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Introduction

Fungi and fungi-like organisms (such as oomycetes) are key components of aquatic ecosystems, with parasitic and/or saprophytic lifestyles
that influence biodiversity, food web dynamics, and the cycling of organic matter, nutrients, and energy within ecosystems. Yet, they
represent an understudied group of aquatic microorganisms, largely neglected by aquatic microbial ecologists. In fact, historically mycology
was separated from microbial ecology in all aquatic sciences. Studies of fungi are of great ecological and biotechnological interest because
fungi have a large variety of polymer-degrading enzymes and detoxification mechanisms. However, the dramatic increase in the human
population worldwide and subsequent increasing urban development and anthropogenic pollution has led to a severe modification of inland
waters, with adverse effects on fungi. In this article, we highlight the multiple metabolic capacities and adaptive behavior of aquatic
fungi to cope with these rapid environmental changes in the Anthropocene. We provide an overview of emerging topics in the field of
aquatic mycology that are, to a great extent, related to the anthropogenic modification of inland waters, in particular emerging pollutants,
including microplastics.

Diversity and ecology of aquatic fungi and fungi-like organisms

In general, fungi and fungi-like organisms (not necessarily the aquatic ones) have been phylogenetically and taxonomically separated (Fig.
1). However, several basic differences make it hard to treat all fungi the same. Therefore, the formal taxonomy-based classification system
coexists with the “informal” ecology-based system which is polyphyletic. Thus, many classifications of aquatic fungi have been adopted
(Goh and Hyde, 1996; Shearer et al., 2007a,b).

Aquatic fungi

A recent estimate based on molecular evidence suggests a global fungal diversity of about 1.5 million species (Hawksworth and Lücking,
2017). Aquatic fungi form a taxonomically and morphologically diverse group in freshwater, brackish, and marine habitats. In parallel to
their diverse lifestyles, community composition and abundance of fungi vary considerably with their aquatic habitats (Wurzbacher et al.,
2010). Interestingly, about 96% of all fungal taxa have been recorded in temperate regions and fewer in tropical and subtropical regions
(Rossman, 1994; Hawksworth, 2001; Duarte et al., 2016; Hyde et al., 2016). Therefore, the “true” number of fungi should be much higher,
i.e., 2.2–3.8 million species, because a substantial fraction of the global fungal diversity has not been explored in-depth (Grossart et al.,
2019).

The number of isolated and described fungal taxa is much lower than global estimates, including only 120,000–143,273 species
(Fungorum, 2018; Wijayawardene et al., 2017). The majority of fungal species are related to the two phyla Ascomycota and
Basidiomycota (ca. 96,000 species), which form the subkingdom Dikarya. Our current knowledge of fungal diversity is quite limited
(Tedersoo et al., 2014), particularly in aquatic systems where the number of described species is low (ca. 3000–4000 species) as compared
to terrestrial fungi (Jones et al., 2014). Consequently, the number of newly discovered fungal species in aquatic systems is predicted to
increase (Voigt and Kirk, 2011).

Gessner and Van Ryckegem (2003) suggested that there are ca. 20,000 different species of freshwater fungi, yet only ~ 5% of the
estimated fungal species have been described. The estimated number of species documented from different habitats and substrates include
622 fungal species of ascomycetes, 600 hyphomycetous fungal species from Phragmites litter (Gessner and Van Ryckegem, 2003), 531
asexual fungal species, 317 species on peat swamp (Tsui et al., 2001; Sivichai et al. 2002), and 183 trichomycetes. Also, zoosporic
fungi comprise more than 500 species of chytrids and members of fungal-like organisms (Jones et al., 2014). All other fungal groups,
however, are poorly described, including freshwater lichens with about 270 lichenicolous fungi and lichens, 226 fungal species on aquatic
plants described as dark septate endophytes or endomycorrhizae, and 40 species of parasitic fungi. In particular, basidiomycetes are poorly

☆ This article was reviewed for the Encyclopedia of Inland Waters, Second Edition by Section Editor Kendra Cheruvelil.
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2 Inland Water Fungi in the Anthropocene: Current and Future Perspectives

Fig. 1 Phylogeny of freshwater fungi and fungi-like organisms. The morphological and phylogenetic diversity of freshwater fungi and fungi-like
organisms is illustrated. The numbers in parentheses stand for the currently identified species within each taxon. Ascomycetes are associated with
dead stems and leaves of herbaceous and woody plants. They are mainly responsible for breaking down the lignocellulose constituents of plant cell
walls. In contrast to their terrestrial diversity, freshwater Basidiomycota are less abundant. They colonize leaves and twigs in streams and rivers.
They are known for basidiomata reduction, the passive release of basidiospores, and the production of branched conidia. Recently, the importance
of true zoosporic fungi, including Chytridiomycota, Neocallimastigomycota, Kickxellomycotina, and Blastocladiomycota, has been highlighted.
This is mainly due to increased awareness (both in morphology and phylogeny) for yet undescribed taxa (dark matter fungi). Many species are
parasites and influence food web structure in freshwater ecosystems. Finally, fungi-like organisms, also known as “water molds,” are some of the
most devastating aquatic animal pathogens, responsible for massive mortalities of crabs, fishes, amphibians, etc.

documented in freshwater ecosystems, with only 41 non-yeast basidiomycetes and 74 basidiomycetous yeasts. The overall documented
species richness of freshwater fungi (< 4200 species) suggests that there are still many freshwater habitats and substrates to be surveyed
(Jones et al., 2014).

In aquatic systems, three major types of fungi can be found depending on their growth and adaptation abilities in aquatic ecosystems:
(I) terrestrial fungi that are often passively introduced into the water via high loads of fungal propagules from inflowing streams, rainwater
runoff, and wind. This fungal group is known as transient fungi (versatile immigrants), which exhibit no activity in water - presumably
due to unfavorable aquatic conditions or interactions with organisms (Dix and Webster, 1995; Voronin, 2014). (II) Partially adapted
aquatic fungi that may be amphibious with one stage of their life cycle underwater and another stage dispersed in air-water boundaries
(aero-aquatic hyphomycetes; Dix and Webster, 1995; Park, 1972 or periodic immigrants). (III) Fully adapted aquatic fungi (indwellers
including Ingoldian fungi; Ingold, 1942) that can maintain their biomass in aquatic ecosystems with constant activity from year to year.
They utilize substrates and nutrients available in water bodies, and most are capable of sporulating directly in water (Grossart et al., 2019).

Based on their morphology and lifestyle including different functional behaviors (independent of phylogeny), aquatic fungi are further
separated into six major groups (Wurzbacher et al., 2010):

1. Aquatic hyphomycetes are recorded on decaying leaves and lignocellulosic debris in freshwater ecosystems worldwide. Aquatic
hyphomycetes (Nilsson, 1964), also known as amphibious hyphomycetes (Michaelides and Kendrick, 1978), comprise
anamorphic fungal taxa of ascomycetes and basidiomycetes (Shearer et al., 2007a,b) that are specifically adapted to aquatic habitats
via their reproductive systems by producing their spores in relatively large multiradiate (often tetraradiate), sigmoid or spherical
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conidia with tips usually covered with sticky mucilage (Read et al., 1992) to facilitate attachment to and colonization of a specific
substrate. Aquatic hyphomycetes are categorized into two ecological groups according to their reproductive behavior (Goh and
Hyde, 1996): (a) the Ingoldian fungi (Ingold, 1942) are characterized by their ability for sporulation on plant materials underwater
and (b) the aero-aquatic fungi that do not sporulate underwater but need air exposure for sporulation to complete their life cycle
(Wurzbacher et al., 2010). On the other hand, Goh (2003) provides another common group of aquatic hyphomycetes, i.e., transparent
fungi with asexual reproduction (mitosporic) and dark conidia (coelomycetes) that have been recorded from various freshwater
habitats. However, their conidial structure is not as well adapted for the aquatic ecosystems as the Ingoldian and aero-aquatic
hyphomycetes (Goh and Hyde, 1996). These fungi include two ecological groups, namely, indwellers that are present only
in freshwater environments (e.g., Aquaphila, Canalisporum, Camposporidium) and immigrants that occur in both terrestrial and
freshwater environments (e.g., Acrodictys, Acrogenospora, Arthrobotrys) (Park, 1972).

2. True zoosporic fungi currently include phyla Chytridiomycota, Neocallimastigomycota, Kickxellomycotina, and Blastocladiomycota.
They commonly occur as saprobes in the degradation of particulate organic matter of dead animals, pollen grains and plant litter
as well as parasites of vertebrate animals, e.g., frogs, zooplankton and phytoplankton, or as symbionts in the mammalian digestive
system. Consequently, zoosporic fungi have significant ecological roles in nutrient cycling and regulation of the populations of
phytoplankton in aquatic ecosystems and also cause some economically important plant and animal diseases (Gleason et al., 2017).
True zoosporic fungi typically occur in the pelagic zone of standing waters (Wurzbacher et al., 2010) and their reproductive units
display primary adaptations to an aquatic lifestyle in the form of uniflagellated motile zoospores (Wong et al., 1998).

3. Aquatic ascomycetes and basidiomycetes (teleomorphic stage; develops sexual reproductive units including ascospores characteristic
for ascomycetes and basidiospores for basidiomycetes) are microscopic fungi that decompose submerged woody material that falls
into aquatic habitats. Since the 1990s, several studies concerning freshwater ascomycetes have been performed increasing the number
of described species from 370 (Shearer, 1993) to 622 species (Cai et al., 2014; Shearer et al., 2014). Currently, about 675
species related to freshwater ascomycetes have been characterized and comprise several taxonomic groups (i.e., dothideomycetes,
sordariomycetes, and leotiomycetes) ubiquitously found in freshwater on submerged and exposed woody debris (Jones and Pang,
2012; Shearer et al., 2014). The majority of freshwater ascomycetes form microscopic ascomata (less than 0.5 mm) and contain
structurally water-adapted ascospores characterized by several sheaths or wall ornamentations covered by a gel-like sticky material
that supports spore dispersal and attachment (Digby and Goos, 1987).

4. Yeasts are unicellular fungi with spherical or oval-shaped cells, representing a diverse group belonging to ascomycetes and
basidiomycetes (Shearer et al., 2007a,b) that are found mainly in the pelagic zone of freshwater habitats (Wurzbacher et al., 2010)
and the pelagic and estuarine habitats of marine systems. Our understanding of their ecology and functions in aquatic ecosystems is
still limited (Wurzbacher et al., 2010). However, they may play a similar role as heterotrophic bacteria generally referred to as the
main (micro)organisms taking up and re-mineralizing dissolved organic matter.

5. Glomeromycota represent another under-studied group of aquatic fungi with little information on their ecology, composition and
role in aquatic ecosystems (Goh and Hyde, 1996). The majority of glomeromycetes is terrestrial, except for aquatic trichomycetes
(Shearer et al., 2007a,b), and form a polyphyletic group which grows parasitically or mutualistically (order Harpellales) together
with aquatic arthropods (Hibbett et al., 2007; Jobard et al., 2010). In addition, Glomeromycota are comprised of ecologically
beneficial mycorrhizal fungi forming symbionts with the roots of aquatic macrophytes. These mycorrhizal fungi are characterized by
the formation of special structures (vascular and/or arbuscular structures) inside the plant roots providing the plant with nutrients, e.g.,
phosphorus in nutrient-limited aquatic ecosystems (Wurzbacher et al., 2011).

6. Fungi-like organisms (Oomycetes, Straminipila) are well-documented (Wong et al., 1998) and considered the most ubiquitous
aquatic “fungal” group characterized by biflagellate heterokont (two unequal flagella) zoospores (Dick, 1989; Shearer et al., 2007a,b).
Although Straminipila (hyphochytriomycota, Oomycota, and labyrinthulomycota) share similar morphological and physiological
traits with true fungi (chytridiomycota, rosellomycota, and aphelida), their ecological functions and trophic strategies appoint them as
false fungi (Alexopoulos et al. 1996; Beakes et al. 2014; Karpov et al. 2014).

Although cultivation is often biased, e.g., by sample handling and the choice of media, more fungal isolates from aquatic ecosystems
are required to better characterize their genetics, physiology, and ecological role (Grossart et al., 2019). Yet, it remains difficult to
characterize and estimate total fungal diversity at any given sampling site, often due to the lack of experience and qualified staff and suitable
identification manuals, especially in tropical regions. There is a great demand to provide new techniques and strategies to isolate and assess
fungal diversity and enable realistic site estimates for conservation purposes (Cannon, 1997 and Hawksworth, 2001). The application of
different isolation techniques to the same waterbody may yield entirely different fungal communities (Abdel-Raheem, 2004; Sridhar et
al., 2010). Whereas direct observation techniques can be used for investigations of growth of zoosporic fungi, aquatic hyphomycetes, and
teleomorphic fungi on different substrates (Müller-Haeckel and Marvanová, 1979; Sparrow, 1968), the baiting technique is commonly
used for isolation of zoosporic fungi and aquatic hyphomycetes from water samples using specific baits such as boiled sesame and hemp
seeds (for oomycetes, fungal-like organisms), phytoplankton, pollen grains, and snakeskin (for chytrids) and plant leaves (for aquatic
hyphomycetes) (Shearer and Von Bodman, 1983; Shearer, 1972; Sparrow, 1968). Furthermore, the moist chamber technique can be
employed to isolate teleomorphic fungi using woody blocks (Shearer and Von Bodman, 1983; Shearer, 1972). Finally, yeasts can be
obtained by dilution plating of water or sediment on specific media (Fell, 2001; Kumar et al., 2011). Although most aquatic fungi remain
uncultivated, new methods, baits, and media may isolate the entire fungal community in aquatic systems.
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The phylogenetic relationship of aquatic fungi, including Ascomycota, Basidiomycota, Chytridiomycota, Neocallimastigomycota,
Kickxellomycotina, Blastocladiomycota, and fungi-like organisms is given in Fig. 1. Recently, a new and surprisingly large fungal diversity
has been discovered in aquatic habitats using molecular tools. These so-called dark matter fungi are mainly related to the early branches
of the fungal tree, i.e., Aphelida, Rozellomycota, and Chytridiomycota (Grossart et al., 2016). Thus, considerable efforts to discover and
evaluate their ecology and ecophylogenetics are needed. For example, their role as parasites or saprotrophs still needs to be identified
and quantified (e.g., Banos et al., 2020). Whereas parasites exploit their living host for nutrition, saprotrophs use an array of excreted
(extracellular) enzymes to digest their dead nutritional substrate directly (e.g., dead organism or other nonliving organic matter).

