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Abstract

Freshwater aquatic hyphomycetes play a crucial role in global nutrient cycling, mineral balancing,
and productivity in flowing water systems. These fungi are keys to several ecological functions in
various aquatic systems. They regulate organic waste breakdown, support nutrient recycling, and
produce biologically active compounds. Remarkably, they can deliver these ecological services
even in unconventional or severe environments due to their adaptive capabilities. Their resilience
is further underscored by their presence in extreme habitats and their knack for colonizing
distinctive materials. These fungi process exotic plant detritus, combat eutrophication, thrive in
polluted habitats, protect plants by suppressing pathogens, enhance plant growth, solubilize
phosphate, produce bioactive natural products, and degrade xenobiotics. For such processes, both
ascomycetous and basidiomycetous fungi play a key role in litter breakdown in rivers, lakes, and
other water bodies. Although aquatic hyphomycetes are a polyphyletic group belonging to
Eumycota, there is a knowledge gap on the occurrence and functions of aquatic hyphomycetes
outside the water column. Thus, this review addresses the occurrence, colonization, and ecosystem
services of aquatic hyphomycetes under unusual or unexpected conditions, with specific examples.
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1. Introduction

The sustenance of life on earth is dependent on various ecosystem services, which are directly
linked with economic, regulatory, and cultural services. These services, crucial to human well-
being, are believed to be impacted by both climate change and human activities (Arias-Real et al.
2023, Seena et al. 2023). With their ubiquitous presence, fungi owe their widespread distribution
to their remarkable ability to inhabit diverse ecological niches. Their presence spans a range of
scales, from broad geographic regions and ecosystems to specific locations and habitats (Fierer
2008, Doll and Zhang 2010, Cantrell et al. 2011). The fungal ecological niches extend far beyond
traditional perceptions, encompassing a variety of unexpected habitats due to their multifaceted
diversity (Selosse et al. 2018). Freshwater sources (which are 3 % of the water on the planet Earth)
are precious for the sustenance of life on Earth, and safeguarding their pristine conditions assumes
prime importance (Barros and Seena 2022). Climate change and human activities exert a direct or
indirect effect on the ecosystem services of freshwater fungi, varying with their geographic
location and proximity to human settlements (Ferreira and Chauvet 2011, Bérlocher 2016, Ferreira
and Voronina 2016). Despite these challenges, freshwater ecosystems possess intrinsic abilities to
adapt to frequent disturbances, with their response depending on the severity of the disruptions
(Doll and Zhang 2010).

Aquatic fungi are ubiquitous in various freshwater and marine ecosystems owing to their
morphological, ecological, and phylogenetic diversity. These were first observed by Ingold
(1942), who reported their presence in the decaying leaves of running water. Till now, there are
more than 1,00,000 fungi known from aquatic ecosystems belonging to more than 3000 species
(Bérlocher and Boddy 2016). However, they have been poorly characterized in terms of their
contributions to ecosystem processes (Grossart and Rojas-Jimenez 2016, Grossart et al. 2019).
The most important group of organisms that exist in freshwater are aquatic fungi, which can
involve themselves in detritus processing to fulfil energy flow to higher trophic levels (Sridhar
and Bérlocher 2000). In freshwater ecosystems, the primary source of energy is derived from
organic matter originating from adjacent land habitats, like riparian vegetation, and from terrestrial
runoff. Aquatic fungi play a crucial role in carbon sequestration within these environments,
profoundly impacting biogeochemical and nutrient cycles. This influence is a function of their
diversity and their enzymatic activities (Chandrashekar and Kaveriappa 1991, Solé et al. 2012,
Heeger et al. 2021). Aquatic fungi are capable of enriching organic matter with proteins, enzymes,
lipids, and bioactive compounds (Krauss et al. 2011). Owing to the enrichment of plant detritus,
invertebrates and vertebrates are attracted to nourishing the processed detritus.

