abundance by terrestrial plants but is not known as a marine 

polysaccharide (Hehemann et al., 2017). However, pectin-like polysaccharides have been reported 

in red and green algae, microalgae and in seagrasses (Popper et al., 2011). 

 

Transporter proteins  

We observed transporters from all protein classification (TC) classes: channels and pores 

(TC 1), electrochemical potential-driven transporters (TC 2), primary active transporters (TC 3), 

group translocators (TC 4), transmembrane electron carriers (TC 5), accessory factors involved in 

transport (TC 8), and incompletely characterized transport systems (TC 9). There were 3,006 

predicted genes annotated as transporters against TC database, accounting for 25.6% of the total 

predicted genes for A. affinis (Table 4 and Table S4). Genes from the TC 2 class are the most 

abundant transporters of A. affinis CMG 70 genome (32.7%), followed by genes from the classes 

TC 1 (19.6%), TC 9 (16.1%) and TC 3 (15.3%). The Aspergillus affinis genome encodes 

transporters involved in the transport of zinc, sugar/H+, florfenicol, pantothenate, and various MFS 

(Major Facilitator Superfamily) transporters. It is known that MFS transporters in fungi play an 

important role in multidrug resistance (Chen et al., 2017) and are required for fungal growth under 

stress conditions (Xu et al., 2014). Also, we identified several genes coding for glycerol, inositol, 

sodium, and chloride transporters. By increasing these compounds’ production and accumulation 

and others like erythritol, arabitol, xylitol, mannitol, mycosporines and nitrogen containing 

compounds (e.g., glycine, betaine, and free amino acids), the cell is able to maintain a positive 

turgor pressure (Kogej et al., 2007). Two mechanisms explain how fungi tolerate high salinity 

levels: the high affinity transport systems and the osmoregulatory capacity. Marine fungi produce 

and accumulate specific solutes that allow them to function in saltwater (Rojas-Jimenez et al., 

2019). For example, in the halophyte Mesembryanthemum crystallinum, the myo-inositol and its 

transporters play a major role in the tolerance to salt stress (Niño-González et al., 2919). Moreover, 

Kogej et al. (2007) and Plemenitaš et al. (2014) also showed the production of glycerol, erythritol, 

arabitol and mannitol and the involvement of alkali metal transporters (K+/Na+) by the halophilic 

fungus Hortaea werneckii as osmoadaptation. All four polyols have also been detected in A. flavus 

and A. parasiticus in response to osmotic stress (Nesci et al., 2004). We annotated many genes 

involved in glycerol, mannitol, inositol, trehalose, sorbitol, glycine, and betaine biosynthetic 

process, suggesting that A. affinis has adaptability mechanisms to thrive in saltwater. Furthermore, 

genes essential for the MAPK high osmolarity (Sln1-Ypd1-Ssk1-Ssk2-Pbs2-Hog1 and Sho1-Cdc42-
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Ste20(or Cla4)-Ste11-Pbs2-Hog1) and cell wall stress cascades (Wsc1-Rom2-Rho1-Pkc1-Bck1-

Mkk1-Slt2) were identified, resulting in glycerol accumulation to reduce the osmotic pressure and 

in cell wall remodeling. Gladfelter et al. (2019) suggests that the high-osmolarity-glycerol signaling 

pathway seems in part to be linked to the water balance, cell stability and turgor in fungi. Also, 

transporters associated to ionic homeostasis (TC 1) encoding for calcium channels, nucleoporins, 

and heat shock 70 proteins’ transporters were also detected, allowing rapid changes in cell 

physiology of A. affinis. 

 

Table 4. Genes predicted to code for transporters in the genome of Aspergillus affinis CMG 70. 

Transporter class MUM 19.33 
Channels and pores (TC 1) 586 
Electrochemical potential-driven transporters (TC 2) 983 
Primary active transporters (TC 3) 460 
Group translocators (TC 4) 109 
Transmembrane electron carriers (TC 5) 42 
Accessory factors involved in transport (TC 8) 342 
Incompletely characterized transport systems (TC 9) 483 
Total 3 006 

 

Biosynthetic Gene Clusters  

Seventy-two biosynthetic gene clusters (BGCs) involved in the secondary metabolism of A. 

affinis CMG 70 were predicted (Table S5). Biosynthetic gene clusters encode a form of machinery 

that produce bioactive compounds. In addition to biosynthetic genes, BGC typically include genes 

for expression control, self-resistance, and export of the compounds they encode (Martinet et al., 

2019).  

The BGCs identified encode 7 terpenes, 5 indoles, 23 t1PKs (type 1 polyketide synthases), 8 

NRPS (non-ribosomal peptide synthase), 7 NRPS-t1PKs, 14 NRPS-like, 3 NRPS-like-t1PKs, 1 

NRPS-like-indole, 3 NRPS-indole, and 1 betalactone. From the BGCs identified, 9 BGCs have 

100% similarity with known BGCs, such as asperlactone (anti-fungal), serinocyclin A (anti-insect), 

UNII-YC2Q1O94PT (ACR toxin I), pyranonigrin E (antimicrobial), biotin (vitamin), clavaric acid 

(antitumor), pseurotin (antibacterial), 6-methylsalicyclic acid (mammal-toxic) and AbT1 (anti-

fungal). Other BGCs, such as cluster 33, shared 75% gene similarity with nidulanin A BGC, cluster 

61 is likely to be an ochratoxin A BGC (60% of genes show similarity), and cluster 41 acts as 

aspergillic acid coding BGC (57% of genes show similarity). Cluster 14, 22 and 34 have 50% 

similarity with notoamide A, hexadehydroastechrome and asperphenamate, respectively. Other 
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genes probably involved in BGC of squalestatin S1, ankaflavin, patulin, shearinine D, NG-391 and 

ochrindole A, were also detected. 