Current conceptual models indicate a multitude of different processes by which aquatic fungi transform and incorporate allochthonous
and autochthonous organic matter into organismic biomass and transfer it to higher trophic levels. Recently, three major processes have
been identified to describe the different ecological roles of fungi in the aquatic realm (Grossart et al., 2019): (i) mycoloop, (ii) mycoflux,
and (iii) benthic shunt.

The mycoloop has been well described (Kagami et al., 2007, 2014) and refers to parasitic fungi that render inedible phytoplankton
available to zooplankton grazers by producing zoospores or by fragmentation of large phytoplankton cells. The mycoflux relates to the
important role of fungal interactions in organic matter and organisms that result in aggregation or disintegration of sinking organic particles,
including living organisms and dead cell debris (Grossart et al., 2019). Most consequences of the mycoflux are still unknown, but
we propose that they significantly affect the efficiency of the aquatic carbon pump and hence carbon sequestration. The benthic shunt
describes how fungal colonization of (mainly terrestrial) organic litter and the formation of fungal biomass allows for an efficient transfer
of this organic matter to macrozoobenthos on the sediment (Attermeyer et al., 2013). Macrozoobenthos represents an excellent food
source for higher trophic levels in the pelagic zone, such as fish, and thus increases the efficiency of trophic transfer throughout the aquatic
benthic and pelagic food webs. These three concepts take the various lifestyles and interactions (e.g., parasitism and saprotrophy) of aquatic
fungi into account and highlight their ecological and biogeochemical importance in freshwaters. In 2.3.1 and 2.3.2 we describe two prime
examples for interactions with fungi-like and fungi interactions with organisms and virus which until now have received only a little
attention.

Aquatic fungi-like organisms

The fungi-like organisms represent non-fungal organisms from a taxonomical point of view but are often considered as a fungal group
(Shearer et al., 2007a,b; Grossart et al., 2019) given that they show ecological traits and functions in water similar to true fungi (Wong
et al., 1998; Khallil et al., 2020). Aquatic fungi-like organisms are frequently found in the orders of Saprolegniales and (to a much lesser
extent) Peronosporales within the class of Oomycetes. Saprolegniales has nearly 15 genera known as water molds causing destructive
endemics in aquatic animals. Achlya, Aphanomyces, and Saprolegnia are the most dangerous threats to fishes and crabs across the
world. In addition, Pythium and Phytophthora represent common parasitic genera in freshwater ecosystems although not all members of
Peronosporales occur in aquatic environments. It’s worth mentioning that zoosporic fungi are another term for describing both aquatic
fungi and fungi-like organisms with motile spores (Wong et al., 1998; Dick, 1989; Shearer et al., 2007a,b). Obviously, the word became
obsolete when oomycetes and fungi got separated taxonomically.

Within the phylum Oomycota, oomycetes consist of two main assemblages including basal and crown oomycetes. Basal oomycetes
as early-diverging ones are usually obligate parasites in marine ecosystems. Crown oomycetes, however, are considered to mainly occur
in freshwater ecosystems. This group of fungal-like parasites has six orders with Saprolegniales and Peronosporales (see “Diversity
and ecology of aquatic fungi and fungi-like organisms” section) as the biggest and most recent taxa, both including aquatic genera
(Beakes and Sekimoto, 2009). Saprolegniales, or water molds, are well-known, exclusively aquatic organisms in freshwater ecosystems
belonging to the phylum Oomycota. They are phylogenetically and systematically separated from the kingdom fungi and placed within the
kingdom Chromista (Thines and Kamoun, 2010). Their positive association with water-related ecosystems is mainly due to their life cycle
consisting of motile zoospores. The littoral zone, which is rich in allochthonous organic matter from animal and plant debris, seems to
be their main niche (Marano et al., 2016). Their parasitic lifestyle on various species of fishes, crayfishes, etc. causes not only billions of
dollars of damages to fisheries but also seriously endangers native aquatic animals (Van West, 2006).

Aquatic Saprolegniales such as Achlya, Aphanomyces, and Saprolegnia species are considered among the most widespread and
dangerous animal pathogens worldwide (Bruno et al., 2010). Consequently, the multiple aspects of Saprolegniales pathogenicity in terms
of ecology, diversity, as well as taxonomy, have been studied for more than a century. Several species of Saprolegnia and, to a lesser extent,
Achlya, are responsible for drastic annual economic losses in salmonids and massive amphibian and crustacean mortality events, called
Saprolegniosis (Hussein and Hatai, 2002; Fregeneda-Grandes et al., 2007). Their destructive potential is intensified by predisposing
factors such as increases in mean temperatures, extreme drought periods, and aquatic contamination.

The species Aphanomyces astaci represents a key example of the destructive potential of parasitic Saprolegniales. This species causes
the crayfish plague, which has been studied in terms of physiological adaptations and host responses toward parasitism since the early
1960s (Unestam, 1965; Makkonen et al., 2012). The involvement of A. astaci in crayfish plague points to its crucial ecological role
in freshwaters. Crayfish species significantly affect aquatic food webs and biogeochemical cycling via control of macrophyte biomass
and growth, species richness, benthic primary productivity, etc. (Matthews and Reynolds, 1992). A. astaci is considered a significant
threat to European crayfish populations that were transmitted to mainly Europe and other continents through the commercial exchange
of American crayfish species (which are resistant against A. astaci, but transmit it) in the 19th century (Schrimpf et al., 2013). Now, A.
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astaci is listed among the world’s 100 worst invasive species owing to the extremely high susceptibility of Non-American crayfish species
(Luque et al., 2014).

Aside from parasitism, the ecology of Saprolegniales has been largely ignored with studies often limited to seasonality, occurrence,
and correlation to various environmental parameters. Saprolegniales may be as common as their fungal counterparts in aquatic ecosystems
since they may also colonize different allochthonous animal and plant debris in addition to being parasitic. This notion raises the question
of whether Saprolegniales are as enzymatically active as fungi, making them important for allochthonous organic matter degradation.
Interestingly, it has been shown that several genera in Saprolegniales behave opportunistically, quickly benefitting from the availability
of small organic molecules while being ineffective in the degradation of more complex polymers (Masigol et al., 2019, 2020). This
inefficiency is unlike fungi that can degrade a plethora of organic molecules by producing laccases and peroxidases. However, studies
dealing with enzymatic capacities of Saprolegniales are rare and additional work is much needed to test whether ligninolytic inefficacy in
Saprolegniales is universal.

Fungi-virus interactions: An emerging topic

One of the least studied topics in fungal ecology in inland waters is their interactions with viruses. In fact, little is known about the diversity
of viruses in aquatic ecosystems, their relationships with fungal hosts such as their possible role(s) in regulating aquatic fungal populations
e.g., chytrids after a diatom bloom, modes of dispersal, seasonal dynamics, and geographic distributions (Kotta-Loizou, 2019; Prussin et
al., 2020). Yet, studies of viruses that infect economically important fungi (e.g., crop and aquaculture pathogens), reveal that mycoviruses
are widespread in all major fungal groups and that most of them evolved at a very early stage of their fungal host’s evolution and cause
little or no apparent symptoms in their hosts (Ghabrial, 1998; Liu et al., 2012; Roossinck, 2015).

Recently, the number of reported mycoviruses has increased dramatically due to the use of high-throughput sequencing of fungal
genomes and transcriptomes, which also allow the detection of their viromes (Nerva et al., 2016; Neupane et al., 2018; Ponsero and
Hurwitz, 2019; Zoll et al., 2018). There are currently 12 classified and seven unclassified families of mycoviruses (Peyambari et al.,
2020). The majority of mycoviruses are double-stranded RNA (dsRNA) viruses, while single-stranded RNA or DNA viruses are less
common (Castón et al., 2020; Jiang, 2020; Li et al., 2020). The fungal viruses with dsRNA genomes, in most cases, encode for only two
proteins: a capsid protein and an RNA-dependent RNA polymerase. Some families of dsRNA fungal viruses like Totiviridae can infect
protozoa, while members of Partitiviridae can also infect plants (Liu et al., 2010; Yokoi et al., 2007). The broad host range of dsRNA
fungal viruses, including hosts from different eukaryotic kingdoms, hints at their ancient origin (Peyambari et al., 2020).

Mycoviruses can be transmitted intracellularly during cell division, sporogenesis, or cell-to-cell fusion, resulting in life cycles generally
without an extracellular phase. Each virus strain has a narrow host range, although certain viral families may have a broader spectrum of
hosts. Most mycoviruses are asymptomatic, but those that reduce pathogenicity in fungal hosts are of great biotechnological interest for
developing natural fungicides (Ghabrial et al., 2015; Preisig et al., 2000; Yu et al., 2013).

The effects of mycoviruses on aquatic fungal communities remain unknown, such as the virus-induced mortality that can provoke
large-scale alterations of the fungal community structure and the subsequent impact on carbon and nutrient cycling, modification of fungal
metabolism (e.g., by gene disruption or the introduction of new genes), and alteration of fungal fitness, e.g., by virus-borne toxins (Roux,
2019; Suttle, 2005; Wilhelm and Matteson, 2008). The associations of viruses with fungi should be explored with a higher resolution
given the high diversity existing in the fungal kingdom. Of particular interest are the associations with early divergent fungi belonging to
groups such as Chytridiomycota and Rozellomycota, which, despite being abundant in aquatic environments, have been relatively little
studied.

In summary, the vast majority of mycoviruses in freshwaters (both in natural and urban environments) and their ecological roles remain
poorly understood. Freshwater mycovirology, although accepted as a conventional research area, is less developed compared to human,
animal, or plant virology (Kotta, 2019). Due to their potential key role for freshwater fungi, mycoviruses deserve considerably more
attention from aquatic microbial ecologists.

Aquatic fungi in the Anthropocene

Fungi inhabit a broad range of habitats (Grossart et al., 2019). In the case of those that inhabit natural aquatic ecosystems, there has been
a growing interest in studying their diversity and ecology (Bärlocher and Boddy, 2016; Krauss et al., 2011), but much less is known
about fungi in the urban aquatic environments (such as houses, hospitals, recreational parks and wastewater treatment plants) that are
steadily increasing worldwide. Urban aquatic environments provide a series of conditions that result in a very different composition of
fungal species from that found in natural environments. In other words, the human-build environment favors the enrichment of some fungal
species, whose effects on environmental and human health are yet unknown. On the other hand, these enriched species may be of great
biotechnological interest. Few studies have been conducted to understand the diversity of fungi in different human-made aquatic systems,
the effects of pollutants and human waste on fungal community structure, and the abundance of opportunistic pathogens (Assress et al.,
2019; Biedunkiewicz and Góralska, 2016; Newbound et al., 2010).

Human homes contain numerous habitats for aquatic fungi, particularly in kitchens and bathrooms (Fig. 2). For example, fungal
populations are regularly found in sinks, drinking water pipes, showers, and toilets (Flores et al., 2011; Gashgari et al., 2013; Hamada
and Abe, 2009; Zhou et al., 2017). Aquatic fungi frequently occur in household appliances such as washing machines and dishwashers,
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Fig. 2 Overview of habitats (in red circles) for aquatic fungi within urban environments. Houses contain numerous habitats for aquatic fungi,
particularly in the kitchen and bathroom (e.g., sinks, tap water, showers, toilets, washing machines, and dishwashers), which are extensible to more
massive constructions such as apartment buildings, hospitals, shopping malls, and industries. Aquatic fungi are also found in open spaces such as
fountains, ponds, and swimming pools, as well as in wastewater treatment plants.

where they adapt to extreme conditions of high temperatures, drastic changes in pH, high salinity, presence of detergents, and high shear
forces (Babič et al., 2016; Raghupathi et al., 2018; Zupančič et al., 2016). House conditions, and thus habitat for fungi, are extensible to
more massive constructions such as apartment buildings, hospitals, shopping malls, and industries (Steinberg et al., 2015).

Aquatic fungal communities have also been identified in habitats that are in close contact with humans such as fountains, artificial
lakes, and swimming pools of public parks and recreational areas (Brandi et al., 2007; Jankowski et al., 2017). Fungi are found in the
municipal systems designed for collecting and transporting wastewaters, including street gutters and sewers (Hervé et al., 2017; Yuan et
al., 2020). Wastewater treatment plants (WWTPs), the endpoint for most of the waters from cities, provide aquatic fungi with a habitat that
is better characterized than most urban aquatic environments, possibly for their sanitary and biotechnological interest (Assress et al., 2019;
Espinosa-Ortiz et al., 2016; Matsubayashi et al., 2017; Wei et al., 2018).