Aquatic hyphomycetes are the most diverse, functional, and indispensable biota in freshwater
streams and rivers worldwide (Duarte et al. 2016). Their occurrence was highest at the cooler mid-
latitudes (Barreto et al. 2023). Aquatic fungi are exceptionally adapted to flowing waters, as
evidenced by their diverse and unique conidial morphologies, including scolecoid and stauroid
forms (Seena et al. 2022) (Figure 1). They act as primary colonizers, converting plant detritus into
biomass that is palatable for aquatic invertebrates, thereby enhancing the flow of energy to higher
trophic levels (Bérlocher and Sridhar 2014). Recently, Anderson et al. (2022) introduced a
multilingual and multiformat education toolkit for aquatic fungi to attract the attention of
investigators. Although information on the occurrence and functions of aquatic hyphomycetes in
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lotic habitats is available, their presence and ecosystem services outside the lotic habitats are
meagre. To comprehend the ecosystem services of aquatic hyphomycetes in atypical
environments, this review addresses two key aspects: 1) their capacity to thrive or endure in unique
habitats; and 2) their colonization and persistence on unfamiliar substrates. This review also delves
into the ecosystem services of aquatic hyphomycetes in unconventional habitats with selected
examples.
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Figure 1: Stauroid and scolecoid conidia of aquatic hyphomycetes found in stemflow and
throughfall of trees in southwest India: a, Campylospora chaetocladia; b, Clavariana aquatica; c,
Condylospora spumigena; d, Lunulospora curvula; e, Lunulospora cymbiformis; f,
Synnematophora constricta; g, Triscelophorus acuminatus (Scale bar: 20 pum)

2. Occurrence of aquatic hyphomycetes in unusual habitats
Originally, aquatic hyphomycetes were primarily associated with pristine flowing water (i.e., lotic)
habitats. However, accumulating data has revealed their consistent presence and roles in a range
of environments beyond their preferred lotic settings. These include brackish waters, canopies,
still-water (i.e., lentic) habitats, and even terrestrial environments (Chauvet et al. 2016) (Table 1).
There is evidence pointing towards their presence and functions in terrestrial settings being a result
of mutualistic relationships with plants and their sexual phases (Selosse et al. 2008). Furthermore,
there are documented instances of these fungi thriving in unconventional or stressed environments,
including polluted or saline waters, intermittent water sources, and even within the intestines of
aquatic animals (Figure 2).
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Table 1. Occurrence of aquatic hyphomycetes in selected unusual habitats
Habitat Selected reference
Polluted groundwater | Krauss et al. 2003
Salinity Kirk 1969, Sridhar and Kaveriappa 1988, Maamri et al. 2006
Salinization Canhoto et al. 2017, 2021
Low temperature Bérlocher and Kendrick 1974, Ceczuga and Ortowska 1998, 1999
High temperature Chandrashekar et al. 1991, Rajashekhar and Kaveriappa 1996,
2000, Ferreira and Chauvet 2011, Fenoy et al. 2021
Intermittent Ghate and Sridhar 2015, LeRoy 2019, Sim®es et al. 2021
Acidic pH Barlocher 1987, Thompson and Barlocher 1989, Raviraja et al.
19983, Cornut et al. 2012
Alkaline pH Vass et al. 2013
Intestine Barlocher 1981, Sridhar and Sudheep 20114, Sridhar et al. 2011

Polluted

Acidic and

] Low and High
alkaline

temperature

Figure 2: Occurrence of aquatic hyphomycetes in different habitats other than the lotic habitats

The occurrence of several aquatic hyphomycetes has been reported in polluted aquatic habitats,
including sewage, animal waste, contaminated starch factory effluents, coal-mine effluents, and
xenobiotic polluted sites (Sridhar and Raviraja 2001, Khallil et al. 2023). Many species are
repeatedly found in water bodies polluted by sewage (e.g., Alatospora acuminata, Anguillospora
longissima, Clavariopsis aquatica, Flagellospora curvula, Nectria lugdunensis, Tetracladium
marchalianum and T. setigerum) and organic wastes (e.g., Clavariopsis aquatica and Lunulospora
curvula) (Sridhar and Raviraja 2001). Many polluted aquatic habitats reduce the species richness
of aquatic hyphomycetes by 0-100 %. The reduction in species diversity is contingent upon their
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presence in organic debris (such as leaf litter and seeds) or in drift (mcludlng water and foam)
(Sridhar and Raviraja 2001). When sterile leaves were incubated in groundwater contaminated
with heavy metals and xenobiotics, a notable diversity of aquatic hyphomycetes was observed
(Krauss et al. 2003, Calabon et al. 2023). While numerous aquatic hyphomycete species are
sensitive to pollutants, certain species have evolved a tolerance for adapted environments altered
by pollutants such as organic matter and heavy metals. Examples of such species include C.
aquatica, N. lugdunensis and T. marchalianum (Dalton and Smith 1970, Krauss et al. 2003,
Sridhar et al. 2005, Augustin et al. 2006, Solé et al. 2008b, Sridhar et al. 2008, Solé et al. 2012,
Ferreira et al. 2014). Although the street runoff is polluted in southwest India, four aquatic
hyphomycetes (Alatospora acuminata, Anguillospora crassa, Flagellospora curvula, and
Helicomyces roseus) were dominant, indicating their tolerance to urban pollution (Ghate and
Sridhar 2018). The observed variability, whether in the form of sensitivity or tolerance, in
disturbed environments makes numerous species of aquatic hyphomycetes suitable as
bioindicators for human-induced stress in aquatic ecosystems (Solé et al. 2008a). It would be
interesting to study in detail their bioremediation properties like pollutant degrading or adsorption
capabilities, especially with the scope of utilization in urban waste treatment plants.

