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The discovery of new natural products from fungi isolated from substrata in marine envi-

ronment has increased dramatically over the last few decades, cumulating in over 1000

new metabolites. The term ‘marine-derived fungi’ is used extensively in these reports,

and it refers to the environment from which the fungi are isolated, in contrast to the clas-

sical ecological definition of ‘marine fungi’ as obligate and facultative inhabitants of the

marine environment. In a significant number of reports, the origins of substrata or habitat

relationships of strains referred to as ‘marine-derived fungi’ are unknown or whether a

seawater medium was used for their isolation. In August 2014, a workshop held at the Uni-

versity of Prince Edward Island, Canada was convened to discuss a series of topics related
2.
.-L. Pang), dovery@upei.ca (D. P. Overy), torperadgj@gmail.com (E.B. G. Jones), mdcalado@
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com (H.-J. Cha), Gerald.F.Bills@uth.tmc.edu (G. F. Bills).
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Secondary metabolites
Transcriptomics
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to marine fungal natural product research. A central discussion topic was “What consti-

tutes a marine fungus?” There was a general agreement that a review of the definition of

a marine fungus would be beneficial to the marine fungal natural product community,

together with an evaluation of the suitability and relevance of the use of the term ‘ma-

rine-derived fungi’. We here propose a revised, broad definition of a marine fungus as

‘any fungus that is recovered repeatedly from marine habitats because: 1) it is able to

grow and/or sporulate (on substrata) in marine environments; 2) it forms symbiotic rela-

tionships with other marine organisms; or 3) it is shown to adapt and evolve at the genetic

level or be metabolically active in marine environments’.

ª 2016 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction e history of marine mycology called ‘marine-derived’ fungi had an impact early on in the
and associated natural products discovery

The field of marine mycology has evolved tremendously since

its inception. The first marine fungi were described in the

1850s, and early studies of marine fungi focused mainly on

seaweeds (Sutherland, 1915, 1916). The subdiscipline of ma-

rine mycology was conceived based on Barghoorn and Lin-

der’s exhaustive investigation of wood-inhabiting marine

fungi (Barghoorn and Linder, 1944). Pioneering efforts in the

field were dedicated to deciphering the diversity of marine

fungi from different marine substrata, i.e. submerged wood,

seaweeds and salt marsh grasses in temperate areas, mainly

in Europe and North America (Sutherland, 1915, 1916;

Barghoorn and Linder, 1944; Kohlmeyer and Kohlmeyer,

1979). As the field advanced into the late 1970’s,morphological

studies of marine fungi, especially those affiliated with the

Halosphaeriaceae, using light and electron microscopy, were

subsequently used to classify taxa (Jones and Moss, 1978;

Jones, 1995). All of these marine fungi were collected on sub-

strata in intertidal zones, and classified based on characteris-

tics of sporulating (sexual or asexual) structures. Since the

1990s, molecular-based studies of marine fungi, using rDNA

phylogenetic analyses, have dominated the field (Spatafora

et al., 1998; Jones et al., 2009; Suetrong et al., 2009; Sakayaroj

et al., 2011; Hyde et al., 2013). In 1996, diversity estimates of

marine fungi were placed at around 1500 species and by

2011, diversity estimates were projected to include over

10,000 species (Jones, 2011). To date, a total of 1112 marine

fungi have been documented (including yeasts) from marine

sources (Jones et al., 2015). According to Jones et al. (2009), clas-

sification of manymarine fungi remains a confused and unre-

solved issue; particularly because of a narrow, prior definition

of what constitutes a marine fungus.

Concurrent to the development of the field of marine

mycology, there has been a voluminous output in natural

product research from fungi isolated from substrata in

different marine habitats, including marine animals, sea-

weeds and sediments, with many new bioactive compounds

being described each year (Rateb and Ebel, 2012; Blunt et al.,

2013; Ebada and Proksch, 2015). An exponential increase in

the rate of discovery of new natural products from “marine-

derived” fungi has occurred over a period spanning

1970e2010, cumulating in over 1000 new metabolites

described by the middle of 2010 (Overy et al., 2014). These so-
K.-L., et al., ‘Marine fun
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history of drug discovery from fungi. The cephalosporin b-lac-

tam antibiotics (Fig. 1AeC) were discovered about 15 y after

the penicillins from Acremonium chrysogenum (previously

known as “Cephalosporium acremonium”). Giussepe Brotzu, a

professor of Hygiene at the University of Cagliari, Sardinia,

Italy formulated a hypothesis about why young people that

were swimming at “Su Siccu” Bay, at the site where the city

sewer system drained into the sea never contracted typhoid

fever (Hamilton-Miller, 2000). Although the disease was

endemic to the area, there were no cases of typhoid fever

related to bathing in these sewage-contaminated waters. He

decided to take a water sample from the bay and tested its ef-

fect on Salmonella enterica subsp. enterica (serovar Typhi), Yersi-

nia pestis, Brucella melitensis, Vibrio cholerae, and Staphylococcus

aureus, leading to observations of potent antibacterial activ-

ities which he followed with improvised experiments with

humans using concentrated culture broths. Investigations

on Brotzu’s fungus in England eventually led to the isolation

of cephalosporins P, N and C (Burton and Abraham, 1951;

Newton and Abraham, 1954; Abraham and Newton, 1961).