Studies to date indicate that the majority of urban aquatic environments are dominated by a relatively small number of fungal taxa,
i.e., opportunistic yeasts (Candida, Cryptococcus and Rhodotorula), black yeasts (Aureobasidium and Exophiala), filamentous fungi
(Fusarium, Aspergillus, Cladosporium, Trichoderma, and Acremonium) and some members of Cryptomycota. Interestingly, a common
feature among many of these genera is their ability to form biofilms (Babič et al., 2017; Raghupathi et al., 2018; Zupančič et al., 2016).
Although fungal diversity in urban aquatic ecosystems is likely lower than in natural ecosystems (Newbound et al., 2010; Wei et al.,
2018), we propose that studying the diversity and ecology of fungal communities in human-disturbed environments is deserving of greater



UN
CO

RR
EC

TE
D

PR
OOF

Inland Water Fungi in the Anthropocene: Current and Future Perspectives 7

importance since approximately half of the world’s population lives in cities and people spend about 90% of their lifetime in indoor
ecosystems (Adams et al., 2013; Bello et al., 2018; Flores et al., 2011; Humphries, 2012).

Fungal metabolism and anthropogenic pollutants

Generally, fungi are characterized by a broad spectrum of extracellular enzymes (Harms et al., 2011) that allow them to break down highly
polymeric substances consisting of very large molecules or macromolecules, composed of many repeating subunits. This metabolic feature
renders fungi ideal candidates to break down natural polymeric substrates (Rojas-Jimenez et al., 2017) and anthropogenic pollutants that
contain a large variety of macromolecules. Thereby, the high resistance against anthropogenic pollutants makes them ideal bioindicators
of anthropogenic stressors in the environment. Aquatic fungi are ubiquitous and promising candidates for polymeric organic matter
decomposition and humification of plant litter, which provides energy for microbes in various aquatic habitats (Webster et al., 1999).
Aquatic hyphomycetes are considered one of the most prevalent microbial communities associated with emergent plant materials and
submerged terrestrial plant residues in aquatic ecosystems, comprising 63–100% of total microbial biomass (Gulis and Suberkropp,
2003). These fungi exhibit a high degradation potential for lignocellulosic compounds due to their constant activity in a wide range of
climatic conditions (Graça and Ferreira, 1995) and production of a wide array of extracellular ligninolytic enzymes such as cellulases,
xylanases, pectinase, laccases and peroxidases (Harms et al., 2011; Rojas-Jimenez et al., 2017).

This degradation potential enables fungal colonization and growth and results in subsequent plant litter mass loss, skeletonization, and
maceration (Bärlocher, 1998). The formed fungal biomass provides a significant feedstock for other aquatic heterotrophic microbes and
higher trophic levels, leading to accelerated mineralization and transformation of plant biomass into humic substances (e.g., humic acids,
fulvic acids, and humin) (Bärlocher, 1985). Furthermore, the quantity and quality of additional labile materials, such as algal exudates,
determine the dominance of fungal groups within aquatic ecosystems and, consequently, terrigenous C turnover (Fabian et al., 2017).
Moreover, environmental conditions and the fungi’s enzymatic repertoire ultimately affect the rate of litter decomposition in streams
(Benstead and Huryn, 2011). This relationship remains little studied for lacustrine environments (Grossart et al., 2019). Other polymeric
compounds such as pollen grains and non-plant material, e.g., chitin and keratin, are mainly decomposed by chytrids and non-fungal
oomycetes via the production of specific exoenzymes (Wurzbacher et al., 2014), resulting in fungal biomass and spore formation serving
as a food source for higher trophic levels such as invertebrates.

Fungal processing of pollutants

One of the most evident traces of human activity on the planet is increasing pollution, which negatively impacts the biosphere. Today, the
discharge of toxic liquids from urban and industrial activities carrying a large amount and variety of pollutants has reached dangerous levels
in both freshwater and marine ecosystems. There are at least six pathways by which humans pollute freshwater ecosystems: (a) sewage,
(b) nutrients and terrigenous materials, (c) crude oil, (d) synthetic dyes, (e) heavy metals, and (f) plastics (Häder et al., 2020). Fungi, as
one of the most important and conspicuous components of aquatic microbial communities, are detrimentally affected by these pollutants.
For example, species diversity and richness, functions, and physiology of aquatic fungi can be severely impacted by the ever-increasing
discharge of pollutants into freshwaters (Krauss et al., 2003; Lecerf and Chauvet, 2008; Zeng et al., 2012; Op De Beeck et al., 2015).
Yet, some aquatic fungi have developed a high capacity to deal with numerous environmental pollutants and are being used as part of
environmental remediation strategies.

Many traditional pollutants are degraded by aquatic fungi, including surfactants (Mallerman et al., 2019; Nakamiya et al., 2005),
2,4,6-Trinitrotoluene (TNT) (Hoehamer et al., 2006), pesticides (Purnomo et al., 2011; Rodríguez-Castillo et al., 2019; Ulčnik et al.,
2013; Wang et al., 2015) and other toxic persistent organic chemicals (Aranda, 2016; Marco-Urrea et al., 2009; Sun et al., 2016; Xu
et al., 2014). However, the number of fungi that have been studied for their degradation capabilities is relatively small. Therefore, the
likelihood to find new species with the potential for bioremediation of aquatic pollutants is high.

Aquatic fungi can use at least four mechanisms for processing and transforming a wide variety of pollutants in inland waters (Fig.
3). They are highly unspecific and can act independently or synergistically. The first mechanism involves the production of two main
types of extracellular enzymes: peroxidases and phenoloxidases (Grinhut et al., 2011b; Majeau et al., 2010; Rodríguez-Rodríguez et
al., 2019). The second consists of the production of low-molecular-weight redox mediators such as reactive oxygen species (e.g., singlet
oxygen, peroxide and the hydroxyl radical) that also act extracellularly and with low specificity on the substrates (Grinhut et al., 2011a;
Grossart and Rojas-Jimenez, 2016; Jensen et al., 2001). The third involves intracellular degradation by enzymes such as the cytochrome
P450 complex (Haroune et al., 2017; Marco-Urrea et al., 2009). The fourth is related to the biosorption of compounds (Ulčnik et al.,
2013; Xu et al., 2020) (Fig. 3).

Fungi possess enormous metabolic diversity, which makes them critical organisms for processing pollutants in aquatic systems
(Grossart and Rojas-Jimenez, 2016; Harms et al., 2011; Krauss et al., 2011). Some of the most concerning are the so-called “emerging
pollutants” that include synthetic or naturally occurring chemicals that are generally not controlled but could have adverse effects on
human and ecosystem health (Llorca et al., 2016; Rodríguez-Rodríguez et al., 2019). Members of Basidiomycota and Ascomycota are
capable of degrading pharmaceuticals, which are considered among the most diverse group of aquatic pollutants, including antibiotics,
antidepressants, anti-cancer, antiepileptics, steroid hormones, and anti-inflammatory substances (Asif et al., 2017; Ferrando-Climent et
al., 2015; Haroune et al., 2017; Kovalakova et al., 2020; Liu et al., 2016; Rusch et al., 2019; Silva et al., 2012). Moreover, aquatic
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Fig. 3 Four mechanisms via which aquatic fungi process a wide variety of pollutants in inland waters. In general, these mechanisms are not
specific for the type of molecules to degrade and can operate independently or synergistically. The first mechanism involves the production of two
main types of extracellular enzymes: peroxidases and phenoloxidases. The second consists of the production of low-molecular-weight redox
mediators such as reactive oxygen species that also act extracellularly and with low specificity on the substrates. The third involves intracellular
degradation by enzymes such as the cytochrome P450 complex. The fourth is related to the biosorption (adsorption and absorption) of compounds.

fungi are capable of degrading various types of plastics (Ali et al., 2014; Deguchi et al., 1997; Jeyakumar et al., 2013; Krueger et
al., 2015; da Luz et al., 2013; Wang et al., 2016) as well as accompanying contaminants such as plasticizing substances that can have
endocrine-disrupting effects or carcinogenic effects on environmental and human health (Ahuactzin-Pérez et al., 2018; Ferrer-Parra et
al., 2018; Loffredo et al., 2012; Skinner et al., 2009; Zhao et al., 2018).

In recent years, aquatic fungi have been studied and established as one of the most active groups of microorganisms for degrading
synthetic dyes (Wesenberg et al., 2003). In fact, aquatic fungi degrade/adsorb dyes and intermediates such as aromatic compounds and
mineralization of azo dyes (Papanikolaou et al., 2008). The high capacity of fungi, especially of white-rot basidiomycetes, to produce
extracellular ligninolytic enzymes including laccase, manganese peroxidase, and lignin peroxidase (Gomi et al., 2011) renders them
important for bioremediation measures.

In general, fungal dye decolorization is achieved in two ways: (a) biosorption and (b) biodegradation. In biosorption approaches, fungal
biomass in wastewater is a byproduct of industrial fermentations. It contains amino, carboxyl, thiol, and phosphate groups in the cell wall,
which can be applied for dye removal (Crini and Badot, 2008). In biodegradation approaches, fungi are used to degrade a wide variety
of recalcitrant dyes via non-specific attachment of ligninolytic enzymes to the target substrate. Although results of biodegradation from
lab-scale studies have been promising, their performance in the purification of various industrial effluents is little studied (Kaushik and
Malik, 2009). The application of a broad spectrum of fungi resisting the toxicity of dyes allows for optimizing the overall biosorption and
biodegradation ability at changing environmental conditions.

Increasing concentrations of heavy metals lead to deleterious impacts on fungal biodiversity, communities, and biological activities in
aquatic ecosystems (Solé et al., 2008), including respiration, sporulation, and growth/biomass formation and fungal leaf-degradation rates
(Krauss et al., 2001; Lecerf and Chauvet, 2008; Sridhar et al., 2000).

However, some aquatic fungi possess tolerance and resistant mechanisms for metal-induced toxicity through the production of
extracellular and intracellular biomolecules (protein chelating agents, enzymes, slimes, and other metabolites) (Krauss et al., 2011).
Furthermore, the structure of fungal cell walls possesses unique characteristics for heavy metal removal through adsorption mechanisms
including; hydroxyl (OH), amino (NH), carbonyl (C O), phosphate (P O) groups in the fungal biomass, in addition to the porous
nature with the high surface area cell wall (Braha et al., 2007, Hassan et al., 2018). Consequently, due to their high biosorption or
bioaccumulation capabilities, aquatic fungi may play a critical role in the sequestration of heavy metal ions than bacteria (Massaccesi et
al., 2002).

Case study: Fungal communities in the Plastisphere

The Plastisphere is a term used to describe the newly emerging habitat created by the massive introduction of microplastics to all
environmental areas (Eckert et al., 2018). Microbiologists frequently study bacteria on plastics, but much less information exists for fungi
(Amaral-Zettler et al., 2020). We suggest that fungi on plastic debris are an important emerging area of research (Fig. 4).

Fungi are paramount to carbon and nitrogen degradation and transfer within aquatic food webs (Soares et al., 2017) and it has been
shown that plastics have an impact on the heterotrophic activities of fungi (Arias-Andres et al., 2018). Furthermore, fungal parasites
can control algae and cyanobacteria (Frenken et al., 2017), which are also present in plastic biofilms. Thus, it is important to know the
implications of plastics on various ecological interactions and biogeochemical cycles.
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Fig. 4 There are many reasons and methods for studying fungi on plastic debris. (1) Plastic debris results in biofilm structures that include fungi,
together with bacteria, green algae, diatoms, and other heterotrophs, termed the Plastisphere. (2) Fungi in the Plastisphere can include yeasts,
filamentous, and parasitic fungi (e.g., some Chytridia). These groups contribute significantly to freshwater carbon and nitrogen cycling. (3)
DNA-based sequencing technologies are well suited to decipher the fungal diversity within these biofilms. Other methods that combine
fluorochrome-tagged genetic probes and spectral imaging techniques can help to observe and study different species of fungi within the biofilm
structure and thus to determine their ecological role. (4) Isolation of fungi from the Plastisphere can lead to the discovery of new metabolic
pathways of plastic polymer degradation.

In particular, fungi are well known for their xenobiotic degrading capacity, and more testing is needed to quantify fungal degradation of
different plastic polymers (Brunner et al., 2018). Fungal metabarcoding and metagenomics will allow for great advances in the exploration
of fungal biodiversity and functionality (Matsuoka et al., 2019) in the Plastisphere. Given the 3D structure of biofilms on plastic debris
and the importance of interactions between fungi, algae, and bacteria, tools allowing for spatial and taxonomic analyzes should be included.
For this purpose, methods that combine both high taxonomic and spatial resolution must be considered and adapted to studying fungi in the
Plastisphere (Arias-Andres, 2020; Schlundt et al., 2019).

Fungi as bioindicators of ecosystem’s health: A conceptual proposal

Structural bioindicators describe the composition or biodiversity of a given organismic group whereas functional bioindicators assess a
specific function (e.g., the degradation of lignocellulose) or an ecosystem service (e.g., carbon or nitrogen cycling). Complex ecological
indicators address the interconnection between structure and function through the food web (Parmar et al., 2016). Aquatic fungi are
relevant bioindicators of freshwater ecosystem’s health because of their role in the degradation of allochthonous organic matter (e.g.,
leaves falling from a nearby tree into a stream) in aquatic food webs (Baudy et al., 2019).

Fungal enzymatic tools for degrading lignocellulose (the main component of plant matter) are very well known (see “Fungal
metabolism and anthropogenic pollutants” section) and explain their role from a biological point of view (Krauss et al., 2011; Rossi et
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al., 2017). For freshwater fungi, the most studied functional indicators are leaf litter degradation rate, biomass (ergosterol found in fungal
cell membranes), and the capacity to produce spores for reproduction or sporulation (Bruder et al., 2016; Gomes et al., 2018; Krauss et
al., 2011; Soares et al., 2017). Meanwhile, the most common group described in the literature are different spore (or conidia)-producing
fungi, commonly referred to as “Ingoldian” or aquatic hyphomycetes (see above; Bärlocher, 2016; Baudy et al., 2019; Chauvet et al.,
2016). The OMICS era is identifying more potential indicator groups (Ceci et al., 2019; Kettner et al., 2017).