 

Phylogenetics analyses 

Recently, Houbraken et al. (2020) created three series within the section Circumdati to 

distinguish the species, namely Circumdati, Sclerotiorum, and Steyniorum. As can be seen in 

Figure 2, A. affinis CMG 70 groups in the same clade as the type species of A. affinis strain ATCC 

MYA-4773 (= CBS 129190), which belongs to ser. Circumdati. This series forms a sister clade 

with ser. Steyniorum, which is phylogenetic related with ser. Sclerotiorum. 

 

Comparative analyses 

General features 

The analysis showed that the genomic features of A. affinis strain CMG 70 and of ATCC 

MYA-4773T are similar, regarding genome size, GC content and number of predicted genes. The 

average size of all genomes from the section Circumdati  is 37.08 Mb. Aspergillus muricatus CBS 

112808 has the smallest genome, i.e., 1.5% smaller than A. westlandensis CBS 123905. Also, 

Circumdati species genomes have a moderate GC content around 49.37 % (Fig. 2, Table S6). 

 

CAZymes 

Differences in the number of CAZymes between both strains of A. affinis, were observed 

with more 8.6% CAZymes in ATCC MYA-4773T (Fig. 2, Table S7). In addition, some CAZymes 

appeared to be strain-specific, such as those from families AA2, CBM46, CBM67, CBM87, CE2, 

CE18, GH146, GH 109, and GT109 for strain CMG 70, while AA5, CBM1, CBM13, CBM18, 

CBM 32, CBM35, CBM48, CBM50, GH23, GH74, GH115, GH133, GT31, and GT41 for strain 

ATCC MYA-4773T (Table S7). These differences may be related to the availability and type of 

carbohydrates in the environment where the strains where isolated from. 

An average of 568 CAZymes per species was predicted (Fig. 2, with the exception of A. 

melleus CBS 546.65 and A. ochraceus AO.MF010 since no information is available at the 

Mycocosm portal). This is similar to what has been reported for 23 species of the section Flavi 

(598/species) (Kjærbølling et al., 2020). Within the section Circumdati, there is a clear difference 

between the type and number of CAZymes among the three series of this section (Fig. 3A). Within 

this section, the ser. Steyniorum showed the lower abundance of CAZymes, while series 

Sclerotiorum showed the highest. Carbohydrate esterases, GT, PL and GH were more prevalent in 

ser. Sclerotiorum, in opposition to ser. Circumdati in which AA and CBM are more prevalent.  
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Transporter proteins 

The genome of A. affinis CMG 70 contains 57.2% more transporters compared with ATCC 

MYA-4773T (Fig. 2, Table S6). The highest number of transporters predicted in A. affinis CMG 70 

might be associated with to the salinity control, since this strain was isolated from a marine 

environment.  

A total of 20,387 transporters were predicted for the 15 Circumdati strains analyzed 

(approximately 1,360 transporters per strain) (Table S6, Fig. 2). The number of predicted 

transporters is similar in most species. Exceptions are A. melleus CBS 546.65 and A. ochraceus 

AO.MF010 with no annotated transporters and A. affinis CMG 70, with 2.2 times the number of 

transporters than the rest of the genomes analyzed. TC2 transporters’ family is the most represented 

in all Circumdati species although slightly more abundant in ser. Steyniorum (Fig. 3B). The second 

most abundant class in the section Circumdati was the TC 3. According to our analyses, there is no 

difference in the distribution of this transporter family among the three series of this section (Fig. 

3B). No variation was also observed for TC 1, TC 4 and TC 5. In contrast, TC 8 and TC 9 are the 

most prevalent in the ser. Circumdati, followed by ser. Steyniorum and ser. Sclerotiorum (Fig. 3B). 
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Figure 2. Phylogenetic relationship of 16 Aspergillus species from the section Circumdati based on ITS and tub2 sequence data and inferred using the 

Maximum Likelihood method under Tamura 3-parameter model. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site and rooted to Aspergillus carbonarius (CBS 556.65). Bootstrap values (≥ 70%) are shown at the nodes. Ex-type strains are in 

bold and the strain under study is in blue. The number of carbohydrate-active enzymes, transporters and biosynthetic gene clusters are indicated using 

bar graphs. 



 

 313 

 

 
 

Figure 3. Boxplot representing the diversity of CAZyme family (A) and the abundance of 

transporters (B) in the section Circumdati: series Sclerotiorum (blue), series Steyniorum (pink) and 

series Circumdati (orange). In the boxplot, the midline represents the median and the upper and 

lower limit of the box represents the third and first quartile. One way analysis of variance 

(ANOVA) followed by Student test was used. No significant differences (p > 0.05) were observed. 

 

BGCs 

Aspergillus affinis CMG 70 contains 8.9% fewer BGCs than A. affinis ATCC MYA-4773T 

(Fig. 2, Table S6). Overall, genomes of Aspergillus species from the section Circumdati are rich in 

gene clusters involved in the synthesis of secondary metabolites (average 73/species). Type 1 

polyketide synthases were the most abundant type of gene clusters, followed by NRPS and NRPS-

like, PKs-NRPS hybrid clusters, terpenes, and indoles (Fig. 2). Aspergillus elegans and A. 

subramanianii have the highest number of BGCs (80), while A. ostianus has the lowest (64). 

Figure 4 shows the list and similarity of known secondary metabolite BGCs of Circumdati species 

genomes. The pyranonigrin E and UNII-YC2Q1O94PT (ACR toxin I) BGCs were detected in all 

genomes with 100% similarity showing a high degree of conservation in this section. Pyranonigrin 

E is a PKs‐NRPS hybrid metabolite from A. niger isolated from a marine source. Pyranonigrins are 

of considerable interest as potent antioxidants (Awakawa et al., 2013). ACR toxin I is responsible 

for brown spot of rough lemon disease by the rough lemon pathotype of Alternaria alternata (Izumi 

et al., 2012). This suggests that Circumdati species may be able to also cause lemon leaf spot 

disease, but more studies are needed to understand the effect of this toxin in other plants.  
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Additionally, aspergillic acid, asperphenamate, and hexadehydroastechrome / terezine-D / 

astechrome BGCs were detected in all genomes but with similarity above 28%, 50%, and 37%, 

respectively, suggesting that some genes may be partially incomplete or lost. Nidulanin A, 

sequalestatin S1, notoamide A and ochrindole A were also detected in all genomes with exception 

of A. ostianus, A. elegans, A. pulvericola/A. roseoglobulosus, and A. subramanianii/A. 

sclerotiorum respectively (Fig. 4). Interestingly, bikaverin and chaetoglobosins BGCs were 

detected exclusively in Aspergillus series Sclerotiorum (with exception of A. roseoglobulosus). On 

the other hand, asperlactone BGC were detected in all species of series Circumdati and Steyniorum 

and curiously only in A. roseoglobulosus, which belong to series Sclerotiorum (Fig. 4). 