In recent decades, renewed interest in fungi obtained from

marine substrata has significantly expanded the catalog of

fungal natural products, including many novel chemical scaf-

folds. One metabolite, halimide (Fig. 1D), a potently cytotoxic

diketopiperazine phenylahistine from a marine-derived

Aspergillus ustus isolate, led to the synthesis of plinabulin

(NPI-2358) e a molecule that reached phase II trials as an

angiogenesis inhibitor for preventing tumors and scar tissue

development (Mita et al., 2010). A current issue in the field of

marine fungal natural product research is that an increasing

majority of fungal isolates obtained from marine habitats

and examined for new and novel natural products belong to

well-known terrestrial genera, such as Aspergillus (Fig. 2C)

and Penicillium. This raises questions as to whether these

genera are capable of growth in saline habitats, do they consti-

tute stable and active populations in the marine environment

and what is their associated ecological role(s) (H€oller et al.,

2000; Jensen and Fenical, 2002; Kohlmeyer and Volkmann-

Kohlmeyer, 2003; Overy et al., 2014). Inversely correlated

with the increased attention given to chemistry of marine-

derived fungi has been an apparent rejection of the explora-

tion of terrestrial soil fungi because they are perceived as

exhausted sources of new natural products, even though ge-

nomics clearly indicates this is not the case (B�erdy, 2012). A
gi’ and ‘marine-derived fungi’ in natural product chemistry
views (2016), http://dx.doi.org/10.1016/j.fbr.2016.08.001



Fig. 1 e (A) Cephalosporin P1, (B) Cephalosporin C, (C) Cephalosporin N, (D) Halimide ((L)-phenylahistin), (E) Scopularide A.
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related issue is the apparent lack of effort and resources

devoted by the natural product community to explore fungi

that are unequivocally marine in nature (those forming fruit-

ing bodies on substrata in marine habitats), and therefore,

likely to provide chemistry exclusive to the marine environ-

ment. The latter group of marine fungi often grows very

slowly in culture which possibly hinders detection and scale

up of their metabolites when employing ordinary fermenta-

tion methods (Miller, 2000).

In August 2014, a workshop held at the University of Prince

Edward Island, Charlottetown, Canada brought together ma-

rine mycologists and marine fungal natural product chemists

to discuss topics relevant to marine fungal natural product

research. The MaFNaP (Marine Fungal Natural Product) con-

sortiumwas consequently established. In response to one dis-

cussion topic “What constitutes a marine fungus?”, in this

short article, we: (1) review the history of the definition of a

marine fungus, (2) evaluate suitability and relevance of the

term ‘marine-derived fungi’ which is commonly used in ma-

rine fungal natural product research, (3) summarise the cur-

rent research in identifying which fungi are of marine origin,

and (4) propose a revised definition of what amarine fungus is.

2. Prior definitions of marine fungi

Historical definitions of what constitutes a marine fungus

were based on whether the fungus could grow and reproduce

in seawater or freshwater conditions. Indeed, Johnson and

Sparrow (1961) definedmarine fungi as ‘capable of developing

to reproductive maturity even though exposed at some point

in their growth to salinities of 30 & or more, either while

continually submerged or intermittently inundated by tidal

waters’. Tubaki (1969) proposed a similar definition wherein

marine fungi exhibit ‘better growth and reproductive occur-

rence on substrata with a wide range of salinity than those

with freshwater, or growth of nearly the same degree on
Please cite this article in press as: Pang, K.-L., et al., ‘Marine fun
research: Toward a new consensual definition, Fungal Biology Re
substratum with salinity of seawater and with freshwater’.

Defining amarine fungus based on these physiological param-

eters is problematic as fungi are highly adaptable microorgan-

isms, and thus, many can grow equally well under a range of

saline and freshwater conditions (Tubaki, 1969; Alderman and

Jones, 1971; Jones, 1976; Pang et al., 2011). This led to extensive

studies on the salinity tolerance of marine fungi, and exami-

nation of the movement of ions in and out of fungal cells

(Jones and Jennings, 1964, 1965; Jennings, 1983; Booth and

Kenkel, 1986; Jennings and Garrill, 2000). Likewise, many

terrestrial filamentous fungi and yeasts, especially those in

the Ascomycota, are adapted to low water activity (aw), or

are even halophilic, and thus, can grow in salinities higher

than seawater (Tresner and Hayes, 1971; Kis-Papo et al.,

2003; Kutty and Philip, 2008).

During the 1970s, Jan Kohlmeyer and his colleagues began

examining fungi associatedwith saltmarsh grasses and docu-

mented over 100 species occurring on submerged aswell as on

aerial parts of Juncus roemerianus in North Carolina, USA (sum-

marized in Calado and Barata, 2012). Following this work, pre-

vious definitions of marine fungi were reevaluated by

Kohlmeyer and Kohlmeyer (1979), who proposed a broad

ecological definition dividing marine fungi into obligate and

facultative groups; obligate marine fungi were defined as

‘those that grow and sporulate exclusively in amarine or estu-

arine habitat’ and facultative marine fungi as ‘those from

freshwater or terrestrial milieus able to grow (and possibly

also to sporulate) in the marine environment’. This definition

has been adopted and cited bymost studies for the last 35 y, in

particular, it was applied to classify fungi occurring vertically

on salt marsh plants including Juncus roemerianus, Spartina

alterniflora (Kohlmeyer and Volkmann-Kohlmeyer, 2000; Al-

Nasrawi and Hughes, 2012) and Spartina maritima (Barata,

2002) and the mangrove plant Acanthus illicifolius (Sadaba

et al., 1995). A similar definition was also suggested by

Kohlmeyer and Kohlmeyer (1979) to define marine yeasts:
gi’ and ‘marine-derived fungi’ in natural product chemistry
views (2016), http://dx.doi.org/10.1016/j.fbr.2016.08.001



Fig. 2 e (A) Black ascomata of the deep-sea fungus Alisea longicolla, (B) Fleshy ascomata of the deep-sea fungus Oceanitis

scuticella, (C) A marine Aspergillus sp., (D) Deliquescing ascus, (E) Nimbospora effusawith a sheath and equatorial appendages,

(F) Ascospore of Corollospora maritima, (G) Ascospore of Torpedospora radiata, (H) Ascospore of Lulworthia sp. Scale bar:

A [ 500 mm, B [ 1 mm, C [ 50 mm, D-G [ 10 mm, H [ 30 mm.
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‘obligate marine yeasts are those yeasts that, thus far, have

never been collected anywhere but in the marine environ-

ment, whereas facultative marine yeasts are also known

from terrestrial habitats’.