Ecological indicators often involve changes in fungal community composition which, e.g., indicate high invertebrate feeding pressure
(Baudy et al., 2019; Canhoto et al., 2017; Mora-Gómez et al., 2016). Consequently, specific fungal communities are well suited to
serving as bioindicators of anthropogenic stressors and environmental change in aquatic systems. Differences among types of aquatic
ecosystems (e.g., streams vs. wetlands), habitats (e.g., pelagic zone vs. sediment), and multiple stressors, however, need to be taken into
account since they may affect the role of fungi as environmental indicators (Graça et al., 2016; Gulis et al., 2019; Ortiz-Vera et al., 2018;
Röhl et al., 2017).

Two major and relevant anthropogenic stressors in aquatic systems, i.e., pollution and eutrophication due to nutrient input (N and P)
(Reid et al., 2019) can be well detected by changes in fungal communities. Accordingly, the fungal community response to pollution
and eutrophication is relatively well documented. Overall, eutrophication selects for specific tolerant groups (Bai et al., 2018; Samson et
al., 2020), increases the abundance and diversity of fungal taxa, and lowers fungal sporulation rates and biomass (Pereira et al., 2016;
Pietryczuk et al., 2018).

In contrast to eutrophication, the usage of fungal indicators to detect other factors is much less studied. For example, higher flow
velocity increases fungal diversity (Fiuza et al., 2019) in running waters. In low-flow areas downstream of dams, there is a lower fungal
richness and biomass production (Colas et al., 2016), probably due to sedimentation and lower concentrations of dissolved oxygen
(Bruder et al., 2016). Salt concentration is well known to affect fungal community composition (Gonçalves et al., 2019). Thus increasing
salinization due to climate change (Pesce et al., 2016) and run-off from salted roads in winter can be deduced from specific changes in
fungal communities in parallel to a significant reduction in fungal sporulation and biomass (Canhoto et al., 2017; Gonçalves et al., 2019).
So far, metal and chemical pollution effects on aquatic fungal communities are least analyzed (Barros et al., 2020; Pimentão et al., 2020),
but indicate a high bioindication potential. Most of this information stems from rivers and streams, and the role of fungal bioindicators for
anthropogenic stress in standing waters has been less explored.

Emergent metal pollution selects for specific species of tolerant fungi and affects fungal leaf litter degradation (Duarte et al., 2019),
protein expression, and enzymatic activities (Barros et al., 2020). For synthetic chemicals, the scarcity of fungal models for ecological
risk assessment of fungicides is noteworthy (Ittner et al., 2018; Ortiz-Cañavate et al., 2019). Other emergent contaminants have been
evaluated for their effect on fungal communities and include antibiotics (Bundschuh et al., 2009), nanomaterials (Du et al., 2020), and
microplastics (Kettner et al., 2017). In these cases, enzymatic activities have been identified as potential fungal bioindicators for chemical
stress, in particular those related to lignin degradation (Rossi et al., 2017).

Conclusions and perspectives

In this article, we have highlighted the immense diversity and metabolic versatility of fungi and fungi-like organisms in natural and
human-made aquatic ecosystems (Fig. 5).

Aquatic fungi are key organisms for organic matter cycling and the transformation and detoxification of anthropogenic pollutants,
including synthetic dyes, aromatic hydrocarbons, and other polymeric and potentially toxic substances. Urbanization leads to increased
inland water pollution affecting environmental and human health. We highlight the role of aquatic fungi in breaking down natural polymers
such as cellulose, lignin, and chitin as well as more complex substances of anthropogenic origin such as antibiotics, anti-depressants,
dyes, surfactants, hormones, and plasticizers, known as emerging pollutants. Thus, we demonstrate how aquatic fungi play an important
ecological role in the cycling of nutrients and carbon and in mitigating the increasing effects of humans on the environment. However,
there are still large knowledge gaps in the field of inland water mycology. It will be of paramount importance to further study the effects
of emerging pollutants on the structure of aquatic fungal communities and their interactions with other organisms such as bacteria,
viruses, and other eukaryotes. Finally, we need to better understand pollutant-fungi relationships, including those on microplastics, given
the abundance, low degradability, and wide distribution of anthropogenic pollutants on the planet.

New technologies will continue to expand our knowledge and appreciation for aquatic fungi in natural and urban ecosystems. For
example, the combination of molecular and advanced microscopy tools and new physiological and cultivation approaches will result in
better characterization of fungal metabolic processes. This biotechnological research could also lead to discovering new pathways for the
degradation of pollutants such as plastic polymers. Further, a deeper understanding of the ecological role of fungi and fungi-like organisms
is required to identify new fungal bioindicators of anthropogenic stress. Filling these knowledge gaps is key to tackle the many challenges
facing future environmental and human health due to urban development and anthropogenic pollution, including biodiversity loss and
alteration of aquatic ecosystem functions.
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Fig. 5 We provide a summary of important and unexplored aspects of aquatic fungi in the Anthropocene. (1) Fungi in freshwaters display
multiple lifestyles, e.g., saprophytic and parasitic, spore, and hyphae-forming species. All of them respond in an as yet largely unknown manner to
anthropogenic stressors. Thus, further research is needed to better understand the fungal ecology and effects of inland water pollution in an
urbanized world. For example, (2) fungi-like organisms such as aquatic oomycetes (some of which are prevalent plant and fish pathogens); (3)
fungi-virus infections in aquatic systems; (4) increasing anthropogenic pollution via the release of nutrients, industrial chemicals, and urban waste
into aquatic ecosystems effects; (5) fungal transfer of carbon and nitrogen from allochthonous organic matter to the aquatic food web, whereby
sporulation (reproduction) rates act as common bioindicators of ecosystem health. Finally, (6) new fungal pathways for the biodegradation of
emergent contaminants such as pharmaceuticals, persistent organic pollutants, and petroleum-based plastic polymers should be explored in new
fungal isolates obtained from urban water ecosystems.

Knowledge gaps about fungi in the face of urbanization

• Anthropogenic effects of combined environmental factors and hydrologic conditions on fungal growth and organic matter
transformation

• Changes in functional diversity of aquatic fungi in the presence of anthropogenic stressors such as eutrophication, warming,
salinization, and emerging pollutants

• Loss of fungal diversity following habitat modification due to urbanization as a part of the global freshwater biodiversity crisis
• The ecological role of fungi-like organisms such as oomycetes in agricultural landscapes
• Fungi-virus interactions and their ecological consequences at increasing anthropogenic stress
• Specific fungal degradation processes of polymeric organic matter in urban environments
• Anthropogenic impact on biodiversity, ecology, and function of mycorrhizal fungi and endophytes in urban aquatic habitats
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• Specific fungal degradation mechanisms of synthetic dyes and other anthropogenic pollutants
• Role of the emerging anthropogenic pollutant (micro)plastics as fungal habitat and substrate
• Role of fungi as bioindicators of anthropogenic stress and degradation of ecosystem state

References

Abdel-Raheem, A.M., 2004. Study of the effect of different techniques on diversity of freshwater hyphomycetes in the River Nile (Upper Egypt).
Mycopathologia 157, 59–72.

Abou Taleb, M.F., Abd El-Mohdy, H.L., Abd El-Rehim, H.A., 2009. Radiation preparation of PVA/CMC copolymers and their application in removal of
dyes. Journal of Hazardous Materials 168, 68–75.

Adams, R.I., Miletto, M., Taylor, J.W., Bruns, T.D., 2013. The diversity and distribution of fungi on residential surfaces. PLoS One 8, e78866.
Ahuactzin-Pérez, M., Tlécuitl-Beristain, S., García-Dávila, J., Santacruz-Juárez, E., González-Pérez, M., Gutiérrez-Ruíz, M.C., Sánchez, C., 2018. Kinetics

and pathway of biodegradation of dibutyl phthalate by Pleurotus ostreatus. Fungal Biology 122, 991–997.
Alexopoulos, C.J., Mims, C.W., Blackwell, M., 1996. Introductory Mycology. John Wiley and Sons, New Jersey.
Ali, M.I., Ahmed, S., Robson, G., Javed, I., Ali, N., Atiq, N., Hameed, A., 2014. Isolation and molecular characterization of polyvinyl chloride (PVC) plastic

degrading fungal isolates. Journal of Basic Microbiology 54, 18–27.
Amaral-Zettler, L.A., Zettler, E.R., Mincer, T.J., 2020. Ecology of the plastisphere. Nature Reviews. Microbiology 18 (3), 139–151.
Aranda, E., 2016. Promising approaches towards biotransformation of polycyclic aromatic hydrocarbons with Ascomycota fungi. Current Opinion in

Biotechnology 38, 1–8.
Arias-Andres, M., 2020. Who is where in the Plastisphere, and why does it matter?. Molecular Ecology Resources 20, https://doi.org/10.1111/1755-0998.

13161.
Arias-Andres, M., Kettner, M.T., Miki, T., Grossart, H.-P., 2018. Microplastics: New substrates for heterotrophic activity contribute to altering organic matter

cycles in aquatic ecosystems. The Science of the Total Environment 635, 1152–1159.
Asif, M.B., Hai, F.I., Singh, L., Price, W.E., Nghiem, L.D., 2017. Degradation of pharmaceuticals and personal care products by white-rot fungi—A critical

review. Current Pollution Reports 3, 88–103.
Assress, H.A., Selvarajan, R., Nyoni, H., Ntushelo, K., Mamba, B.B., Msagati, T.A.M., 2019. Diversity, co-occurrence and implications of fungal

communities in wastewater treatment plants. Scientific Reports 9, 14056.
Attermeyer, K., Premke, K., Hornick, T., Hilt, S., Grossart, H.-P., 2013. Ecosystem-level studies of terrestrial carbon reveal contrasting bacterial metabolism

in different aquatic habitats. Ecology 94, 2754–2766.
Azevedo, M.-M., Carvalho, A., Pascoal, C., Rodrigues, F., Cássio, F., 2007. Responses of antioxidant defenses to Cu and Zn stress in two aquatic fungi.

Science of the Total Environment 377, 233–243.
Babič, M.N., Zalar, P., Ženko, B., Džeroski, S., Gunde-Cimerman, N., 2016. Yeasts and yeast-like fungi in tap water and groundwater, and their transmission

to household appliances. Fungal Ecology 20, 30–39.
Babič, M.N., Zupančič, J., Gunde-Cimerman, N., Zalar, P., 2017. Yeast in anthropogenic and polluted environments. In: Yeasts in Natural Ecosystems:

Diversity. Springer, pp. 145–169.
Bai, Y., Wang, Q., Liao, K., Jian, Z., Zhao, C., Qu, J., 2018. Fungal community as a bioindicator to reflect anthropogenic activities in a river ecosystem.

Frontiers in Microbiology 9, 3152.
Banos, S., Gysi, D.M., Richter-Heitmann, T., Glöckner, F.O., Boersma, M., Wiltshire, K.H., Gerdts, G., Wichels, A., Reich, M., 2020. Seasonal dynamics of

pelagic mycoplanktonic communities: interplay of taxon abundance temporal occurrence, and biotic interactions. Frontiers in Microbiology 11, 1305.
Bärlocher, F., 1985. The role of fungi in the nutrition of stream invertebrates. Botanical Journal of the Linnean Society 91, 83–94.
Bärlocher, F., 1998. Breakdown of Ficus and eucalyptus leaves in an organically polluted river in India: Fungal diversity and ecological functions. Freshwater

Biology 39, 537–545.
Bärlocher, F., 2016. Aquatic hyphomycetes in a changing environment. Fungal Ecology 19, 14–27.
Bärlocher, F., Boddy, L., 2016. Aquatic fungal ecology—How does it differ from terrestrial?. Fungal Ecology 19, 5–13.
Barros, D., Pradhan, A., Pascoal, C., Cássio, F., 2020. Proteomic responses to silver nanoparticles vary with the fungal ecotype. The Science of the Total

Environment 704, 135385.
Baudy, P., Zubrod, J.P., Röder, N., Baschien, C., Feckler, A., Schulz, R., Bundschuh, M., 2019. A glance into the black box: Novel species-specific

quantitative real-time PCR assays to disentangle aquatic hyphomycete community composition. Fungal Ecology 42, 100858.
Beakes, G.W., Sekimoto, S., 2009. The evolutionary phylogeny of oomycetes—Insights gained from studies of holocarpic parasites of algae and invertebrates.

In: Oomycete Genetics and Genomics: Diversity, Interactions, and Research Tools. Wiley, New York, NY, pp. 1–24.
Beakes, G.W., Honda, D., Thines, M., 2014. Chapter 3: Systematics of the Straminipila: Labyrinthulomycota, Hyphochytriomycota, and Oomycota. In:

Systematics and Evolution. Springer, New York, London, Berlin, pp. 39–97.
Bello, M.G.D., Knight, R., Gilbert, J.A., Blaser, M.J., 2018. Preserving microbial diversity. Science 362, 33–34.
Benstead, J.P., Huryn, A.D., 2011. Extreme seasonality of litter breakdown in an arctic spring-fed stream is driven by shredder phenology, not temperature.