The occurrence, diversity, and functions of aquatic hyphomycetes in some aquatic habitats (saline
and low oxygen) are scanty. Hence, their detection in these settings cannot be reliably achieved
using traditional methods (Pascoal and Céassio 2004, Fuentes-Cid et al. 2014). Leaf processing
continues by aquatic hyphomycetes with moderate salinity ranges between 3 and 14 % (Maamri
et al. 2006). Interestingly, in a seasonal study conducted on an estuary in southwest India, the
occurrence of several aquatic hyphomycetes on leaf litter during the monsoon season and a few
during the summer season was reported (Sridhar and Kaveriappa 1988). Sporulation of many
species of aquatic hyphomycetes was reported in the salinity range of 3.4-17 ppt. As the
reproduction of aquatic hyphomycetes is more sensitive to salinity than their biomass, it is possible
that they can survive higher saline conditions in the mycelial stage (Bérlocher 1992). Similarly, in
a recent study, occurrence and leaf litter processing by aquatic hyphomycetes have been reported
in salinized stream conditions (Canhoto et al. 2017, 2021).

In temperate regions, aquatic hyphomycetes are less inhibited at water temperatures near 0 °C
(Barlocher and Kendrick 1974). Although their peak sporulation is observed in the range of 15-25
°C, their sporulation peaks at lower temperatures (Dang et al. 2009). Interestingly, species from
temperate zones endure longer freezing durations compared to their tropical counterparts, while
the reverse seems to be the case under elevated temperatures (Sridhar and Bérlocher 1993a).
Aquatic hyphomycetes are believed to have evolved mechanisms to withstand the variable nature
of temperature extremes. These adaptations significantly influence their roles and functions within
aquatic ecosystems (Tomczyk et al. 2023). Notably, the upper limit of water temperatures in
temperate streams often corresponds to the lower limit in tropical streams (Sridhar et al. 1992).
Some species of aquatic hyphomycetes were recorded in thermal springs at temperatures ranging
between 34 °C and 36 °C in southwestern India (Chandrashekar et al. 1991, Rajashekhar and
Kaveriappa 1996). Temperature increases in streams severely affect the assemblage of aquatic
hyphomycetes and speed up the rate of litter decomposition (Ferreira and Chauvet 2011).
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Although the B-diversity of aquatic hyphomycetes increased with temperature elevation, it showed
a negative effect on their functional roles (Fenoy et al. 2021). Thus, temperature extremes alter
the functioning of stream ecosystems, including decomposition and nutrient cycling (Pérez et al.
2021, Arias-Real 2022, Gentilin-Avanci et al. 2022).

Intermittency is often seen in freshwater bodies, which has been considered one of the
environmental stresses that have an impact on lotic biota as well as their ecological functions (e.g.,
organic matter mineralization) (LeRoy 2019, Graca et al. 2023, Simdes et al. 2023). Simdes et al.
(2021) argued that native riparian vegetation can regulate steam temperature increases and, in turn,
protect aquatic bodies from the severity of intermittence. Assessment of aquatic hyphomycetes in
the sediments of nine temporary streams in southwest India showed the dominance of
Anguillospora longissima, Cylindrocarpon sp. and Flagellospora curvula during the summer and
monsoon seasons (Ghate and Sridhar 2015). The results showed that conidial biomass is dependent
on the organic matter in streambed sediments and that scolecoid conidia have higher dispersal
ability than stauroid conidia in sediments.