In recent years, the long-standing Kohlmeyers’ definition

of what constitutes a marine fungus has been found by

some researchers to be overly restrictive. Jones et al. (2009)

have expressed their opinion that distinguishing whether or

not a fungus is obligatorily or facultatively marine depends

largely on personal opinion, especially with respect to sapro-

bic species routinely isolated from marine sediments and

from intertidal substrata, such as, maritime grasses and

mangrove plants. Fungi isolated from marine sediments

have been largely ignored by marine mycologists

(Kohlmeyer and Volkmann-Kohlmeyer, 2003) as they are typi-

cally labeled as terrestrial, however, the repeated isolation of

these species from different sites and by different laboratories

has prompted marine mycologists to consider these fungi as

being marine (Jones et al., 2015). These conflicting
Please cite this article in press as: Pang, K.-L., et al., ‘Marine fun
research: Toward a new consensual definition, Fungal Biology Re
interpretations require more rigorous experimentation to un-

derstand how the propagules of terrestrial fungi that are

constantly transported from the atmosphere and terrestrial

and freshwater habitats survive in marine habitats. A parallel

set of issues have plagued the studies of Actinobacteria inma-

rine environments, and after extensive phylogenetic and

ecological dissections of marine populations, specific lineages

of Actinobacteria were eventually recognized as being indige-

nous to the marine environment, while the majority recov-

ered were of terrestrial origin (Mincer et al., 2002; Prieto-

Dav�o et al., 2008; Ziemert et al., 2014). Many wood-inhabiting

marine ascomycetes have evolvedmorphological adaptations

for a marine (or aquatic) occurrence: 1. deliquescing asci (as-

cospores are pushed up through the ostiole, accumulate

outside and are washed away during high tide, Fig. 2D) and

2. ascospores or conidia with appendages, gelatinous sheaths,

or both (Fig. 2E), to facilitate for prolonged suspension in

seawater and foam, and their attachment to solid surfaces

(Pang, 2002). However, these features are also present in
gi’ and ‘marine-derived fungi’ in natural product chemistry
views (2016), http://dx.doi.org/10.1016/j.fbr.2016.08.001
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some freshwater and terrestrial fungi adapted to dispersal in

rainwater and aqueous films. Therefore, gross anatomical fea-

tures alone cannot distinguish the marine mycota from their

terrestrial counterparts.

Many factors influence the occurrence and distribution of

marine fungi including hydrogen ion activity, hydrostatic

pressure, ionic composition and concentration, osmotic

response, oxygen availability, salinity, tidal exposure, temper-

ature, availability of substrata for growth and the fungal taxo-

nomic group under discussion. In trying to determine what

constitutes a marine fungus, little thought is given to why so

few terrestrial fungi occur in marine habitats. Chytrids and

fungal-like organismswith a zoosporic stage aremore suscep-

tible to variations in salinity (Jones and Harrison, 1976; Lea~no

et al., 1998, 2000; Fan et al., 2002). Harrison and Jones (1974)

demonstrated that the sporulation of freshwater oomycetes

was the principle factor governing their restriction to fresh-

water or low salinity levels. In the chytrid Rhizophylctis rosea,

normal cleavage of sporangia and release of zoospores

occurred in 10 % seawater, but at 30 % seawater only mal-

formed sporangia were formed with no zoospore release.

Although the vegetative phase of saprolegniaceous organisms

investigated is more or less tolerant of low salinity conditions,

the inhibition imposed by salinity on their reproduction con-

fines them to freshwaters or waters of extremely low salinity

(Harrison and Jones, 1975). Likewise the terrestrial ascomycete

Neurospora crassa formed perithecia at salinities of 30 %

seawater but none at 50 % seawater (Jones and Byrne, 1976).

However, salinity is only one parameter to be taken into

consideration; other co-factors have an effect upon spore

germination. For example, the conidia of a new species of ma-

rineAcremomium,Acremonium fuci, germinated in the presence

of Fucus serratus tissue or its aqueous tissue homogenates, but

not in seawater alone (Zuccaro et al., 2004).

In attempting to define what a marine fungus is, too much

attention has been focused on salinity. Most studies on the

salinity requirements of fungi have dealt only with vegetative

growth which may be more adaptable to different concentra-

tions of sea water (Gray et al., 1963). The marine environment

covers a broad spectrum of habitats ranging from deep water

environments, oceanic waters, intertidal habitats such as

mangroves with a range of salinities. For examples, salinity

of the water at Deep Bay mangrove, Hong Kong, ranges from

1 to 30 & (average 10e15 &) depending on whether it is the

dry orwet season; whilewaters of Red Seamangroves in Egypt

vary between 39.9 and 46.0 & (Abdel-Wahab and El-

Sharouney, 2002). All are regarded as marine habitats.