Asperlactone belongs to methylsalicylic acid (MSA) type polyketide group and is produced by A. 

westerdijkiae. It has been reported that asperlactone has strong antibacterial and antifungal 

activities (Bacha et al., 2009; Torres et al., 1998).  

Aspergillic acid is a hydroxamic acid-containing pyrazinone isolated from A. flavus that 

exhibits antibiotic properties and toxicity for mammals (White and Hill, 1943). Lebar et al. (2019) 

reported that Circumdati species do not produce aspergillic acid, but neoaspergillic acid and its 

hydroxylated analog neohydroxyaspergillic acid, indicating that the cluster responsible for these is 

a homolog of aspergillic acid BGC. This six-gene cluster is constituted by AsaA (ankyrin domain 

protein), AsaB (GA4 desaturase family protein), AsaC (NRPS-like), AsaD (cytochrome P450 

oxidoreductase), AsaR (C6 transcription factor) and AsaE (MFS transporter). This gene architecture 

was found in both strains of A. affinis, with the AsaR gene incomplete. However, the C6 

transcription factor is not essential for the synthesis of aspergillic acid and its derivatives (Lebar et 

al. 2019).   

Nidulanin A is a cyclic tetrapeptide isolated from A. nidulans. The nidulanin A gene cluster 

is conserved in all Aspergillus and Penicillium spp. and its biological functions are not yet known 

(Andersen et al., 2013). Recently, Raffa and Keller (2019) mentioned that this compound is being 

tested for antimicrobial or virulence-related properties. The presence of the four genes encoding 

nidulanin A (MFS and ABC multidrug transporter, NRPS and conserved hypothetical protein) was 

observed in both strains of A. affinis. Although we did not detect nidulanin in its metabolome, we 

cannot overrule the hypothesis of nidulanin being produced - or another very similar compound - 

by Circumdati species. 
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Figure 4. Matrix indicating the similarity of secondary metabolite gene clusters of Circumdati 

genomes (series Sclerotiorum in blue, series Steyniorum in pink, and series Circumdati in orange) 

in relation to known clusters from the antiSMASH. The color key is given in percentage. 
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Notoamides are alkaloids with the pyranoindole ring common to stephacidins (antitumor 

alkaloids) found in A. ochraceus and in several members of the paraherquamide family. These 

prenylated indole alkaloids were obtained and characterized from a culture of a marine Aspergillus 

sp. isolated from the mussel Mytilus edulis (Kato et al., 2007). Currently, there is no well-known 

property or function for notoamides, although some studies showed cytotoxicity against tumor cell 

lines, insecticidal, antibiotic and antiparasitic activities (Ding et al., 2010; Greshock et al., 2007; 

Liesch et al., 1990). The genetic architecture of a notoamide BGC comprises eighteen genes (notA–

R). It was not possible to detect notK–R genes in both strains of A. affinis (Fig. 5A). The cluster is 

identical only in ten not genes (notA–J) and the pattern of the exon/intron arrangement in the 

corresponding genes is also highly similar between strains, including the two genes that were not 

described in the not gene cluster – the cold shock protein and the ubiquitin carbon terminal 

hydrolase genes. Li et al. (2012) stated that the sequence similarity from notK to notR is quite 

reduced, and that the gene architecture differs drastically, suggesting that the previously assigned 

not gene cluster probably ends at notJ and the other not genes are unlikely involved in notoamide 

biosynthesis. Since notK–R genes were not also detected and considering the hypothesis of the 

notK–R not being involved in notoamide synthesis, it is possible that Circumdati species produce 

notoamide or a notoamide related compound.  

Ochratoxin A (OTA) is a problematic toxic metabolite that is widely distributed in food 

products, such as cereals, rice, soya, coffee, cocoa, beans, peas, peanuts, fresh grapes, and dry 

fruits, posing risks to human and animal health (Gil-Serna et al., 2020). It was first reported in A. 

ochraceus, but many other Aspergillus and Penicillium species and other molds have been reported 

as OTA-producing species. Recently, Gil-Serna et al. (2020) showed that the genomic regions that 

encode for OTA widely differ in Circumdati species. Some species, including A. affinis, contain a 

potentially functional OTA biosynthetic cluster suggesting that these species have the potential to 

synthetize the toxin, and others contain partial regions which might be related to their inability to 

produce OTA. In A. affinis CMG 70 we found the cluster region containing five genes known to be 

involved in OTA biosynthesis: halogenase, bZIP transcription factor, cytochrome P450 

monooxygenase, NRPS, and a PKs. In fact, when we analyzed the dried crude extracts of A. affinis 

CMG 70 (see section metabolome analysis), ochratoxin A was detected as one of the most 

expressed compounds.  

Ochrindoles (A–D) are prenylated bis-indolyl benzoid/quinone and ochrindole A is the most 

common of the four ochrindole compounds known (de Guzman et al., 1994). Ochrindoles are 

known for their anti-insect properties, making ochrindoles (or derivatives)-producing species, of 

interest for the pesticide industry. Kjærbølling et al. (2018) already identified candidate-genes for 

the ochrindole cluster in A. steynii, a member of the section Circumdati. Both strains of A. affinis 
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shared twelve genes within ochrindole A BGC which is comprised by seventeen genes (Fig. 5B). 