Freshwater Biology 56, 2034–2044.
Biedunkiewicz, A., Góralska, K., 2016. Microfungi potentially pathogenic for humans reported in surface waters utilized for recreation. Clean: Soil, Air,

Water 44, 599–609.
Braha, B., Tintemann, H., Krauss, G., Ehrman, J., Bärlocher, F., Krauss, G.-J., 2007. Stress response in two strains of the aquatic hyphomycete Heliscus

lugdunensis after exposure to cadmium and copper ions. Biometals 20, 93–105.
Brandi, G., Sisti, M., Paparini, A., Gianfranceschi, G., Schiavano, G.F., De Santi, M., Santoni, D., Magini, V., Romano-Spica, V., 2007. Swimming pools and

fungi: An environmental epidemiology survey in Italian indoor swimming facilities. International Journal of Environmental Health Research 17, 197–206.
Bruder, A., Salis, R.K., McHugh, N.J., Matthaei, C.D., 2016. Multiple-stressor effects on leaf litter decomposition and fungal decomposers in agricultural

streams contrast between litter species. Functional Ecology 30, 1257–1266.
Brunner, I., Fischer, M., Rüthi, J., Stierli, B., Frey, B., 2018. Ability of fungi isolated from plastic debris floating in the shoreline of a lake to degrade plastics.

PLoS One 13, e0202047.
Bruno, D.W., Van West, P., Beakes, G., 2010. Saprolegnia and other oomycetes. In: Bruno, D.W., Woo, P.T.K. (Eds.), Fish Diseases and Disorders: Viral,

Bacterial and Fungal Infections, 2nd edn., vol. 3, CABI International, pp. 669–720.
Bundschuh, M., Hahn, T., Gessner, M.O., Schulz, R., 2009. Antibiotics as a chemical stressor affecting an aquatic decomposer–detritivore system.

Environmental Toxicology and Chemistry 28, 197.



UN
CO

RR
EC

TE
D

PR
OOF

Inland Water Fungi in the Anthropocene: Current and Future Perspectives 13

Cai, L., Hu, D.-M., Liu, F., Hyde, K.D., Jones, E.G., 2014. The molecular phylogeny of freshwater Sordariomycetes and discomycetes. In: Freshwater Fungi
and Fungal-Like Organisms. De Gruyter, Berlin, pp. 45–69.

Canhoto, C., Simões, S., Gonçalves, A.L., Guilhermino, L., Bärlocher, F., 2017. Stream salinization and fungal-mediated leaf decomposition: A microcosm
study. The Science of the Total Environment 599–600, 1638–1645.

Cannon, P.F., 1997. Strategies for rapid assessment of fungal diversity. Biodiversity and Conservation 6 (5), 669–680.
Castón, J.R., Suzuki, N., Ghabrial, S.A.B.T.-R.M., 2020. Structure of dsRNA Mycoviruses. Reference Module in Life Sciences. Elsevier. ISBN:

9780128096338.
Ceci, A., Pinzari, F., Russo, F., Persiani, A.M., Gadd, G.M., 2019. Roles of saprotrophic fungi in biodegradation or transformation of organic and inorganic

pollutants in co-contaminated sites. Applied Microbiology and Biotechnology 103, 53–68.
Chauvet, E., Cornut, J., Sridhar, K.R., Selosse, M.-A., Bärlocher, F., 2016. Beyond the water column: Aquatic hyphomycetes outside their preferred habitat.

Fungal Ecology 19, 112–127.
Colas, F., Baudoin, J.-M., Chauvet, E., Clivot, H., Danger, M., Guérold, F., Devin, S., 2016. Dam-associated multiple-stressor impacts on fungal biomass and

richness reveal the initial signs of ecosystem functioning impairment. Ecological Indicators 60, 1077–1090.
Crini, G., Badot, P.M., 2008. Application of chitosan, a natural aminopolysaccharide, for dye removal from aqueous solutions by adsorption processes using

batch studies: A review of recent literature. Progress in Polymer Science 33, 399–447.
da Luz, J.M.R., Paes, S.A., Nunes, M.D., da Silva, M.C.S., Kasuya, M.C.M., 2013. Degradation of oxo-biodegradable plastic by Pleurotus ostreatus. PLoS

One 8, e69386.
Deguchi, T., Kakezawa, M., Nishida, T., 1997. Nylon biodegradation by lignin-degrading fungi. Applied and Environmental Microbiology 63, 329–331.
Dick, M., 1989. Phytophthora undulata comb. nov. Mycotaxon 35, 449–453.
Digby, S., Goos, R., 1987. Morphology, development and taxonomy of Loramyces. Mycologia 79, 821–831.
Dix, N.J., Webster, J., 1995. Colonization and decay of wood. In: Fungal Ecology. Springer, pp. 145–171.
Du, J., Zhang, Y., Yin, Y., Zhang, J., Ma, H., Li, K., Wan, N., 2020. Do environmental concentrations of zinc oxide nanoparticle pose ecotoxicological risk

to aquatic fungi associated with leaf litter decomposition?. Water Research 178, 115840.
Duarte, S., Antunes, B., Trabulo, J., Seena, S., Cássio, F., Pascoal, C., 2019. Intraspecific diversity affects stress response and the ecological performance of

a cosmopolitan aquatic fungus. Fungal Ecology 41, 218–223.
Eckert, E.M., Di Cesare, A., Kettner, M.T., Arias-Andres, M., Fontaneto, D., Grossart, H.-P., Corno, G., 2018. Microplastics increase impact of treated

wastewater on freshwater microbial community. Environmental Pollution 234, 495–502.
Espinosa-Ortiz, E.J., Rene, E.R., Pakshirajan, K., van Hullebusch, E.D., Lens, P.N.L., 2016. Fungal pelleted reactors in wastewater treatment: Applications

and perspectives. Chemical Engineering Journal 283, 553–571.
Fabian, J., Zlatanovic, S., Mutz, M., Premke, K., 2017. Fungal–bacterial dynamics and their contribution to terrigenous carbon turnover in relation to organic

matter quality. The ISME Journal 11, 415–425.
Fell, J.W., 2001. Collection and identification of marine yeasts. Methods in Microbiology 30, 347–356.
Ferrando-Climent, L., Cruz-Morató, C., Marco-Urrea, E., Vicent, T., Sarrà, M., Rodriguez-Mozaz, S., Barceló, D., 2015. Non conventional biological

treatment based on Trametes versicolor for the elimination of recalcitrant anticancer drugs in hospital wastewater. Chemosphere 136, 9–19.
Ferrer-Parra, L., López-Nicolás, D.I., Martínez-Castillo, R., Montiel-Cina, J.P., Morales-Hernández, A.R., Ocaña-Romo, E., González-Márquez, A.,

Portillo-Ojeda, M., Sánchez-Sánchez, D.F., Sánchez, C., 2018. Partial characterization of esterases from Fusarium culmorum grown in media
supplemented with di (2-ethyl hexyl phthalate) in solid-state and submerged fermentation. Mexican Journal of Biotechnology 3, 82–94.

Fiuza, P.O., Costa, L.A., Medeiros, A.O., Gulis, V., Gusmão, L.F.P., 2019. Diversity of freshwater hyphomycetes associated with leaf litter of Calophyllum
brasiliense in streams of the semiarid region of Brazil. Mycological Progress 18, 907–920.

Flores, G.E., Bates, S.T., Knights, D., Lauber, C.L., Stombaugh, J., Knight, R., Fierer, N., 2011. Microbial biogeography of public restroom surfaces. PLoS
One 6, e28132.

Fregeneda-Grandes, J.M., Rodríguez-Cadenas, F., Aller-Gancedo, J.M., 2007. Fungi isolated from cultured eggs, alevins and broodfish of brown trout in a
hatchery affected by saprolegniosis. Journal of Fish Biology 71, 510–518.

Frenken, T., Alacid, E., Berger, S.A., Bourne, E.C., Gerphagnon, M., Grossart, H.-P., Gsell, A.S., Ibelings, B.W., Kagami, M., Küpper, F.C., Letcher, P.M.,
Loyau, A., Miki, T., Nejstgaard, J.C., Rasconi, S., Reñé, A., Rohrlack, T., Rojas-Jimenez, K., Schmeller, D.S., Scholz, B., Seto, K., Sime-Ngando, T.,
Sukenik, A., Van de Waal, D.B., Van den Wyngaert, S., Van Donk, E., Wolinska, J., Wurzbacher, C., Agha, R., 2017. Integrating chytrid fungal parasites
into plankton ecology: Research gaps and needs. Environmental Microbiology 19, 3802–3822.

Fungorum, I., (2018) Search Index Fungorum. línea: http://www. indexfungorum. org/Names/Names. asp.
Gashgari, R.M., Elhariry, H.M., Gherbawy, Y.A., 2013. Molecular detection of Mycobiota in drinking water at four different sampling points of water

distribution system of Jeddah City (Saudi Arabia). Geomicrobiology Journal 30, 29–35.
Gessner, M.O., Van Ryckegem, G., 2003. Water fungi as decomposers in freshwater ecosystems. In: Bitton, G. (Ed.), Encyclopaedia of Environmental

Microbiology. Wiley, New York.
Ghabrial, S.A., 1998. Origin, adaptation and evolutionary pathways of fungal viruses. Virus Genes 16, 119–131.
Ghabrial, S.A., Castón, J.R., Jiang, D., Nibert, M.L., Suzuki, N., 2015. 50-plus years of fungal viruses. Virology 479–480, 356–368.
Gleason, F.H., Scholz, B., Jephcott, T.G., van Ogtrop, F.F., Henderson, L., Lilje, O., Kittelmann, S., Macarthur, D.J., 2017. Key ecological roles for zoosporic

true fungi in aquatic habitats. Microbiology Spectrum 5 (2), 399–416, FUNK-0038.
Goh, T., 2003. Key to common dematiaceous hyphomycetes from freshwater. In: Tsui, C.K.M., Hyde, K.D. (Eds.), Freshwater Mycology. Fungal Diversity

Res. Ser., vol. 10, The Fungal Diversity Press, Hong Kong, China, pp. 325–343.
Goh, T., Hyde, K., 1996. Biodiversity of freshwater fungi. Journal of Industrial Microbiology 17, 328–345.
Gomes, P.P., Ferreira, V., Tonin, A.M., Medeiros, A.O., Júnior, J.F.G., 2018. Combined effects of dissolved nutrients and oxygen on plant litter

decomposition and associated fungal communities. Microbial Ecology 75, 854–862.
Gomi, N., Yoshida, S., Matsumoto, K., Okudomi, M., Konno, H., Hisabori, T., Sugano, Y., 2011. Degradation of the synthetic dye amaranth by the fungus

Bjerkandera adusta Dec 1: Inference of the degradation pathway from an analysis of decolorized products. Biodegradation 22, 1239–1245.
Gonçalves, A.L., Simões, S., Bärlocher, F., Canhoto, C., 2019. Leaf litter microbial decomposition in salinized streams under intermittency. The Science of

the Total Environment 653, 1204–1212.
Graça, M.A., Ferreira, R., 1995. The ability of selected aquatic hyphomycetes and terrestrial fungi to decompose leaves in freshwater. Sydowia 47, 167–222.
Graça, M.A., Hyde, K., Chauvet, E., 2016. Aquatic hyphomycetes and litter decomposition in tropical – Subtropical low order streams. Fungal Ecology 19,

182–189.
Grinhut, T., Hertkorn, N., Schmitt-Kopplin, P., Hadar, Y., Chen, Y., 2011. Mechanisms of humic acids degradation by white rot fungi explored using 1H

NMR spectroscopy and FTICR mass spectrometry. Environmental Science & Technology 45, 2748–2754.
Grinhut, T., Salame, T.M., Chen, Y., Hadar, Y., 2011. Involvement of ligninolytic enzymes and Fenton-like reaction in humic acid degradation by Trametes

sp. Applied Microbiology and Biotechnology 91, 1131–1140.



UN
CO

RR
EC

TE
D

PR
OOF

14 Inland Water Fungi in the Anthropocene: Current and Future Perspectives

Grossart, H.-P., Wurzbacher, C., James, T.Y., Kagami, M., 2016. Discovery of dark matter fungi in aquatic ecosystems demands a reappraisal of the
phylogeny and ecology of zoosporic fungi. Fungal Ecology 19, 28–38.

Grossart, H.-P., Van den Wyngaert, S., Kagami, M., Wurzbacher, C., Cunliffe, M., Rojas-Jimenez, K., 2019. Fungi in aquatic ecosystems. Nature Reviews.
Microbiology 17, 339–354.

Gulis, V., Suberkropp, K., 2003. Leaf litter decomposition and microbial activity in nutrient-enriched and unaltered reaches of a headwater stream. Freshwater
Biology 48, 123–134.

Gulis, V., Su, R., Kuehn, K.A., 2019. Fungal decomposers in freshwater environments. In: Hurst, C. (Ed.), The Structure and Function of Aquatic Microbial
Communities. Advances in Environmental Microbiology, vol. 7, Springer, Cham, pp. 121–155.

Häder, D.P., Banaszak, A.T., Villafañe, V.E., Narvarte, M.A., González, R.A., Helbling, E.W., 2020. Anthropogenic pollution of aquatic ecosystems:
Emerging problems with global implications. Science of the Total Environment 713, 136586.

Hamada, N., Abe, N., 2009. Physiological characteristics of 13 common fungal species in bathrooms. Mycoscience 50, 421–429.
Harms, H., Schlosser, D., Wick, L.Y., 2011. Untapped potential: Exploiting fungi in bioremediation of hazardous chemicals. Nature Reviews. Microbiology

9, 177–192.
Haroune, L., Saibi, S., Cabana, H., Bellenger, J.-P., 2017. Intracellular enzymes contribution to the biocatalytic removal of pharmaceuticals by Trametes

hirsuta. Environmental Science & Technology 51, 897–904.
Hassan, S.H., Koutb, M., Nafady, N.A., Hassan, E.A., 2018. Potentiality of Neopestalotiopsis clavispora ASU1 in biosorption of cadmium and zinc.