Jennings (1986) opined “there is still debate about those

major properties of such fungi which allow them to grow in

the sea or for that matter make them less able to grow in

freshwater”. So what are the problems faced by a fungus in

the marine environment? Seawater has a relatively low water

potential and contains relatively high concentrations of ions

which potentially exert toxic effects on cell processes, and

finally, seawater has an alkaline pH (Jennings, 1986). It has

been demonstrated that solute transport in all fungi growing

in the sea may be based on a proton economy, with primary

active transport being the expulsion of protons, with an alka-

line external medium reducing the pH gradient of the proton

motive force (Commerford et al., 1985; Davies et al., 1990). It
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is also important for the fungus to maintain a high protoplas-

mic osmotic potential bearing in mind the external medium.

In the marine hyphomycete Paradendryphiella salina, osmo-

lytes such as the polyols sorbitol and mannitol have been

shown to play a role in osmotic regulation (Clipson and

Jennings, 1990b). The maintenance and efflux of the ions po-

tassium and sodium, and the role of divalent ions, are also

critical for the growth of marine fungi (Jones and Jennings,

1964; Clipson and Jennings, 1990a). However, more detailed

discussion of these issues remains outside the scope of this

article.

Mah�e et al. (2014) categorized marine fungi into three

groups based on the criteria of an ‘active/passive role’ in the

sea: (1) strict endemic active marine fungi, (2) ubiquist meta-

bolically active marine fungi, and (3) ubiquist passive fungi.

Strict endemic active marine fungi refer to those which pro-

duce fruiting bodies on marine substrata. Ubiquist metaboli-

cally active marine fungi and ubiquist passive fungi are

mostly asexual fungi and can be differentiated based on an

active role in the marine environment using the following

methods: (1) taxon-specific fluorescent staining of fungal

structures, (2) taxa present in both isolation and culture-

independent techniques, (3) production of ‘marine-derived’

secondary metabolites, (4) repeated isolation from indepen-

dent studies from different geographical locations, (5) having

a functional role in the marine environment, and (6) predic-

tion using a fungalmetagenomic approach through identifica-

tion of metabolic function of genes.
3. What are marine-derived fungi?

The adjective ‘marine’ in the term ‘marine fungi’, in most

cases, refers to the environment from which the fungi are

isolated; whereas, the terms ‘obligate marine’ or ‘facultative

marine’ are ecologically-based terms imparting an under-

standing of active vegetative colonization of the habitat,

physiological activity, and effective ecological role(s) of the

fungi in the marine environment. The term ‘marine-derived

fungi’ has been used extensively to describe fungi isolated

frommarine or marine-related habitats/substrata in the field

of natural product chemistry (Jensen and Fenical, 2002). A

search using the keywords ‘marine-derived fungi’ in the

Web of ScienceTM (Thomson Reuters) resulted in >600 pub-

lications, and the majority of papers were related to second-

ary metabolites/natural products/bioactive compounds.

These fungi were predominantly isolated from sediment,

seawater, marine animals (corals, sponges, bryozoans, etc.),

algae/seaweeds and leaves of marine-adapted mangrove

plants. Examination of the numerous publications using

‘marine-derived fungi’ as keywords revealed the majority

of taxa most frequently cited were taxa associated with

ruderal substratum relationships, that are often character-

istic of terrestrial soils and plant surfaces (Overy et al.,

2014). Similar to the adjective ‘marine’, the term ‘marine-

derived’ can be defined as ‘obtained from a marine source’.

Unfortunately, the term ‘marine-derived fungi’ has often

been misconstrued as referring to an ecological niche of

fungi. ‘Isolation’ is the operational word responsible for

this ambiguous definition because, in nearly all cases, the
gi’ and ‘marine-derived fungi’ in natural product chemistry
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kind of propagule that initiated the cultured strain and its

origin are unknown. In other words, they were not observed

sporulating or growing vegetatively on the substratumwhere

the fungus was isolated. The isolation of a fungus from a

propagule embedded in a substratum does not necessarily

mean the fungus depends on the substratum as its habitat

and therefore does not confirm an ecological/physiological

affiliation of the fungus to the marine environment. The

overuse andmisuse of the word “endophyte” has similar par-

allel issues when referring to fungi and bacteria isolated

from living plants without regard to true origins or role of

the cells that initiate the cultured strain.

The origin of many of the ‘marine-derived’ isolates is un-

known, neither is it known whether they play any ecological

role(s) in the sea, or if they form stable relationships with

other living organisms, such as algae, sponges, and corals.