The lack of the five genes (hypothetical protein, fructosyl amino acid oxidase, allantoate permease 

and 5-oxoprolinase coding genes) might (or not!) compromise the synthesis of ochrindole A. A 

deeper investigation on this subject is needed.  

Patulin is a carcinogenic mycotoxin produced by several species found in fruit and 

vegetable-based products, posing a serious health risk to consumers (Moake et al., 2005). Patulin 

production has been doubtfully reported in several species, including some Penicillium and 

Aspergillus spp., such as A. ochraceus (Frisvad, 2018). Confirmed and efficient production of 

patulin has been found only in A. clavatus, A. giganteus and A. longivesica (section Clavati). The 

biosynthesis of patulin and its gene cluster are well known. We identified three of the fifteen pat 

genes: patC (MFS transporter), patD (dehydrogenase) and patE (oxidoreductase), in both strains of 

A. affinis, suggesting that this species and probably all the others Circumdati species do not 

produce patulin. In fact, we did not detect patulin in the extracts of A. affinis. Nielsen et al. (2017) 

showed that although Penicillium roqueforti has most of the pat genes needed for production of 

patulin, some genes are lacking and therefore it is unable to produce it. 

Squalestatin S1 (also known as zaragozic acid) is a potent inhibitor of squalene synthase, an 

important enzyme for sterol biosynthesis (Baxter et al., 1992). Squalestatin S1 exhibits antifungal 

activity (Hasumi et al., 1994) and was found in some ascomycetes (Bills et al., 1994; Dawson et al., 

1992). More recently the squalestatin S1 producing BGC from Aspergillus sp. Z5 was reported in 

Paecilomyces penicillatus (Wang et al., 2020) and halophilic marine fungus Eurotium rubrum 

(Bandapali et al., 2020). The cluster of both A. affinis strains shared three out of four genes of 

squalestatin S1 BGC: the core enzyme farnesyl-diphosphate farnesyltransferase (squalene 

synthase), a DnaJ domain protein and other one conserved hypothetical protein.  

When observing the predicted BGCs of the two strains of A. affinis (CMG 70 and ATCC 

MYA-4773T) (Fig. 4) we were to detect some differences in the diversity of the BGCs present: the 

AbT1, biotin and epipyriculol BGCs were detected only in CMG 70, while curvupallide-B, 

neurosporin A, solanapyrone D and ucs1025a in ATCC MYA-4773T. Also, we found that the NG-

391 BGC was exclusive of A. affinis suggesting that this cluster region is species specific. NG-391 

was firstly identified in an insect pathogen Metarhizium robertsii (Donzelli et al., 2010) with 

similar structure to the mutagenic and carcinogenic mycotoxin fusarin C (Gelderblom et al., 1984). 

However, Donzelli et al. (2010) reported that NG-391 does not contribute significantly to M. 

robertsii virulence. Recently, Kato et al. (2020) isolated a lucilactaene compound from Fusarium 

sp. RK97-94 which is structurally related to NG-391. The same authors reported that lucilactaene 

and NG-391 do not have the 7-methyl group present in fusarins and show antimalarial activity and 

moderate growth inhibitory activity against cancer cells. With a similar core biosynthetic gene and 
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the MFS transporter, the NG-391 cluster in A. affinis also has a cytochrome P450, a terpenoid 

synthase, a DNA repair protein, an alcohol dehydrogenase, and a farnesyl pyrophosphate synthase 

(Fig. 5C).  

 

 
 

Figure 5. Comparison of three biosynthetic gene regions in Aspergillus affinis strains CMG 70 and 

ATCC MYA-4773T with: A. Notoamide BGC of Aspergillus versicolor NRRL 35600; B. 

Ochrindole A BGC of Aspergillus steynii IBT 23096; and C. NG-391 BGC of Metarhizium 
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anisopliae ARSEF 2575. The genes encoding hypothetical proteins are represented as white 

arrows. The square box shows the missing genes in relation to the A. affinis cluster. 

 

Metabolome analysis  

We profiled the metabolomes of A. affinis CMG 70 grown with and without sea salt. 

Quintuplicate profiles were combined for each condition for comparative analysis. The full list of 

ions is given in Table S8. Despite the presence of unknown compounds, the major classes 

identified were polyketides, phenolic compounds, terpenes, amino acids, drugs, mycotoxins, 

carbohydrates, carboxylic acids, fatty acids, alkaloids, and indoles. As stated by Drabinska et al. 

(2020), the presence of salt cause more ionic activity, and consequently affecting the activity 

coefficient of metabolites. Therefore, we cannot dis-regard that the presence of salt changes the 

nature of the molecular interactions between compounds, thus affecting the quality of the 

extraction. 

To understand the metabolomic fluctuations in response to sea salt, an IQR (interquartile 

range) filtering was applied because of a large number of significant ions, resulting in a selection of 

a set of 2500 ions for the data modeling. The log-transformed and pareto-scaled (normalized) LC-

MS integration values of the filtered ions were analyzed (data not shown). The scores of Principal 

Component Analysis (PCA) on all filtered ions clearly revealed dissimilarities in the metabolome 

of the salted and non-salted extracts of A. affinis (Fig. 6). These results show that A. affinis 

produces different compounds in response to osmotic stress and may adapt to salinity oscillations. 