Chemosphere 202, 750–756.
Hawksworth, D.L., 2001. The magnitude of fungal diversity: The 1.5 million species estimate revisited. Mycological Research 105 (12), 1422–1432.
Hawksworth, D.L., Lücking, R., 2017. Fungal diversity revisited: 2.2 to 3.8 million species. Microbiology Spectrum 5, 79–95.
Hervé, V., Leroy, B., Pires, A.D.S., Lopez, P.J., 2017. Aquatic urban ecology at the scale of a capital: Community structure and interactions in street gutters.

The ISME Journal 12, 253.
Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M., Cannon, P.F., Eriksson, O.E., Huhndorf, S., James, T., Kirk, P.M., Lücking, R., 2007. A higher-level

phylogenetic classification of the fungi. Mycological Research 111, 509–547.
Hoehamer, C.F., Wolfe, N.L., Eriksson, K.E.L., 2006. Biotransformation of 2,4,6-trinitrotoluene (TNT) by the fungus Fusarium Oxysporum. International

Journal of Phytoremediation 8, 95–105.
Humphries, C., 2012. Indoor ecosystems. Science 335, 648–650.
Hussein, M.M., Hatai, K., 2002. Pathogenicity of Saprolegnia species associated with outbreaks of salmonid saprolegniosis in Japan. Fisheries Science 68,

1067–1072.
Ingold, C.T., 1942. Aquatic hyphomycetes of decaying alder leaves. Transactions of the British Mycological Society 25 (4), 339–417.
Ittner, L.D., Junghans, M., Werner, I., 2018. Aquatic fungi: A disregarded trophic level in ecological risk assessment of organic fungicides. Frontiers in

Environmental Science 6, 105.
Jankowski, M., Charemska, A., Czajkowski, R., 2017. Swimming pools and fungi: An epidemiology survey in polish indoor swimming facilities. Mycoses

60, 736–738.
Jensen, K.A., Houtman, C.J., Ryan, Z.C., Hammel, K.E., 2001. Pathways for extracellular Fenton chemistry in the Brown rot basidiomycete Gloeophyllum

trabeum. Applied and Environmental Microbiology 67, 2705–2711.
Jeyakumar, D., Chirsteen, J., Doble, M., 2013. Synergistic effects of pretreatment and blending on fungi mediated biodegradation of polypropylenes.

Bioresource Technology 148, 78–85.
Jiang, D., 2020. ssDNA Mycoviruses. Elsevier.
Jobard, M., Rasconi, S., Sime-Ngando, T., 2010. Diversity and functions of microscopic fungi: A missing component in pelagic food webs. Aquatic Sciences

72, 255–268.
Jones, E., Hyde, K., Pang, K., 2014. Freshwater Mycology and Fungal-Like Organisms. Walter de Gruyer, GmbH, Berlin, Germany, 1–496.
Kagami, M., de Bruin, A., Ibelings, B.W., Van Donk, E., 2007. Parasitic chytrids: Their effects on phytoplankton communities and food-web dynamics.

Hydrobiologia 578, 113–129.
Kagami, M., Miki, T., Takimoto, G., 2014. Mycoloop: Chytrids in aquatic food webs. Frontiers in Microbiology 5, 166.
Karpov, S.A., Mamkaeva, M.A., Benzerara, K., Moreira, D., López-García, P., 2014. Molecular phylogeny and ultrastructure of Aphelidium aff. melosirae

(Aphelida, Opisthosporidia). Protist 165, 512–526.
Kaushik, P., Malik, A., 2009. Fungal dye decolourization: Recent advances and future potential. Environment International 35, 127–141.
Kettner, M.T., Rojas-Jimenez, K., Oberbeckmann, S., Labrenz, M., Grossart, H.P., 2017. Microplastics alter composition of fungal communities in aquatic

ecosystems. Environmental Microbiology 19, 4447–4459.
Khallil, A.-R.M., Ali, E.H., Hassan, E.A., Ibrahim, S.S., 2020. Biodiversity, spatial distribution and seasonality of heterotrophic straminipiles and true

zoosporic fungi in two water bodies exposed to different effluents at Assiut (Upper Egypt). Czech Mycology 72, 43–70.
Kotta-Loizou, I., 2019. Mycoviruses: Past, present, and future. Viruses 11, 361.
Kovalakova, P., Cizmas, L., McDonald, T.J., Marsalek, B., Feng, M., Sharma, V.K., 2020. Occurrence and toxicity of antibiotics in the aquatic environment:

A review. Chemosphere 251, 126351.
Krauss, G., Barlocher, F., Schreck, P., Wennrich, R., Glasser, W., Krauss, G.-J., 2001. Aquatic hyphomycetes occur in hyperpolluted waters in Central

Germany. Nova Hedwigia 72, 419–428.
Krauss, G.-J., Solé, M., Krauss, G., Schlosser, D., Wesenberg, D., Bärlocher, F., 2011. Fungi in freshwaters: Ecology, physiology and biochemical potential.

FEMS Microbiology Reviews 35, 620–651.
Krueger, M.C., Harms, H., Schlosser, D., 2015. Prospects for microbiological solutions to environmental pollution with plastics. Applied Microbiology and

Biotechnology 99, 8857–8874.
Kumar, D., Karthik, L., Kumar, G., Roa, K., 2011. Biosynthesis of silver anoparticles from marine yeast and their antimicrobial activity against multidrug

resistant pathogens. Pharmacology Online 3, 1100–1111.
Lecerf, A., Chauvet, E., 2008. Diversity and functions of leaf-decaying fungi in human-altered streams. Freshwater Biology 53, 1658–1672.
Lepère, C., Domaizon, I., Humbert, J.F., Jardillier, L., Hugoni, M., Debroas, D., 2019. Diversity, spatial distribution and activity of fungi in freshwater

ecosystems. PeerJ 7, e6247.
Li, P., Wang, S., Zhang, L., Qiu, D., Zhou, X., Guo, L., 2020. A tripartite ssDNA mycovirus from a plant pathogenic fungus is infectious as cloned DNA and

purified virions. Science Advances 6, eaay9634.
Liu, H., Fu, Y., Jiang, D., Li, G., Xie, J., Cheng, J., Peng, Y., Ghabrial, S.A., Yi, X., 2010. Widespread horizontal gene transfer from double-stranded RNA

viruses to eukaryotic nuclear genomes. Journal of Virology 84, 11876–11887.
Liu, H., Fu, Y., Xie, J., Cheng, J., Ghabrial, S.A., Li, G., Peng, Y., Yi, X., Jiang, D., 2012. Evolutionary genomics of mycovirus-related dsRNA viruses

reveals cross-family horizontal gene transfer and evolution of diverse viral lineages. BMC Evolutionary Biology 12, 91.
Liu, Y., Chang, H., Li, Z., Zhang, C., Feng, Y., Cheng, D., 2016. Gentamicin removal in submerged fermentation using the novel fungal strain Aspergillus

terreus FZC3. Scientific Reports 6, 35856.



UN
CO

RR
EC

TE
D

PR
OOF

Inland Water Fungi in the Anthropocene: Current and Future Perspectives 15

Llorca, M., Lucas, D., Ferrando-Climent, L., Badia-Fabregat, M., Cruz-Morató, C., Barceló, D., Rodríguez-Mozaz, S., 2016. Suspect screening of emerging
pollutants and their major transformation products in wastewaters treated with fungi by liquid chromatography coupled to a high resolution mass
spectrometry. Journal of Chromatography. A 1439, 124–136.

Loffredo, E., Traversa, A., Senesi, N., 2012. Biodecontamination of water from bisphenol A using ligninolytic fungi and the modulation role of humic acids.
Ecotoxicology and Environmental Safety 79, 288–293.

Luque, G.M., Bellard, C., Bertelsmeier, C., Bonnaud, E., Genovesi, P., Simberloff, D., Courchamp, F., 2014. The 100th of the world’s worst invasive alien
species. Biological Invasions 16, 981–985.

Majeau, J.A., Brar, S.K., Tyagi, R.D., 2010. Laccases for removal of recalcitrant and emerging pollutants. Bioresource Technology 101, 2331–2350.
Makkonen, J., Jussila, J., Kortet, R., Vainikka, A., Kokko, H., 2012. Differing virulence of Aphanomyces astaci isolates and elevated resistance of noble

crayfish Astacus astacus against crayfish plague. Diseases of Aquatic Organisms 102, 129–136.
Mallerman, J., Itria, R., Babay, P., Saparrat, M., Levin, L., 2019. Biodegradation of nonylphenol polyethoxylates by litter-basidiomycetous fungi. Journal of

Environmental Chemical Engineering 7, 103316.
Marano, A.V., Jesus, A.L., De Souza, J.I., Jerônimo, G.H., Gonçalves, D.R., Boro, M.C., Rocha, S.C.O., Pires-Zottarelli, C.L.A., 2016. Ecological roles of

saprotrophic Peronosporales (Oomycetes, Straminipila) in natural environments. Fungal Ecology 19, 77–88.
Marco-Urrea, E., Pérez-Trujillo, M., Caminal, G., Vicent, T., 2009. Dechlorination of 1,2,3- and 1,2,4-trichlorobenzene by the white-rot fungus Trametes

versicolor. Journal of Hazardous Materials 166, 1141–1147.
Masigol, H., Khodaparast, S.A., Woodhouse, J.N., Rojas-Jimenez, K., Fonvielle, J., Rezakhani, F., Mostowfizadeh-Ghalamfarsa, R., Neubauer, D.,

Goldhammer, T., Grossart, H.P., 2019. The contrasting roles of aquatic fungi and oomycetes in the degradation and transformation of polymeric organic
matter. Limnology and Oceanography 64, 2662–2678.

Masigol, H., Khodaparast, S.A., Mostowfizadeh-Ghalamfarsa, R., Rojas-Jimenez, K., Woodhouse, J.N., Neubauer, D., Grossart, H.P., 2020. Taxonomical
and functional diversity of Saprolegniales in Anzali lagoon, Iran. Aquatic Ecology 54, 323–336.

Massaccesi, G., Romero, M.C., Cazau, M.C., Bucsinszky, A.M., 2002. Cadmium removal capacities of filamentous soil fungi isolated from industrially
polluted sediments, in La Plata (Argentina). World Journal of Microbiology and Biotechnology 18, 817–820.

Matsubayashi, M., Shimada, Y., Li, Y.-Y., Harada, H., Kubota, K., 2017. Phylogenetic diversity and in situ detection of eukaryotes in anaerobic sludge
digesters. PLoS One 12, e0172888.

Matsuoka, S., Sugiyama, Y., Sato, H., Katano, I., Harada, K., Doi, H., 2019. Spatial structure of fungal DNA assemblages revealed with eDNA metabarcoding
in a forest river network in western Japan. Metabarcoding and Metagenomics 3, e36335.

Matthews, M., Reynolds, J.D., 1992. Ecological impact of crayfish plague in Ireland. Hydrobiologia 234, 1–6.
Michaelides, J., Kendrick, B., 1978. An investigation of factors retarding colonization of conifer needles by amphibious hyphomycetes in streams. Mycologia

70, 419–430.
Mora-Gómez, J., Elosegi, A., Duarte, S., Cássio, F., Pascoal, C., Romaní, A.M., 2016. Differences in the sensitivity of fungi and bacteria to season and

invertebrates affect leaf litter decomposition in a Mediterranean stream. FEMS Microbiology Ecology 92, fiw121.
Müller-Haeckel, A., Marvanová, L., 1979. Freshwater hyphomycetes in brackish and sea water. Botanica Marina 22, 421–424.
Nakamiya, K., Hashimoto, S., Ito, H., Edmonds, J.S., Morita, M., 2005. Degradation of 1,4-dioxane and cyclic ethers by an isolated fungus. Applied and

Environmental Microbiology 71, 1254–1258.
Nerva, L., Ciuffo, M., Vallino, M., Margaria, P., Varese, G.C., Gnavi, G., Turina, M., 2016. Multiple approaches for the detection and characterization of

viral and plasmid symbionts from a collection of marine fungi. Virus Research 219, 22–38.
Neupane, A., Feng, C., Feng, J., Kafle, A., Bücking, H., Lee Marzano, S.-Y., 2018. Metatranscriptomic analysis and in silico approach identified Mycoviruses

in the arbuscular mycorrhizal fungus Rhizophagus spp. Viruses 10, 707.
Newbound, M., Mccarthy, M.A., Lebel, T., 2010. Fungi and the urban environment: A review. Landscape and Urban Planning 96, 138–145.
Nilsson, S., 1964. Freshwater Hyphomycetes: Taxonomy, Morphology and Ecology. Acta Universitatis Upsaliensis.
Op De Beeck, M., Lievens, B., Busschaert, P., Rineau, F., Smits, M., Vangronsveld, J., Colpaert, J.V., 2015. Impact of metal pollution on fungal diversity

and community structures. Environmental Microbiology 17, 2035–2047.
Ortiz-Cañavate, B.K., Wolinska, J., Agha, R., 2019. Fungicides at environmentally relevant concentrations can promote the proliferation of toxic

bloom-forming cyanobacteria by inhibiting natural fungal parasite epidemics. Chemosphere 229, 18–21.
Ortiz-Vera, M.P., Olchanheski, L.R., da Silva, E.G., de Lima, F.R., Martinez, L.R.D.P.R., Sato, M.I.Z., Jaffé, R., Alves, R., Ichiwaki, S., Padilla, G., Araújo,

W.L., 2018. Influence of water quality on diversity and composition of fungal communities in a tropical river. Scientific Reports 8, 14799.
Panzer, K., Yilmaz, P., Weiß, M., Reich, L., Richter, M., Wiese, J., Schmaljohann, R., Labes, A., Imhoff, J.F., Glöckner, F.O., Reich, M., 2015. Identification

of habitat-specific biomes of aquatic fungal communities using a comprehensive nearly full-length 18S rRNA dataset enriched with contextual data. PLoS
One 10 (7), e0134377.