As the use of the term ‘marine-derived fungi’ has become

well-established (as has the word endophyte), suggestion of

a new alternative term seems of little value; however, it

should be recognized that the use of the term ‘marine-derived

fungi’ does little to convey ecological meaning, as the isolates

may be of terrestrial, freshwater, or marine origin. Halotoler-

ance and osmotolerance are widespread traits of terrestrial

fungi, especially among the Eurotiomycetes. Therefore, unless

behavior of a “marine-derived” fungus is tested in appropriate

media, we cannot even assume that they are halophilic or

halotolerant.
4. Unfounded assumptions and misuse of
terminology

Fungi occurring on salt marsh grasses and other plants have

been referred to be obligately marine, facultatively marine,

or salt-tolerant based on the absolute vertical distribution of

fruiting bodies at the bottom, middle and top portions of the

plants with respect to the rhizome and exposure to tidal influ-

ences (Kohlmeyer et al., 1995). Fructification of the Dothideo-

mycetes occurs on the more exposed portion of the plant,

while fruiting bodies of the Sordariomycetes mostly form on

the basal parts (Barata, 2002). The Dothideomycetes produce

bitunicate/fissitunicate asci for which dispersal on the

exposed part of the plant may be more efficient, while many

marine Sordariomycetes have deliquescing asci, a character

possibly evolved for aquatic dispersal (Pang, 2002). However,

some fungi on salt marsh plants overlap in their distributions,

blurring these distinctions (Kohlmeyer and Volkmann-

Kohlmeyer, 2000). The continuous nature of environmental

factors and gradients in plant height, tidal amplitude, and

levels of salinity in salt marshes in different geographical lo-

cations also confound the delineation between obligate and

facultative ecological groups. Calado et al. (2015) investigated

the vertical distribution of fungi on S. maritima at two sites

in Portugal and discovered that the absolute vertical position

of the shared fungi on the plant between the two sites differed

but their relative vertical positions were maintained. Many

marine fungi occur as mycelia on/in substrata for which fruc-

tification may occur only under ideal environmental condi-

tions, e.g., temperature, salinity, etc. (Jones, 2000; Pang and

Mitchell, 2005).
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Parallel difficulties in characterizing the marine-terrestrial

fungus transition occur in mangrove communities. In the last

decade, secondary metabolites of mangrove fungi, especially

endophytes of leaves/fruits of mangrove plants, have been

extensively studied (Wang et al., 2013). We believe referring

to these fungi as ‘marine-derived’ is incorrect because healthy

leaves of mangrove plants grow on the aerial part of the trees

and are rarely in contact with tidal seawater (Chaeprasert

et al., 2010). In some studies that refer to strains as ‘marine-

derived fungi’, their origin in terms of substrata or specific

habitats is unknown (Niu et al., 2012; Zhou et al., 2013) or

whether the isolation medium was amended with seawater

(Zeng et al., 2012; An et al., 2013). In some cases, it is difficult

to understand the investigators’ experimental rationale; in

one case (Kong et al., 2014), a freshwater medium was used

for the isolation of a ‘marine-derived’ Phoma sp., a fungal

genus typical of terrestrial plants and soil, from a fruit of the

mangrove plant Kandelia candel. Subsequently, three new thio-

diketopiperazines were isolated from a seawater fermenta-

tion liquid of the fungus.

Before labeling a fungus as marine, the substratum from

where it was collected or isolated should be classified based

on type of substratum of its origin: animals (sponges, corals,

molluscs, ascidians, fish), seawater, sediment, cyanobacteria,

plants including mangroves, and algae. The tissue where the

fungus was isolated from should also be specified, especially

for mangrove plants, as only the lower part of the trunk and

roots are immersed in seawater during high tide. Mangroves

are marine-adapted plants, and they can lose salt through

cuticular transpiration or salt glands, maintaining higher wa-

ter potential in the tissues than the surrounding seawater

(Tomlinson 1986). As a result, endophytic fungi of healthy

leaves experience a rather freshwater environment, and

freshwater media have always been used for their isolation

(Pang et al., 2008); therefore, these fungi are not truly marine.

An exception is the endophytic fungi isolated from roots and

pneumatophores of mangrove plants, where typical marine

fungi, such as Lulworthia spp. (Fig. 2H),Hydea pygmea, Trichocla-

dium alopallonellum and Zalerion maritimum have been isolated

(Ananda and Sridhar, 2002). Salt is only partially excluded at

the roots (Tomlinson, 1986), thus maintaining an elevated sa-

line environment.
5. Current research in identifying fungi of a
marine origin

Pathogens of marine organisms are more reliably categorized

as marine because they cause visible symptoms on their ma-

rine hosts, and can include skin ulcers and gill lesions of fish.

They can be inferred to actively colonize the hosts. Species in

the genera Fusarium, Ochroconis, Exophiala and Scytalidium can

cause diseases of marine fish, prawns (Hatai, 2012), or even

deep-sea mussels (van Dover et al., 2007). Mycaureola dilseae,

a parasitic basidiomycete of the red alga Dilsea carnosa, causes

necrosis of the host tissues leaving a lesion where fruiting

bodies form around it (Porter and Farnham, 1986; Binder

et al., 2006). Furthermore, appearance of the fungus appears

to be seasonal, only sporulating in the late autumn (Stanley,

1992). Mutalistic/commensalistic relationships between a
gi’ and ‘marine-derived fungi’ in natural product chemistry
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marine fungus and othermarine organisms require timely ob-

servations in the field to generate hypothesis regarding the

trophic dependence of the fungus on its host. Mutualistic rela-

tionships between intertidal fungi and the marine snail Lit-

toraria irorata on the cord grass S. maritima have been

documented (Silliman and Newell, 2003). The snail grazes on

the cordgrass to promote fungal colonization. Faecal pellets

from the snail inoculate the wounded surface. The resulting

mycelial biomass in the lesion is then consumed by the snail.

Fungi recovered from marine sediment and seawater are

difficult to define as marine because mycelia and spores of

these fungimay bewashed off from terrestrial and freshwater

habitats and are constantly rained in from the spores and par-

ticulate matter in the atmosphere. Fr€ohlich-Nowoisky et al.