 

 
 

Figure 6. Principal Component Analysis (PCA) scores plot of salted and non-salted extracts of 

Aspergillus affinis CMG 70. Green represents salted extracts and in red non-salted extracts. 
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Subsequently, statistical testing on the filtered ions was done using a t-test. Computed p-

values were adjusted using the false discovery rate (FDR) correction. 749 ions (FDR < 0.01 and a 

log2 fold change (FC) > 2 or <−2) were significantly more (523) or less (226) abundant when the 

fungus was grown with sea salt (Table S9, Figure 7). Due to the lack of information, many of the 

predicted compounds of A. affinis CMG 70 remain unidentified. From the identified compounds, 

the most abundant in both conditions were for example, ochratoxin A, daunomycinone, maltose, 

maltotriose, laminaritetraose, 3,5-Di-tert-butyl-4-hydroxybenzoic acid, methyldopa, 2-

hydroxypentyl glucosinolate, 2-Chloro-N6-cyclopentyladenosine, N-Fructosyl pyroglutamate, and 

lecanoric acid. Gonçalves et al. (2021) reported different biological activities of A. affinis CMG 70 

under salted and non-salted conditions, suggesting that salt induces an alteration to the meta-bolic 

profile. Compounds such as 19R-Hydroxy-PGF2alpha, catechin, ferulic acid sulfate, 9S,11R-

Dihydroxy-15-oxo-13E-prostenoic acid, N-Caffeoyl-O-methyltyramine, 7-(2-

Cyclopentylidenehydrazinyl)-7-oxoheptanoic acid, and D-myo-Inositol-1,3,4,5,6-pentaphosphate, 

and hydroxyferulic acid were most abundant under salted conditions, while 4-O-β-

Galactopyranosyl-D-mannopyranose, lactobionic acid, (-)-Gallocatechin 3-gallate, quercetin-3-O-

xyloside, 1,6-Anhydro-β-D-glucose, ke-lampayoside A, (+)-Fluprostenol, maltotetraose, 

isoreserpin, daunomycinone, (-)-Catechin gallate, aleuritic acid, maltose, palatinose, maltotriose 

and laminaritetraose under non-salted conditions. As demonstrated by Overy et al. (2017) media 

supplemented with sea salt applies a selective pressure on the metabolic profile of the fungus, 

regardless of the marine or terrestrial origin of the isolates. It is noteworthy that salt induces an 

increase of lipids, peptides, polyketides, and phenolic compounds in A. affinis. This suggests 

possible physiological mechanisms due to the accumulation of osmolytes and mechanical 

strengthening of the cells to adapt and tolerate different salinity levels.    
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Figure 7. Structural classification of up and down regulated (p<0.01) metabolites produced by 

Aspergillus affinis CMG 70, grown in the presence of sea salt, in comparison to A. affinis CMG 70, 

grown in the absence of sea salt. 

 

Analysis of A. affinis extracts by LC-MS proved effective in detecting bioactive compounds 

that have been reported for their multiple activities, such as, anti-bacterial, anti-fungal, anti-viral, 

anti-cancer, anti-inflammatory and pesticides (Table 5). Despite significant efforts, new drugs are 

required to combat the increase in drug-resistance and the emergence of new viral infections. In this 

regard, we identified 3,5-Di-tert-butyl-4-hydroxybenzoic acid that have been reported recently as a 

precursor to anti-viral compounds (Vachy, 2011). In addition, epigallocatechin which have been 

associated with anti-viral properties (Matsumoto et al., 2012) were also found in our crude extracts. 

To the best of our knowledge, this is the first report of these bioactive compounds in a fungus. 

 The dissemination of antibiotic resistance in clinical and non-clinical environments is a 

serious, difficult to control problem, and a risk to public health (O’Neill, 2016). Therefore, the 

discovery and production of new anti-bacterial compounds is crucial and a breakthrough for 

medicine. In the present study, we identified anti-bacterial compounds, such as 3-Hydroxybenzyl 

alcohol, L-Pyroglutamic acid, and lecanoric acid. 3-Hydroxybenzyl alcohol was also detected for 

the first time in A. nidulans isolated from the forest soil sample (India) (Kumar et al., 2017). We 

also identified genes involved in the biosynthesis of carbapenem, streptomycin, novobiocin, 

penicillin and cephalosporin (Table S1). Apart from anti-viral and anti-bacterial compounds, we 

also detected antifungal compounds, such as 9,12,13-Trihydroxyoctadec-10-enoic acid, 

hydroxyferulic acid, L-pyroglutamic acid, lecanoric acid, scopoletin and 4,6-dihydroxy-4-

(hydroxymethyl)-3,4a,8,8-tetramethyl-5,6,7,8a-tetrahydronaphthalen-1-one. This last compound 

was also identified in marine-derived fungus A. insuetus, which was isolated from the 
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Mediterranean sponge Psammocinia sp. (Cohen et al., 2011) and in Pleosporales sp. from marine 

sediments of Bohai Sea (Cao et al., 2017). Also, lecanoric acid was detected in a marine strain of A. 

versicolor (Orfali et al., 2021). 

Although marine fungi are less explored compared to terrestrial fungi, some marine species 

have yielded a wide range of diverse compounds with anticancer properties (Deshmukh et al., 

2018). In this context, it was also found in the crude extract of A. affinis some known 

chemotherapeutic metabolites, such as daunomycinone and mitoxantrone. At our knowledge this is 

first report of these compounds in fungi. 
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Table 5. Metabolites with biotechnological potential of Aspergillus affinis CMG70 belonging to various chemical classes and related functions. 

Metabolites were annotated at MSI-level 2. m/z – ration mass/charge; Rt – retention time (min). 

 

Putative Metabolite m/z Rt Adduct 
Molecular 
Formula 

Class Function 

3-Hydroxybenzyl alcohol 123.0445 9.22 [M–H]– C7H8O2 Benzyl alcohol Anti-bacterial (Kumar et al., 2017) 

9,12,13-

Trihydroxyoctadec-10-

enoic acid 

329.2324 23.40 [M–H]– C18H34O5 Fatty acid Anti-fungal (Masui et al., 1989) 

Aleuritic acid 303.2169 19.84 [M–H]– C16H32O5 Fatty acid 

Main component of shellac, a natural resin with 

applications in food, pharmaceutics and coatings 

(Heredia-Guerrero et al., 2017) 

3,5-Di-tert-butyl-4-

hydroxybenzoic acid 
249.1489 25.17 [M–H]– C15H22O3 Phenolic compound 

Antioxidant and anti-inflammatory activities. Also, it 

is used as a precursor to anti-viral compounds and to 

cyclooxygenase inhibitors (Vachy, 2011; Kindra et al., 

2014) 