Papanikolaou, S., Galiotou-Panayotou, M., Fakas, S., Komaitis, M., Aggelis, G., 2008. Citric acid production by Yarrowia lipolytica cultivated on olive-mill
wastewater-based media. Bioresource Technology 99, 2419–2428.

Park, D., 1972. On the ecology of heterotrophic micro-organisms in fresh-water. Transactions of the British Mycological Society 58, 291–299.
Parmar, T.K., Rawtani, D., Agrawal, Y.K., 2016. Bioindicators: The natural indicator of environmental pollution. Frontiers in Life Science 9, 110–118.
Pereira, A., Geraldes, P., Lima-Fernandes, E., Fernandes, I., Cássio, F., Pascoal, C., 2016. Structural and functional measures of leaf-associated invertebrates

and fungi as predictors of stream eutrophication. Ecological Indicators 69, 648–656.
Pesce, S., Zoghlami, O., Margoum, C., Artigas, J., Chaumot, A., Foulquier, A., 2016. Combined effects of drought and the fungicide tebuconazole on aquatic

leaf litter decomposition. Aquatic Toxicology 173, 120–131.
Peyambari, M., Thapa, V., Roossinck, M.J., 2020. Evolution of Mycoviruses. Elsevier.
Pietryczuk, A., Cudowski, A., Hauschild, T., Świsłocka, M., Więcko, A., Karpowicz, M., 2018. Abundance and species diversity of fungi in Rivers with

various contaminations. Current Microbiology 75, 630–638.
Pimentão, A.R., Pascoal, C., Castro, B.B., Cássio, F., 2020. Fungistatic effect of agrochemical and pharmaceutical fungicides on non-target aquatic

decomposers does not translate into decreased fungi- or invertebrate-mediated decomposition. The Science of the Total Environment 712, 135676.
Ponsero, A.J., Hurwitz, B.L., 2019. The promises and pitfalls of machine learning for detecting viruses in aquatic metagenomes. Frontiers in Microbiology

10, 806.
Preisig, O., Moleleki, N., Smit, W.A., Wingfield, B.D., Wingfield, M.J., 2000. A novel RNA mycovirus in a hypovirulent isolate of the plant pathogen

Diaporthe ambigua. The GenBank accession number of the sequence reported in this paper is AF142094. The Journal of General Virology 81, 3107–3114.
Prussin, A.J., Belser, J.A., Bischoff, W., Kelley, S.T., Lin, K., Lindsley, W.G., Nshimyimana, J.P., Schuit, M., Wu, Z., Bibby, K., Marr, L.C., 2020. Viruses

in the Built Environment (VIBE) meeting report. Microbiome 8, 1.
Purnomo, A.S., Mori, T., Kamei, I., Kondo, R., 2011. Basic studies and applications on bioremediation of DDT: A review. International Biodeterioration and

Biodegradation 65, 921–930.



UN
CO

RR
EC

TE
D

PR
OOF

16 Inland Water Fungi in the Anthropocene: Current and Future Perspectives

Raghupathi, P.K., Zupančič, J., Brejnrod, A.D., Jacquiod, S., Houf, K., Burmølle, M., Gunde-Cimerman, N., Sørensen, S.J., 2018. Microbial diversity and
putative opportunistic pathogens in dishwasher biofilm communities. Applied and Environmental Microbiology 84, e02755–17.

Read, S., Moss, S., Jones, E., 1992. Attachment and germination of conidia. In: The Ecology of Aquatic Hyphomycetes. Springer, pp. 135–151.
Reid, A.J., Carlson, A.K., Creed, I.F., Eliason, E.J., Gell, P.A., Johnson, P.T.J., Kidd, K.A., MacCormack, T.J., Olden, J.D., Ormerod, S.J., Smol, J.P., Taylor,

W.W., Tockner, K., Vermaire, J.C., Dudgeon, D., Cooke, S.J., 2019. Emerging threats and persistent conservation challenges for freshwater biodiversity.
Biological Reviews 94, 849–873.

Rodríguez-Castillo, G., Molina-Rodríguez, M., Cambronero-Heinrichs, J.C., Quirós-Fournier, J.P., Lizano-Fallas, V., Jiménez-Rojas, C., Masís-Mora, M.,
Castro-Gutiérrez, V., Mata-Araya, I., Rodríguez-Rodríguez, C.E., 2019. Simultaneous removal of neonicotinoid insecticides by a microbial degrading
consortium: Detoxification at reactor scale. Chemosphere 235, 1097–1106.

Rodríguez-Rodríguez, C.E., Cambronero-Heinrichs, J.C., Beita-Sandí, W., Durán, J.E., 2019. CHAPTER-7 removal of emerging pollutants by fungi. In:
Tomasini, A., León-Santiesteban, H.H. (Eds.), Fungal Bioremediation: Fundamentals and Applications. CRC Press, Taylor and Francis Group, Boca
Raton, London, New York.

Röhl, O., Peršoh, D., Mittelbach, M., Elbrecht, V., Brachmann, A., Nuy, J., Boenigk, J., Leese, F., Begerow, D., 2017. Distinct sensitivity of fungal freshwater
guilds to water quality. Mycological Progress 16, 155–169.

Rojas-Jimenez, K., Fonvielle, J.A., Ma, H., Grossart, H.P., 2017. Transformation of humic substances by the freshwater Ascomycete Cladosporium sp.
Limnology and Oceanography 62, 1955–1962.

Roossinck, M.J., 2015. Metagenomics of plant and fungal viruses reveals an abundance of persistent lifestyles. Frontiers in Microbiology 5, 767.
Rossi, F., Artigas, J., Mallet, C., 2017. Structural and functional responses of leaf-associated fungal communities to chemical pollution in streams. Freshwater

Biology 62, 1207–1219.
Rossman, A.Y., 1994. A strategy for an all-taxa inventory of fungal diversity. In: Peng, C.-I., Chen, C.H. (Eds.), Biodiversity and Terrestrial Ecosystems.

Monograph Series No. 14 Institute of Botany, Academia Sinica, Taipei, pp. 169–194.
Roux, S., 2019. A Viral Ecogenomics Framework To Uncover the Secrets of Nature’s “Microbe Whisperers”. mSystems 4, e00111-19.
Rusch, M., Spielmeyer, A., Zorn, H., Hamscher, G., 2019. Degradation and transformation of fluoroquinolones by microorganisms with special emphasis on

ciprofloxacin. Applied Microbiology and Biotechnology 103, 6933–6948.
Samson, R., Rajput, V., Shah, M., Yadav, R., Sarode, P., Dastager, S.G., Dharne, M.S., Khairnar, K., 2020. Deciphering taxonomic and functional diversity of

fungi as potential bioindicators within confluence stretch of Ganges and Yamuna Rivers, impacted by anthropogenic activities. Chemosphere 252, 126507.
Schlundt, C., Mark Welch, J.L., Knochel, A.M., Zettler, E.R., Amaral-Zettler, L.A., 2019. Spatial structure in the “Plastisphere”: Molecular resources for

imaging microscopic communities on plastic marine debris. Molecular Ecology Resources https://doi.org/10.1111/1755-0998.13119.
Schrimpf, A., Maiwald, T., Vralstad, T., Schulz, H.K., Śmietana, P.R., Schulz, R., 2013. Absence of the crayfish plague pathogen (Aphanomyces astaci)

facilitates coexistence of European and American crayfish in Central Europe. Freshwater Biology 58, 1116–1125.
Shearer, C.A., 1972. Fungi of the Chesapeake Bay and its tributaries. III. The distribution of wood-inhabiting ascomycetes and fungi imperfecti of the Patuxent

River. American Journal of Botany 59, 961–969.
Shearer, C., 1993. The freshwater ascomycetes. Nova Hedwigia 56, 1–33.
Shearer, C., Von Bodman, S., 1983. Patterns of occurrence of ascomycetes associated with decomposing twigs in a midwestern stream. Mycologia 75,

518–530.
Shearer, C.A., Descals, E., Kohlmeyer, B., Kohlmeyer, J., Marvanová, L., Padgett, D., Porter, D., Raja, H.A., Schmit, J.P., Thorton, H.A., 2007. Fungal

biodiversity in aquatic habitats. Biodiversity and Conservation 16, 49–67.
Shearer, C.A., Descals, E., Kohlmeyer, B., Kohlmeyer, J., Marvanová, L., Padgett, D., Porter, D., Raja, H.A., Schmit, J.P., Thorton, H.A., 2007. Fungal

biodiversity in aquatic habitats. Biodiversity and Conservation 16, 49–67.
Shearer, C., Pang, K., Suetrong, S., Raja, H., 2014. Phylogeny of the Dothideomycetes and Other Classes of Freshwater Fissitunicate Ascomycota. Freshwater

Mycology and Fungal-Like Organisms. Walter de Gruyer, GmbH, Berlin, Germany.
Silva, C.P., Otero, M., Esteves, V., 2012. Processes for the elimination of estrogenic steroid hormones from water: A review. Environmental Pollution 165,

38–58.
Sivichai, S., Jones, E.B.G., Hywel-Jones, N.L., 2002. Fungal colonisation of wood in a freshwater stream at Tad Ta Phu, Khao Yai National Par, Thailand.

Fungal Diversity 10, 113–129.
Skinner, K., Cuiffetti, L., Hyman, M., 2009. Metabolism and Cometabolism of cyclic ethers by a filamentous fungus, a Graphium sp. Applied and

Environmental Microbiology 75, 5514–5522.
Soares, M., Kritzberg, E.S., Rousk, J., 2017. Labile carbon ‘primes’ fungal use of nitrogen from submerged leaf litter. FEMS Microbiology Ecology 93,

fix110.
Solé, M., Fetzer, I., Wennrich, R., Sridhar, K., Harms, H., Krauss, G., 2008. Aquatic hyphomycete communities as potential bioindicators for assessing

anthropogenic stress. Science of the Total Environment 389, 557–565.
Sparrow, F., 1968. Ecology of freshwater fungi. In: Gainsworth, G.C., Sussman, A.S. (Eds.), The Fungi. Academic Press, New York.
Sridhar, K., Krauss, G., Bärlocher, F., Wennrich, R., Krauss, G., 2000. Fungal diversity in heavy metal polluted waters in Central Germany. Fungal Diversity

5, e129.
Sridhar, K.R., Karamchand, K.S., Hyde, K.D., 2010. Wood-inhabiting filamentous fungi in 12 high-altitude streams of the Western Ghats by damp incubation

and bubble chamber incubation. Mycoscience 51, 104–115.
Steinberg, C., Laurent, J., Edel-Hermann, V., Barbezant, M., Sixt, N., Dalle, F., Aho, S., Bonnin, A., Hartemann, P., Sautour, M., 2015. Adaptation of

Fusarium oxysporum and Fusarium dimerum to the specific aquatic environment provided by the water systems of hospitals. Water Research 76, 53–65.
Sun, J., Zhu, L., Pan, L., Wei, Z., Song, Y., Zhang, Y., Qu, L., Zhan, Y., 2016. Detection of methoxylated and hydroxylated polychlorinated biphenyls in

sewage sludge in China with evidence for their microbial transformation. Scientific Reports 6, 29782.
Suttle, C.A., 2005. Viruses in the sea. Nature 437, 356–361.
Tedersoo, L., Bahram, M., Põlme, S., Kõljalg, U., Yorou, N.S., Wijesundera, R., Ruiz, L.V., Vasco-Palacios, A.M., Thu, P.Q., Suija, A., 2014. Global

diversity and geography of soil fungi. Science 346 (6213), 1078.
Thines, M., Kamoun, S., 2010. Oomycete–plant coevolution: Recent advances and future prospects. Current Opinion in Plant Biology 13, 427–433.
Tsui, C.K.M., Hyde, K.D., Hodgkiss, I.J., 2001. Paraniesslia tuberculata gen. Et sp. nov., and new records or species of Clypeosphaeria, Leptosphaeria and

Astrosphaeriella in Hong Kong freshwater habitats. Mycologia 893, 1002–1009.
Ulčnik, A., Cigić, I.K., Pohleven, F., Kralj Cigić, I., Pohleven, F., 2013. Degradation of lindane and endosulfan by fungi, fungal and bacterial laccases. World

Journal of Microbiology and Biotechnology 29, 2239–2247.
Unestam, T., 1965. Studies on the crayfish plague fungus Aphanomyces ostoci. I. Some factors affecting growth in vitro. Physiologia Plantarum 18, 483–505.
Van West, P., 2006. Saprolegnia parasitica, an oomycete pathogen with a fishy appetite: New challenges for an old problem. Mycologist 20, 99–104.



UN
CO

RR
EC

TE
D

PR
OOF

Inland Water Fungi in the Anthropocene: Current and Future Perspectives 17

Voigt, K., Kirk, P.M., 2011. Recent developments in the taxonomic affiliation and phylogenetic positioning of fungi: Impact in applied microbiology and
environmental biotechnology. Applied Microbiology and Biotechnology 90, 41–57.