(2012) surveyed the fungal composition of continental, coastal

and marine air samples and found that an astonishing diver-

sity of ascomycetes, including dominant Penicillium spp., Cla-

dosporium spp., was prevalent in marine and coastal air. The

propagules of these fungi may remain viable for a long time,

but they may have no ecological role in the marine environ-

ment. However, repeated isolation of Penicillium spp. and Cla-

dosporium spp. from the marine substrata may suggest their

marine affiliation (Jones et al., 2015). Isolation of cultures or

detection of sequences from metagenomes with significant

abundance and discernable physical pattern in sediments or

other substrata may provide clues to the marine nature of a

fungus (Nagahama et al., 2001, 2011). DSF-group 1 related to

the genera Metschnikowia and Candida in the Ascomycota

was originally identified by sequences of the ITS and 28S

rDNA from a few deep-sea sediment samples off the Japanese

coast (Nagano et al., 2010), and it was also later identified by

ITS clone libraries in sediment samples from other locations

of the Pacific Ocean (Xu et al., 2014). Another example is the

Cryptomycota which was originally described as a group of

18S rDNA sequences named LKM11 (van Hannen et al., 1999).

Members of the Cryptomycota are present in a wide range of

marine environments: marine anoxic sediments (Dawson

and Pace, 2002), deep-sea sediments (Nagano et al., 2010),

deep-sea methane cold-seep sediments (Nagahama et al.,

2011) and the marine upper water column (Livermore and

Mattes, 2013; Richards et al., 2015), although it is also present

in freshwater and terrestrial environments (Jones et al.,

2011). Recently, Stern et al. (2015) found the Cryptomycota to

be abundant in openwater samples in the English Channel us-

ing 18S rDNA 454-sequencing. If molecular studies tend to

indicate the occurrence of many phylotypes representing

mainly basal fungal lineages (Cryptomycota and Chytridiomy-

cota), deep-sea fungal communities appear dominated by

higher fungal lineages. Some of them are endemic, such as

the recently described Candida oceani (Burgaud et al., 2011) or

Rhodotorula pacifica (Nagahama et al., 2006) isolated from

deep-sea hydrothermal vents or the deep sunken wood-

associated Alisea longicolla (Fig. 2A) and Oceanitis scuticella

(Fig. 2B) (Dupont et al., 2009). However, a large fraction of the

fungal sequences were from ubiquitous ascomycetes and ba-

sidiomycetes. What proportions of these sequences were

amplified from active mycelium versus from a dormant spore

bank will require further study.

Recently, one record-depth sediment core, representing a

distance of a few meters to almost 2000 m below the seafloor
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was extensively examined for culturable fungal communities

and led to the isolation of many well-known terrestrial fungi

(R�edou et al., 2015). However, ecophysiological analyses indi-

cated a shift from terrestrially-adapted to marine-adapted

lifestyles along the core for some fungal species. Such results

indicate the occurrence of non-marine species in the upper-

most layers of sediment and endemic or adapted strains at

deeper layers. Some terrestrial fungi could conceivably adapt

to deep-sea sediment conditions, responding to different

physical and chemical stressors (salinity, temperature, pres-

sure), while some might simply be microbial zombies (R�edou

et al., 2015).

Filamentous fungi isolated from the deep-sea were shown

to be able to grow at high pressure, i.e. 100 bar (10 MPa)/10 or

30 �C (Raghukumar and Raghukumar, 1998). Deep-sea yeasts,

especially basidiomycetous yeasts, displayed growth at even

higher pressure, up to 60 MPa (Lorenz and Molitoris, 1997;

Burgaud et al., 2015). Similarly, terrestrial fungi were shown

to grow at 100e200 bar (20 MPa)/5 or 30 �C; some showed

comparative growth with deep-sea-derived isolates (Damare

et al., 2006). Manohar et al. (2015) studied the denitrification ac-

tivity of fungi (isolated from sea water and sediment samples

500e1100 m deep at the oxygenminimal zones of the Arabian

Sea) under simulated deep-sea conditions (anoxic, 100 bar,

10 �C) and found that selected fungi were capable of nitrate

reduction, as was the control terrestrial isolate. Spore germi-

nation, on the other hand, did not occur for a terrestrial isolate

of Aspergillus terreus while 66 % of spores germinated for the

deep-sea isolate of A. terreus under 200 bar/30 �C (Damare

et al., 2006). A further increase in pressure from 200 to

500 bar/30 �C was shown to cause a decrease in spore germi-

nation for some unidentified deep-sea filamentous fungi

(Singh et al., 2010). These studies suggest that fungi isolated

from deep marine habitats (autochthonous and allochtho-

nous) can grow under simulated deep-sea conditions (high

pressure) and they may participate in nutrient turnover.

Many asexual fungi have been rejected as marine species

(Kohlmeyer and Volkmann-Kohlmeyer, 2003) as they are com-

mon in terrestrial habitats; however, they are often isolated

from seawater, diseased marine animals or marine sedi-

ments. For example: Aspergillus sydowii, a well-known terres-

trial fungus, has frequently been isolated from diseased sea

fans (Geiser et al., 1998; Nieves-Rivera, 2002). In a study exam-

ining the fungal bloom in eastern Australian coastal waters af-

ter a dust storm, A. sydowiiwas also found to be the dominant

fungus, forming masses of spores and mycelia on the sea sur-

face (Hayashi et al., 2016). A marine-derived dust storm isolate

of A. sydowii shared a profile of major metabolites (including

sydonic acid, a signature metabolite of A. sydowii) with a few

terrestrial isolates and a pathogenic isolate from Florida,

USA, although they showed differences in their co-

metabolite profile. However, extracts of the marine-derived

dust storm isolate at a concentration of 0.3mg exerted a stron-

ger adverse effect on the photophysiological performance of

the coral reef dinoflagellate endosymbiont Symbiodinium

than one of the terrestrial isolates. Fusarium oxysporum,

another well-known terrestrial fungus, was revealed as a

pathogen of crustaceans (Khoa and Hatai, 2005). Thus, it

seems that these fungi have some capacity to colonize and

persist in marine animals. Similarly, sequence analysis of
gi’ and ‘marine-derived fungi’ in natural product chemistry
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the ITS (including the 5.8S rRNA) and intron 3 of the b-tubulin