Carbidopa 193.0498 10.04 [M–H_H4N2]– C10H14N2O4 Catecholamine 
Used in Parkinson’s disease treatment (Zhu et al., 

2017) 

Catechin 289.0013 5.34 [M–H]– C15H14O6 Phenolic compound Used as carbon source for growth (Maia et al., 2020) 

4,6-dihydroxy-4-

(hydroxymethyl)-3,4a,8,8-

tetramethyl-5,6,7,8a-

tetrahydronaphthalen-1-one  

267.1589 17.50 [M–H]– C15H24O4 Terpene Anti-fungal (Cohen et al., 2011; Cao et al., 2017) 

Daunomycinone 379.0825 1.05 [M–H_H2O]– C21H18NO8 Naphthacene 
Antibiotic with anti-cancer activity (Howlett et al., 

1999) 
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Epigallocatechin 611.1352 2.55 [2M–H]– C15H14O7 Phenolic compound 
Anti-viral, antimicrobial, antitoxin and antitumor 

(Matsumoto et al., 2012) 

Folinic acid 472.1561 4.14 [M–H]– C20H23N7O7 Polyketide 
Used in combination with other chemotherapy drugs 

(Hsu et al., 2020) 

Hydroxyferulic acid 209.0443 8.77 [M–H]– C10H10O5 Coumaric acid 
Anti-fungal, involved in lignin biosynthesis (Kim and 

Lim, 2020) 

Guanosine 282.0838 2.27 [M–H]– C10H13N5O5 Sugar 

Antioxidant, neuroprotective, cardiotonic and 

immuno-modulatory properties (Ledesma-Amaro et 

al., 2015) 

Inosine 267.0719 6.31 [M–H]– C10H12N4O5 Sugar 

Antioxidant, neuroprotective, cardiotonic and 

immuno-modulatory properties (Ledesma-Amaro et 

al., 2015) 

Isofraxidin 221.0444 10.81 [M–H]– C11H10O5 Coumarin 
Antioxidant, anti-malarial and neuprotective (96.

 Majnooni et al., 2020) 

L-Pyroglutamic acid 257.0768 1.80 [2M–H]– C5H7NO3 Polyketide Anti-fungal and anti-bacterial (Bilska et al., 2018) 

Lecanoric acid 167.0343 9.21 [M–H_C8H6O3]– C16H14O7 Phenolic compound 

Anti-bacterial, anti-fungal, anthelmintic and 

antioxidant properties (Luo et al., 2009, Nugraha et al., 

2020) 

Mitoxantrone 443.1945 5.66 [M–H]– C22H28N4O6 Polyketide Anti-cancer (Khan et al., 2010) 

Ochratoxin A 402.0746 27.01 [M–H]– C20H18ClNO6 Mycotoxin 
Nephrotoxic, immunotoxic, carcinogenic and 

teratogenic (Meucci et al., 2021) 

Saccharopine 275.1239 2.03 [M–H]– C11H20N2O6 Fatty acid 

Play a role in the metabolism of lysine and 

swainsonine, which is a potential chemotherapy drug 

(Lu et al., 2020) 

Scopoletin 191.0336 14.95 [M–H]– C10H8O4 Phenolic compound Anti-fungal (Sun et al., 2014) 
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Conclusions 
This study discloses the genome sequence of A. affinis CMG 70 and analyses the 

biosynthetic potential among Aspergillus species from the section Circumdati. Overall, the present 

study has illustrated high similarity in genome size, GC content and transporters. Furthermore, we 

have also shown that members of the section Circumdati are a rich source of CAZymes, with 

different abundances between the three series of this section. We have shown that the pyranonigrin 

E and UNII-YC2Q1O94PT (ACR toxin I) BGCs are highly conserved in all genomes of the section 

Circumdati. Moreover, we also observed that some BGCs that are incomplete or truncated. In 

addition, the asperlactone cluster was detected only in series Circumdati and Steyniorum while 

seemed completely lost in series Sclerotiorum. Contrary, the bikaverin and chaetoglobosins clusters 

were found exclusively in Sclerotiorum.  

The A. affinis CMG 70 genome has some clusters, transporters and CAZymes’ genes that 

appear to be strain-specific. These features might be related to fungal adaptation to the marine 

environment, maintaining osmotic potential through (1) the production and accumulation of 

specific solutes (osmolytes) that allow them to function in saltwater; (2) increase of transporters 

that allow ions exchange; (3) activation of signaling pathways allowing the water balance, cell 

stability and positive turgor; (4) high affinity CAZymes to marine polysaccharides enabling the 

efficient degradation of the available carbon sources in the marine food web. Combining genome 

analysis with metabolites’ profiling showed a variety of gene components and secondary 

metabolites. Additionally, efforts should also be taken to determine the properties of known and 

specially the unknown molecules to unravel its promising potential. We cannot rule out that many 

of these molecules may play an important role in the fungus’ osmoregulatory capacity to thrive in 

the marine environment. Moreover, different fermentation culture conditions should be used to 

amplify the production of specific compounds evidencing the remarkable plasticity of fungal 

secondary metabolism.  
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Discussion 
 
Final considerations 

One of the aims of this thesis was to study the diversity of marine fungi in Portugal using 

culture-dependent methods. Studies of biodiversity of marine fungi from the Portuguese marine 

environments are scarce (Azevedo et al., 2010; 2011; 2017). This project contributed to the 

identification of marine fungi from diverse substrates from Portugal and screened them for 

bioactive metabolites.  

Marine fungi have been studied since the first record of a marine species in 1846 (Shin et 

al., 2020), but they have been largely neglected, which, given their widespread distribution and 

abundance, is surprising. Marine fungi received considerably less attention than their terrestrial 

counterparts or other marine microbes (Gladfelter et al., 2019). This work contributed to the study 

and identification of new marine fungi taxa, providing a unique opportunity to expand and 

contribute to the available knowledge on marine mycology.  