Voronin, L., 2014. Terrigenous micromycetes in freshwater ecosystems. Inland Water Biology 7, 352–356.
Wang, Z., Yang, T., Zhai, Z., Zhang, B., Zhang, J., 2015. Reaction mechanism of dicofol removal by cellulase. Journal of Environmental Sciences (China)

36, 22–28.
Wang, Y., Barth, D., Tamminen, A., Wiebe, M.G., 2016. Growth of marine fungi on polymeric substrates. BMC Biotechnology 16, 3.
Webster, J., Benfield, E., Ehrman, T., Schaeffer, M., Tank, J., Hutchens, J., D’angelo, D., 1999. What happens to allochthonous material that falls into

streams? A synthesis of new and published information from Coweeta. Freshwater Biology 41, 687–705.
Wei, Z., Liu, Y., Feng, K., Li, S., Wang, S., Jin, D., Zhang, Y., Chen, H., Yin, H., Xu, M., Deng, Y., 2018. The divergence between fungal and bacterial

communities in seasonal and spatial variations of wastewater treatment plants. The Science of the Total Environment 628–629, 969–978.
Wesenberg, D., Kyriakides, I., Agathos, S.N., 2003. White-rot fungi and their enzymes for the treatment of industrial dye effluents. Biotechnology Advances

22, 161–187.
Wichels, A., Reich, M., 2020. Seasonal dynamics of pelagic Mycoplanktonic communities: Interplay of taxon abundance temporal occurrence, and biotic

interactions. Frontiers in Microbiology 11, 1305.
Wijayawardene, N., Hyde, K., Tibpromma, S., Wanasinghe, D., Thambugala, K., Tian, Q., Wang, Y., Fu, L., 2017. Towards incorporating asexual fungi in a

natural classification: Checklist and notes 2012–2016. Mycosphere 8, 1457–1555.
Wilhelm, S.W., Matteson, A.R., 2008. Freshwater and marine virioplankton: A brief overview of commonalities and differences. Freshwater Biology 53,

1076–1089.
Wong, M.K., Goh, T.-K., Hodgkiss, I.J., Hyde, K.D., Ranghoo, V.M., Tsui, C.K., Ho, W.-H., Wong, W.S., Yuen, T.-K., 1998. Role of fungi in freshwater

ecosystems. Biodiversity and Conservation 7, 1187–1206.
Wurzbacher, C.M., Bärlocher, F., Grossart, H.-P., 2010. Fungi in lake ecosystems. Aquatic Microbial Ecology 59, 125–149.
Wurzbacher, C., Kerr, J., Grossart, H.-P., 2011. Aquatic fungi. In: Grillo, O., Venora, G. (Eds.), The Dynamical Processes of Biodiversity. IntechOpen,

Rijeka, https://doi.org/10.5772/23029.
Wurzbacher, C., Rösel, S., Rychła, A., Grossart, H.-P., 2014. Importance of saprotrophic freshwater fungi for pollen degradation. PLoS One 9, e94643.
Wurzbacher, C., Warthmann, N., Bourne, E., Attermeyer, K., Allgaier, M., Powell, J.R., Detering, H., Mbedi, S., Grossart, H.-P., Monaghan, M.T., 2016.

High habitat-specificity in fungal communities in oligo-mesotrophic, temperate Lake Stechlin (North-East Germany). MycoKeys 16, 17–44.
Xu, M., Zhang, Q., Xia, C., Zhong, Y., Sun, G., Guo, J., Yuan, T., Zhou, J., He, Z., 2014. Elevated nitrate enriches microbial functional genes for potential

bioremediation of complexly contaminated sediments. The ISME Journal 8, 1932–1944.
Xu, X., Hao, R., Xu, H., Lu, A., 2020. Removal mechanism of Pb(II) by Penicillium polonicum: Immobilization, adsorption, and bioaccumulation. Scientific

Reports 10, 9079.
Yokoi, T., Yamashita, S., Hibi, T., 2007. The nucleotide sequence and genome organization of Magnaporthe oryzae virus 1. Archives of Virology 152,

2265–2269.
Yu, X., Li, B., Fu, Y., Xie, J., Cheng, J., Ghabrial, S.A., Li, G., Yi, X., Jiang, D., 2013. Extracellular transmission of a DNA mycovirus and its use as a natural

fungicide. Proceedings of the National Academy of Sciences 110, 1452–1457.
Yuan, T., Zhang, H., Feng, Q., Wu, X., Zhang, Y., McCarthy, A.J., Sekar, R., 2020. Changes in fungal community structure in freshwater canals across a

gradient of urbanization. Water 12, 1917.
Zeng, G.M., Chen, A.W., Chen, G.Q., Hu, X.J., Guan, S., Shang, C., Lu, L.H., Zou, Z.J., 2012. Responses of Phanerochaete chrysosporium to toxic pollutants:

Physiological flux, oxidative stress, and detoxification. Environmental Science and Technology 46, 7818–7825.
Zhao, C., Yan, M., Zhong, H., Liu, Z., Shi, L., Chen, M., Zeng, G., Song, B., Shao, B., Feng, H., 2018. Biodegradation of polybrominated diphenyl ethers

and strategies for acceleration: A review. International Biodeterioration and Biodegradation 129, 23–32.
Zhou, X., Zhang, K., Zhang, T., Li, C., Mao, X., 2017. An ignored and potential source of taste and odor (T&O) issues—Biofilms in drinking water

distribution system (DWDS). Applied Microbiology and Biotechnology 101, 3537–3550.
Zoll, J., Verweij, P.E., Melchers, W.J.G., 2018. Discovery and characterization of novel Aspergillus fumigatus mycoviruses. PLoS One 13, e0200511.
Zupančič, J., Novak Babič, M., Zalar, P., Gunde-Cimerman, N., 2016. The black yeast Exophiala dermatitidis and other selected opportunistic human fungal

pathogens spread from dishwashers to kitchens. PLoS One 11, e0148166.

Further Reading

Babič, M.N., Zupančič, J., Gunde-Cimerman, N., Zalar, P., 2017. Yeast in anthropogenic and polluted environments. In: Yeasts in Natural Ecosystems:
Diversity. Springer, pp. 145–169.

Bärlocher, F., Boddy, L., 2016. Aquatic fungal ecology—How does it differ from terrestrial?. Fungal Ecology 19, 5–13.
Branco, S., 2011. Fungal Diversity—An Overview, The Dynamical Processes of Biodiversity—Case Studies of Evolution and Spatial Distribution. In: Grillo,

O., Venora, G. (Eds.), The Dynamical Processes of Biodiversity. IntechOpen, Rijeka, https://doi.org/10.5772/23029.
Canhoto, C., Goncalves, A.L., Bärlocher, F., 2016. Biology and ecological functions of aquatic hyphomycetes in a warming climate. Fungal Ecology 19,

201–218.
Ghabrial, S.A., Castón, J.R., Jiang, D., Nibert, M.L., Suzuki, N., 2015. 50-plus years of fungal viruses. Virology 479–480, 356–368.
Grossart, H.P., Wurzbacher, C., James, T.Y., Kagami, M., 2016. Discovery of dark matter fungi in aquatic ecosystems demands a reappraisal of the phylogeny

and ecology of zoosporic fungi. Fungal Ecology 19, 28–38.
Grossart, H.P., Van den Wyngaert, S., Kagami, M., Wurzbacher, C., Cunliffe, M., Rojas-Jimenez, K., 2019. Fungi in aquatic ecosystems. Nature Reviews

Microbiology 17 (6), 339–354.
Haroune, L., Saibi, S., Cabana, H., Bellenger, J.-P., 2017. Intracellular enzymes contribution to the biocatalytic removal of pharmaceuticals by Trametes

hirsuta. Environmental Science & Technology 51, 897–904.
Hervé, V., Leroy, B., Pires, A.D.S., Lopez, P.J., 2017. Aquatic urban ecology at the scale of a capital: Community structure and interactions in street gutters.

The ISME Journal 12, 253.
Kagami, M., Miki, T., Takimoto, G., 2014. Mycoloop: Chytrids in aquatic food webs. Frontiers in Microbiology 5, 166.
Kettner, M.T., Rojas-Jimenez, K., Oberbeckmann, S., Labrenz, M., Grossart, H.P., 2017. Microplastics alter composition of fungal communities in aquatic

ecosystems. Environmental Microbiology 19, 4447–4459.
Kuehn, K.A., 2016. Lentic and lotic habitats as templets for fungal communities: Traits, adaptations, and their significance to litter decomposition within

freshwater ecosystems. Fungal Ecology 19, 135–154.
Mallerman, J., Itria, R., Babay, P., Saparrat, M., Levin, L., 2019. Biodegradation of nonylphenol polyethoxylates by litter-basidiomycetous fungi. Journal of

Environmental Chemical Engineering 7, 103316.



UN
CO

RR
EC

TE
D

PR
OOF

18 Inland Water Fungi in the Anthropocene: Current and Future Perspectives

Newbound, M., Mccarthy, M.A., Lebel, T., 2010. Fungi and the urban environment: A review. Landscape and Urban Planning 96, 138–145.
Peyambari, M., Thapa, V., Roossinck, M.J., 2020. Evolution of Mycoviruses. Elsevier.
Ponsero, A.J., Hurwitz, B.L., 2019. The promises and pitfalls of machine learning for detecting viruses in aquatic metagenomes. Frontiers in Microbiology

10, 806.
Raghupathi, P.K., Zupančič, J., Brejnrod, A.D., Jacquiod, S., Houf, K., Burmølle, M., Gunde-Cimerman, N., Sørensen, S.J., 2018. Microbial diversity and

putative opportunistic pathogens in dishwasher biofilm communities. Applied and Environmental Microbiology 84, e02755-17.
Roossinck, M.J., 2015. Metagenomics of plant and fungal viruses reveals an abundance of persistent lifestyles. Frontiers in Microbiology 5, 767.
Roux, S., 2019. A viral Ecogenomics framework to uncover the secrets of Nature’s “microbe whisperers”. mSystems 4, e00111–e00119.

Relevant Websites

http://www.indexfungorum.org/.
https://unite.ut.ee/.
https://www.arb-silva.de/.
http://fungi.life.illinois.edu/.
http://www.mycobank.org/.
https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=10239&host=fungi.

Glossary

Aero-aquatic fungi Fungi that need air exposure for sporulation to complete their life cycle. Consequently, they spend one stage of
their life cycle underwater and another stage dispersed in the air-water boundaries.
Allochthonous organic matter Organic matter that is introduced into aquatic ecosystems from the terrestrial surrounding, e.g., plant
debris, pollen, and leaves.
Anamorphic Asexual state of a fungus, which refers to the asexual morphotype of a fungus, also mitosporic state, i.e., a morphotype
that forms spores only by mitosis.
Anthropocene The geological period during which humans have had a significant impact on the planet’s climate and ecosystems.
Most researchers state that it began at the start of the Industrial Revolution of the 1800s, when—for the first time—human activity
had a significant large scale impact on carbon dioxide and methane in Earth’s atmosphere.
Autochthonous organic matter Organic matter produced inside aquatic ecosystems, e.g., by algal photosynthesis and organismic
biomass production.
Benthic shunt Fungal pathway in which (mainly terrestrial) organic matter is channeled by aquatic fungi in benthic biofilms to
higher trophic levels of the aquatic food web.
Conidia Asexual reproductive units that formed from special cell (conidiogenous cells) developed from conidiophore.
Dark matter fungi Group of fungi that has been mainly characterized by sequence-based methods, related mostly to the early
branches of the fungal tree, i.e., Aphelida, Rozellomycota, and Chytridiomycota (Grossart et al., 2016).
Emerging pollutants Synthetic or naturally occurring chemicals that are generally not controlled but could have adverse effects on
human and ecosystem health.
Fungi-like organisms Represents all microorganisms in Oomycota phylum. They are morphologically very similar to fungi.
However, molecular studies has revealed their vast evolutionary distance to fungi. While fungi are more related to animals, they are
plant’s close relative.
Hyphomycetes Fungi with long, branching filamentous structures called hyphae and that represent the main mode of vegetative
growth in the form of mycelia.
Ingoldian fungi A fungal group honored for Ingold (1942) that is characterized by their ability for sporulation on plant materials
underwater.
Microplastics Generally defined as plastic particles equal or smaller than 5 mm in length that result from both commercial product
development (primary) and the breakdown of larger plastics (secondary microplastics). As a pollutant, microplastics can exert harmful
effects on the environment, animal, and human health.
Mycoflux Fungal pathway in the pelagic zone of water bodies in which fungi lead to changes in organic matter aggregation or
disintegration and thus affect organic matter cycling and sequestration.
Mycology Scientific field studying all aspects of fungi and fungi-like organisms.
Mycoloop A fungal pathway in the pelagic zone of water bodies in which parasitic fungi transfer inedible phytoplankton or pollen
to higher trophic levels either via edible fungal zoospores of cell fragmentation and/or lysis.
Mycovirology Scientific discipline studying virus infecting fungi, i.e., mycovirus.
Mycovirus A virus that infects fungi.
OMICS era Phrase that relates to the current time period when the use of new molecular and biochemical tools such as
metagenomics, metatranscriptomics, metaproteomics and metabolomics, arose to study organisms in the lab and field.



UN
CO

RR
EC

TE
D

PR
OOF

Inland Water Fungi in the Anthropocene: Current and Future Perspectives 19

Plastisphere Term to describe a newly emerging microbial habitat created by the massive, anthropogenic introduction of
microplastics to practically all environments.
Teleomorphic Sexual state of a fungus, in which two fungal nuclei unite and undergo meiosis, forming offspring with new genetic
information.
Transient fungi Group of fungi that is passively introduced into water via high loads of fungal propagules from inflowing streams,
rainwater runoff, and wind. These fungi exhibit no activity in the water, presumably due to unfavorable aquatic conditions or
interactions with organisms.
Zoosporic fungi Synonym for chytrids and other basal fungi that possess a zoosporic stage during their life cycle.
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