genes showed the monophyly of a 4-clade group, encompass-

ing Emericellopsis, Stanjemonium and some marine-derived

Acremonium species (Zuccaro et al., 2004). One clade, distinct

from terrestrial isolates, contained isolates originating from

marine sources and saline lakes. Such examples indicate

that some lineages of terrestrial fungi have the capacity to

colonize the marine environment, highlighting the limitation

of using the term ‘facultative marine fungi’ (Kohlmeyer and

Kohlmeyer, 1979). This is supported by the study of Kumar

et al. (2015) which postulated that the sponge-associated fun-

gus Scopulariopsis brevicaulis originated from the terrestrial soil

environment based on a comparative genome analysis; a

plethora of genes related to cellulose breakdown and an

over representation of genes related to uptake/transport of

small charged solutes andmetabolites were indeed character-

ized in the genome.

Molecular biology has greatly advanced our knowledge of

the ecology and diversity of marine fungi. Sequencing of the

fungal barcoding gene, i.e. the internal transcribed spacer re-

gion (ITS) of the rDNA cluster, for the identification of non-

sporulating fungi has helped to assess marine fungal diver-

sity. R€am€a et al. (2014) isolated fungi from washed-up marine

logs which were identified using ITS sequencing. Ascomycota

was dominant on the wood while fungi affiliated with the

Basidiomycota, Mucoromycotina and Chytridiomycota were

also isolated. Tolypocladium cylindrosporum was one of most

common species in the study and probably represents a ma-

rine species, although it is not recognized as marine in the

most recent treatise (Jones et al., 2015). Using pyrosequencing

of 28S rDNA amplicons obtained from direct nucleic acid

extraction of Acropora hyacinthus coral colonies, 11 kinds of

fungi, spanning two phyla and four classes, were found in

90 % of the coral colonies, and four of these were found in

all samples. These fungi included an unknown species in

the Malasseziales (where the type species is yeast-like fungus,

generally associated with sebaceous glands of mammalian

hosts), a group of black yeast-like fungi related to Hortaea wer-

neckii, characteristic of high salt environments and occasion-

ally form rashes in human hosts (Petrovic et al., 2002), and a

sordariomycete species closely related to Lindra (species unde-

termined), a genus associated with marine algae and wood.

These fungi were thought to be the likeliest candidates for

an ecologically significant association and/or coevolution

with the A. hyacinthus colonies. Arfi et al. (2012) investigated

the diversity of fungi on aerial and intertidal portions of two

mangrove trees Avicennia marina and Rhizophora stylosa using

ITS and partial 18S rDNA pyrosequencing and found distinct

patterns of taxonomic diversity; for instance, the Sordariomy-

cetes showed preferential distribution in submerged samples.

Comparative metagenomics analyses of samples spanning

terrestrial to fully submerged gradients should help to resolve

what components belong to truly marine fungi.

Detection of fungal gene expression in the substratum us-

ing RT-PCR and metatranscriptomics is another way to eval-

uate the activity of marine fungi. Edgcomb et al. (2011) and

R�edou et al. (2014) studied deep subseafloor sediment core

samples of the Peru Margin, the Peru Trench and the Canter-

bury Basin using sequencing of cDNA clone library analysis;

basidiomycetes in the genera Cryptococcus, Trichosporon and
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Malassezia were dominant, suggesting their active role in

such environments. Direct sequencing of V4 18S rRNA

reverse-transcripts using the 454 platform also revealed the

active role of Cryptococcus and Trichosporon in Peru Margin,

together with the genera Mycena and Rhodotorula (Orsi et al.,

2013). Burgaud et al. (2013), also using cDNA clone library anal-

ysis, mapped the diversity of fungi in sediment at three sta-

tions along the Delaware River estuary and bay and found

active fungal community structure transitioned from the

freshwater station (Preussia, Phoma,Westerdykella, Eremodothis)

to the more saline stations (Penicillium, Thysanophora, Asper-

gillus). Studies like these can demonstrate the growth of fungi

in marine substrata, and will be required before many ubiqui-

tous species are generally accepted as being facultative ma-

rine by the mycological community.

Comparative genomics can directly address the question of

differences in physiological adaptations and secondary meta-

bolism between terrestrial and marine fungi. The genomes

and transcriptomes of three halophilic fungi, Eurotium rubrum,

Hortaea werneckii, and Wallemia ichthyophaga, indicate that

differentially expressed genes encoding ion and metabolite

transporters are involved in halotolerance (Lenassi et al.,

2013; Zajc et al., 2013; Kis-Papo et al., 2014). Similar to halotoler-

ant bacteria, these fungi are rich in genes that encode for pro-

teins with a significantly higher proportion of acidic amino

acid residues. However, the three fungi also use different stra-

tegies for osmoregulation. In E. rubrum isolated from the Dead

Sea, genes related to stress response (A-/B-barrel proteins,

catalases) are enriched in the genome and transcripts related

to compatible solute synthesis (e.g., glycerol-3-phosphate de-

hydrogenase) and cell wall integrity (beta-glucan biosyn-

thesis, chitin binding) were up-regulated in response to

increase in salinity (Kis-Papo et al., 2014). The saltern fungus

W. ichthyophaga has genes coding for hydrophobins and polyol

synthesis in the genome, both of which have key functions in

osmoregulation while high salinity triggered higher expres-

sion of enzyme in lipid degradation and a stress protein

(Zajc et al., 2013). Compared with the terrestrial Wallemia

sebi, W. ichthyophaga has an expansion of proteins related to

DNA processing and damage (Zajc et al., 2013). Genome dupli-

cation in H. werneckii may be an adaptation to salt stress

(Lenassi et al., 2013).