The fungi isolated in Chapter 2, came from a survey of marine fungi in different marine 

ecological niches (coastal and estuary samples) in Portugal. The isolates were obtained from algae, 

drift- and submerged wood, water, and sponges. Most of the fungal diversity identified was 

predominantly allied to terrestrial associated genera, like Cladosporium, Fusarium, Penicillium and 

Trichoderma. Some unique taxonomic groups previously reported in coastal and estuarine 

environments associated to different substrates, such as Emericellopsis, Halosphaeria, Lulworthia, 

Neocamarosporium and Zalerion were also found in this study. As demonstrated by Jeffries et al. 

(2016), each marine environment represents a distinct fungal habitat hosting discrete communities. 

Fungal estuarine and coastal communities are similar, being the coastal environment a transitional 

zone, sharing terrestrial and marine fungal species. The phylum Ascomycota was the most common 

taxon across all sites corroborating what has been described: that Ascomycota dominate marine 

environments (Jones and Pang, 2012). The lack of Chytridiomycota (chytrids) in our collection – 

phylum predominantly allied to marine environments – was most likely due to the isolation method 

used. In fact, evidence of chytrids in the marine environments based on culture-dependent studies is 

scarce (Grossart et al., 2019).  

One of the restrictions of Chapter 2 is the isolation method. The different substrata collected 

were inoculated only in PDA with sea salt, and the isolation plates were kept at 25ºC. This provides 

selective conditions for fungi able to grow in starch substrate and masks other fungi that may 

require another type of culture medium or lower incubation temperatures. Future isolation efforts 

should employ additional techniques, such as damp/moist chamber technique (Overy et al., 2019), 

which is good for recovery of additional algae, sponge, or wood-inhabiting fungi.  
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The work presented here provided a snapshot of the diversity of the marine mycobiome in 

the sites assayed. Despite the limitation of the isolation method used, we identified 243 different 

fungal species and described one new genus and 18 novel species: Emericellopsis cladophorae 

(MUM 19.33), E. enteromorphae (MUM 19.34), E. phycophila (MUM 19.32), Neoascochyta fuci 

(MUM 19.41), Neocamarosporium aestuarinum (MUM 18.55), N. endophyticum (MUM 18.56), N. 

halimiones (MUM 18.54), Neodevriesia aestuarina (MUM 19.27), Neptunomyces aureus (MUM 

19.38), Paraconiothyrium salinum (MUM 19.41), Parasarocladium aestuarinum (MUM 19.35), P. 

alavariense (MUM 19.36), P. fusiforme (MUM 19.37), Penicillium lusitanum (MUM 18.49), 

Remispora submersa (MUM 20.48), Trichoderma aestuarinum (MUM 19.05), 

Verrucoconiothyrium ambiguum (MUM 18.57) and Zalerion pseudomaritima (MUM 20.49). 

Taxonomic ambiguities have also been resolved as a result of the application of more accurate 

phylogenetic and molecular tools: the genus Verrucoconiothyrium was transferred to the family 

Didymellaceae and the species Papulaspora halima to the genus Paralulworthia as Paralulworthia 

halima. Figure 1 shows the phylogenetic relationships of the novel species at family level discover 

in the current study based on ITS sequences. The novel taxa introduced are distributed in three 

classes (Dothideomycetes, Eurotiomycetes and Sordariomycetes), in eight different orders 

(Cladosporiales, Eurotiales, Hypocreales, Lulworthiales, Microascales, Mycosphaerellales, 

Pleosporales, Xylariales), in twelve families (Aspergillaceae, Bionectriaceae, Cladosporiaceae, 

Didymelaceae, Didymosphaeriaceae, Halosphaeriaceae, Hypocreaceae, Hypoxylaceae, 

Lulworthiaceae, Neocamarosporiaceae, Neodevriesiaceae, Sarocladiaceae). Only two of these 

families, Halosphaeriaceae and Lulworthiaceae, are well documented as typical marine families as 

colonizers of drift- and submerged wood or of seaweeds and seagrass (Cannon and Kirk, 2007; 

Pang et al., 2011; Poli et al., 2020). In relation to other families, there are some reports of species or 

genera with marine lineages. 
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Figure 1. Phylogenetic relationships of the novel species at family level discover in the current 

study based on ITS sequence data and inferred using the ML method under the General Time 

Reversible model using iTOL tool v.5 (Letunic and Bork, 2021). Clade stability was assessed using 

a bootstrap analysis with 1,000 replicates. The tree is drawn to scale, with branch lengths measured 

in the number of substitutions per site and rooted to Pleurotus ostreatus. The novel taxa from this 

study and Vicente et al. (2021) – which contributed with two new species also found on algae in 

Portugal – are included in the families in blue boxes. The orders Dothideomycetes, Eurotiomycetes 

and Sordariomycetes are rooted in the orange, green and purple circles, respectively. 

 

Taxonomy is essential for the understanding of biodiversity, and for the description, 

naming, and classification of living organisms. We are all inherent taxonomists. We classify and 

separate many different things that surround us, much in the same way as taxonomists distinguish 

between species. Species are distinguished from each other in a number of ways and here is where 
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taxonomy plays an integral role. Thus, modern fungal taxonomy is essentially based on a 

phylogenetic view, also resorting to morphological characteristics. Two of the limitations of this 

work, that represent a challenge for marine mycology and for taxonomy in general, is the lack of 

molecular markers available in databases for many marine fungal species and a limited number of 

species that are deposited in culture collections. Culture collections in microbiology play an 

important role in the conservation and sustainable use of microorganisms (Daniel and Prasad, 

2010), providing the authentic biological material that not only increase the accuracy of the 

taxonomic work delimiting species but also for biotechnological purposes. 