Comparative genome/transcriptomic analysis of marine

and terrestrial/freshwater isolates of the same species of a

fungus should be able to determine if their genomic structure

varies with origin and how their transcriptomic composition

responds when grown in their respective salinities. With the

available data of halophilic fungi, their genome characteris-

tics include: (1) proteins with a higher proportion of acidic

amino acids, (2) enrichment of genes related to stress

response proteins, ion/metabolite transporters, hydropho-

bins (as in W. ichthyophaga), polyols biosynthesis (including

HOG pathway), and (3) genome duplication (as in H. werneckii)

(Lenassi et al., 2013; Zajc et al., 2013; Kis-Papo et al., 2014).

Some of these genes were highly expressed when grown in

high salinity conditions. In a study investigating the tran-

scriptomes of the marine fungus Corollospora maritima

(Fig. 2F) grown in both freshwater and seawater media, genes

related to cell wall modification and biosynthesis, sugar or

amino acid transmembrane transporters, ion channels,
gi’ and ‘marine-derived fungi’ in natural product chemistry
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transcription factors, endoplasmic reticulum transmem-

brane protein MPS, a protein with ligase activity and a

choline sulfatase family protein were up-regulated in the

seawater medium (Velez et al., 2015). More detailed identifi-

cation of gene composition and responses are needed to

test the hypothesis that “marine-derived” strains differ

from terrestrial strains in their genetic makeup and gene

expression. Such experiments are also an important step

and may hold vital clues as to the genes that are specifically

expressed in a marine fungus. Such analyses, coupled with

comparative metagenomic and metatranscriptomic data

sets representing the uncultured component of fungal com-

munities, may highlight specific markers of fungal adapta-

tion to marine habitats in order to verify the marine nature

of a fungus detected in the marine environment.

At the time of writing this report, the genome sequences

and putatively classified proteomes of four marine-exclusive

fungi, Verruculina enalia, Torpedospora radiata (Fig. 2G), Lindra

thalassiae, and Corollospora maritima, are available at the Joint

Genome Institute (http://genome.jgi.doe.gov/programs/fungi/

index.jsf). Although, restrictions on publishing the primary in-

vestigators’ results prevent us from presenting a complete

analysis of their secondary metabolite encoding capacity, a

basic analysis of their assembled scaffoldswith AntiSmash in-

dicates that these fungi have an abundance of recognizable

secondarymetabolite gene clusters (Weber et al., 2015). Identi-

fication of non-ribosomal peptide synthetase (NRPS) genes,

polyketide synthase (PKS) genes and other genes (such as

terpene-encoding genes) in the genome, together with RNA-

seq data confirming their expression, evidence the molecular

basis for the production of bioactive secondary metabolites.

Whole genomic sequencing and transcriptome analysis of S.

brevicaulis isolated from a sponge have revealed the likely

genes/gene clusters responsible for the production of the anti-

cancerous scopularides and other metabolites, including

melanin and stilbenes (Kumar et al., 2015). The biosynthetic

pathway for the production of scopularide A (Fig. 1E) was pro-

posed to involve a nonribosomal peptide synthetase (NRPS1),

a polyketide synthase (PKS2), a CoA ligase, an acyltransferase,

and a transcription factor based on the genome annotation of

S. brevicaulis (Lukassen et al., 2015).

Trichoderma spp. produce long-sequence peptaibols such as

longibrachins and trichokonins (20-residue peptaibols).

Poirier et al. (2007) detected these peptaibols in sediment sam-

ples (5.2�2.1 ng/g of sediment) collected at Fier d’Ars along the

French Altantic coast by reverse phase liquid chromatography

(LC)/electrospray ionization-ion trap-mass spectrometry (ESI-

IT-MS) analysis. This in situ detection of secondary metabo-

lites suggests active fungal growth in the sediment and

strongly supports the idea that metabolomics can be useful

to reveal the marine nature of fungi isolated from the marine

environment.
6. Conclusions and recommendations e new
definition?

With thousands of names of marine and marine-derived

fungi in the literature, Jones et al. (2015) recognised a total

of 1112 species of marine fungi which were mainly collected
Please cite this article in press as: Pang, K.-L., et al., ‘Marine fun
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or isolated from plant materials and algae; many so-called

‘marine-derived’ or ‘facultative marine’ fungi were also

included in the treatise. Their consideration may represent

a step forward towards recognizing whether these fungi

play an active ecological role in marine environments

(Jones et al., 2015); as for example, do they contribute to

biogeochemical processes? Jones et al. (2015) identified 129

families and 65 orders of fungi with marine taxa, and many

of these lineages were predominantly marine, such as taxa

in the Halosphaeriaceae, Lulworthiales, Torpedosporales,

and others. Recognition of new isolates or sequences from

omic-based approacheswith phylogenetic affinity with these

groups may suggest these fungi have a marine origin.

Arriving at a definition that will be acceptable to all mycolo-

gists will always be difficult as so many parameters have to

be taken into consideration, as outlined above. A broad defi-

nition of a marine fungus is proposed as follows ‘any fungus

that is recovered repeatedly frommarine habitats because: 1)

it is able to grow and/or sporulate (on substrata) in marine

environments; 2) it forms symbiotic relationships with other

marine organisms; or 3) it is shown to adapt and evolve

at the genetic level or be metabolically active in marine

environments’.
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