 There are several ways to assess the bioactivity potential of marine fungi. In Chapter 3, we 

used a top-down approach to assess the bioactivities of expressed metabolites that the fungi 

produce. After an initial overview of the enzymatic and antibacterial potential of some fungal 

isolates using a dual culture test-variant, we selected 8 strains for fermentation, extraction, and 

screening of antibacterial, antifungal, antioxidant, and cytotoxic activities. These fungi were 

fermented in liquid medium with and without sea salt. It is known that different extraction methods 

or different solvents result in differences in the activities detected and consequently in the recovery 

of metabolites (Roopashree and Naik, 2019). Despite this, only one extraction method was used 

given the significant workload. In general, the crude extracts of these fungi contain compounds that 

prevented the growth of multiresistant bacteria, which represent a major public health issue due to 

the increase in antibiotic-resistant infections, and clinical strains of Candida species. We selected 

A. affinis and E. cladophorae to study in more detail their metabolome using an untargeted 

metabolomic approach (Chapter 4). The microbial crude extract library constructed for both species 

revealed a promising source of antifungal, antibacterial, anticancer, anti-viral and anti-

inflammatory metabolites. However, not all compounds were identified. Some of them are 

unknown compounds with no structural match in the databases used. These results highlight the 

importance of 1) increase the number of studies concerning marine natural products of marine fungi 

with the isolation and characterization of pure compounds, and 2) construct an open access fungal 

specific database, because not all the data by the diverse researcher's laboratories are open, which 

limits scientists to share their investigations, findings, and experiences. We cannot rule out that 

many of these molecules may play an important role in the fungus biology, such as osmoregulatory 

capacity to thrive in the marine environment.  

 In Chapter 4, using a bottom-up approach to assess the potential of A. affinis and E. 

cladophorae to produce bioactive metabolites, we sequenced, annotated, and analyzed the genome, 

contributing with more two genomes to the limited number of marine fungal genomes available in 

public databases. The data and analysis presented revealed that both species are rich in CAZymes 

and BGCs, which appeared to be species specific. However, to properly assess the relevance of the 
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detected CAZymes and conserved/partial BGCs of these species, specialized knowledge is needed. 

Moreover, our findings also underline genomic signatures that allow both species to thrive in 

saltwater. These observations are supported by: 

1) presence of CAZymes allowing the utilization of marine polysaccharides, such as algal 

fucoidan and ulvan in E. cladophorae and fucoidan in A. affinis, and other polysaccharides like 

chitin, and starch. It is known that polysaccharides represent some of the most abundant bioactive 

substances in marine organisms representing a good resource of nutrients. A good example are 

polysaccharides extracted from brown (e.g., fucoidan and laminaran), red (e.g., carrageenan and 

agar), and green algae (e.g., ulvan), seaweeds (e.g., alginate and galactan), and the exoskeleton of 

crustaceans (e.g., chitin) (Ruocco et al., 2016).  

2) genes involved in osmolytes’ biosynthetic processes that help A. affinis and E. 

cladophorae to survive in saltwater (e.g., glycerol, mannitol, inositol, trehalose, sorbitol, glycine, 

and betaine). It was shown that marine fungi produce and accumulate specific solutes to tolerate 

high salinity levels in response to osmotic stress (Rojas-Jimenez et al. 2019, Nesci et al., 2004) and 

the answer how fungi maintain positive turgor pressure seems in part to be linked to the high-

osmolarity-glycerol signaling pathway that upregulates salt efflux pumps and creates osmolytes 

compatible with cellular functions (Gladfelter et al., 2019). 

3) transport systems associated to ionic homeostasis (e.g., sodium, chloride, calcium, 

potassium, and aquaporins) and the osmolytes (e.g., glycerol and inositol), allowing rapid ion 

exchanges to maintain water balance, cell physiology and turgor. 

 

Future perspectives 
It is undeniable that exploring the marine mycobiome including new habitats and substrates, 

even those of remote access, is fundamental for describing the true magnitude of Earth’s 

mycobiome. We have opened new challenges for further progress towards uncovering marine 

fungal diversity in Portugal, by exploring new niches. Nonetheless, additional methods for isolation 

should be tested, such as, different culture media, different incubation temperatures and damp/moist 

chamber incubation. This would allow for the recovery of additional fungal diversity. 

Environmental alterations, such as the seasonality could also yield different diversity. However, the 

rapid evolution of climate change worldwide could also have a huge impact on the food web 

dynamics in the marine fungal communities, and as well alter their structure causing unpredictable 

consequences. For example, the decrease of sea ice coverage in the Arctic Ocean has been 

recognized to enhance algal blooms, which provides a favorable habitat for parasitic fungi. 

Nevertheless, such event is likely to have an impact on other species (Hassett and Gradinger, 2016). 

Furthermore, the warming ocean temperatures was also reported to enhance the growth of A. 
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sydowii thus promoting the emergence of aspergillosis in gorgonians, and increased corals 

bleaching (Ward et al., 2007). In terrestrial ecosystem, it is already reported that the increasing of 

the global temperature induces fungi to alter its behavior, changing the dynamics of relationships 

between hosts and pathogens, resulting in alterations in the expression of virulence- and 

pathogenicity- related genes and as well in the primary and secondary metabolites (Félix et al., 

2016, 2019). It is widely accepted that the climate is changing at a global level, and it is also 

essential to understand these impacts on marine fungi dynamics. 

We consider that our study also represents an important contribute to further research on 

characterization of the molecules that are associated with the biological activities that we identified 

by fractionation of the fungal extracts for posterior identification and characterization. However, 

there are a few genera, most related to the terrestrial environment, such as Penicillium and 

Aspergillus, that has received attention in MNPs research given the highest number of BGCs found 

in genomes. Nonetheless, it has been reported that marine fungi yield a variety of unique 

compounds and many BGCs are genus and species specific (Hagestad et al., 2021). It is essential to 

broaden this field of investigation focusing into underexplored marine taxa, such as in marine 

families like Lulworthiaceae and Halosphaeriaceae and other genera as Emericellopsis, 

Parasarocladium and Remispora. Since the genomes of A. affinis and E. cladophorae are now 

available, transcription analysis of BGCs-inducing media can be useful to understand BGCs 

regulatory mechanisms, improving strategies for biotechnological processes.  
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