Aguatic hyphomycetes are usually abundant in broad pH ranges (5—7) but decrease in other acidic
and alkaline pH ranges (Bérlocher 1987, Raviraja et al. 1998a). The loss of litter weight attains a
peak in the pH range of 4—6 (Thompson and Barlocher 1989, Rosset and Barlocher 1985). Acidic
conditions resulted in decreased decomposition rates in benthic as well as hyporheic zones (Corunt
et al. 2012). Industrial waste wiped out the biota in Hungary's Toma stream, which exhibited an
alkaline pH of 12.8 (Vass et al. 2013). When four kinds of leaf litter were incubated in the Toma
stream, they were colonized by 26 species of aquatic hyphomycetes. Notably, Necrria
lugdunensis, Tetracladium marchalianum, and Tricladium sp. were dominant. However, the
overall species count was lower compared to a benchmark site (Vass et al. 2013). Similarly, the
runoff water from the catchment area, rich in chemical fertilizers and pesticides, is affecting the
diversity of aquatic hyphomycetes in river beds, including tributaries of rivers.

The incidence of aquatic hyphomycetes in the guts of stream invertebrates and vertebrates is not
surprising. Many aquatic hyphomycetes pass through the gut of Gammarus pulex (Barlocher
1981). Sridhar et al. (2011) demonstrated evidence of the survival of aquatic hyphomycetes within
the digestive systems of Gammarus tigrinus and Hyella azteca. Fecal samples from three common
Cyprinidae fish species in a freshwater stream in southwest India revealed a prominent presence
of six distinct aquatic hyphomycetes (Anguillospora longissima, Cylindrocarpon sp.,
Flagellospora curvula, Triscelophorus acuminatus, T. konajensis, and T. monosporus) (Sridhar
and Sudheep 2011a). The possibility of these fish facilitating the upstream transfer of aquatic
hyphomycetes, especially since some are known to swim against the current, should be considered
(Liao 2007).

Even though studies are being undertaken on the fungal diversity of aquatic hyphomycetes in
various marine and aquatic ecosystems, there is a need to focus on artificial habitats like wells,
dams, and canals, which provide unique conditions for adaptation (Sridhar 2020). Moreover, the
destruction of diversity caused by man-made events like mass bathing during Kumbh (a holy
bathing ritual as per Hindu mythology), destruction of catchment areas, extinction or reduction in
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the population of fish, and unique and extreme habitats like hot wat\ers‘prlngs in Odisha (Lonar,
Pangong, and Loktak lakes) are areas that need attention with regard to aquatic fungal diversity
and their ecological function.

3. Colonization on unusual substrates by aquatic hyphomycetes

Aquatic hyphomycetes have a remarkable ability to adapt to harsh conditions, often seeking refuge
in various environments such as wood, live roots, soil, and sediments, among others (Table 2).
Parallel to their presence in unconventional ecological niches, they can also be found colonizing
substrates other than their favoured submerged leaf litter typically found in freshwater streams.
Examples of such substrates include wood, live roots, soil, tree canopies, and land-based litter
(Figure 3). Although woody litter is a common substrate in streams, not much is known about its
colonization by aquatic hyphomycetes. Persistent wood in freshwater is highly valuable for
distinguishing the perfect state of aquatic hyphomycetes (Webster 1992). Shearer (1992) compiled
the reports for up to 86 species (in 46 genera) of aquatic hyphomycetes on woody debris in
freshwaters and terrestrial habitats. In a study conducted by Sridhar et al. (2010), naturally
submerged woody litter in 12 high-altitude streams in the Western Ghats of India yielded many
aquatic hyphomycetes. Incubation experiments, both damp and in bubble chambers, showed that
Anguillospora longissima, Flagellospora curvula, F. penicillioides, and Lunulospora curvula
were particularly prevalent in both the bark and cambium. Additionally, species such as
Alatospora acuminata, Anguillospora crassa, Clavariopsis aquatica, and Tetracladium
marchalianum were frequently encountered on woody litter. Among these anamorphs,
Anguillospora crassa, A. longissima, Clavariopsis aquatica, and Flagellospora penicillioides are
known with their respective teleomorphs, Mollisa uda, Massarina sp., Massarina sp. and Nectria
penicillioides (Webster 1992). Interestingly, all these mentioned species, including Tetracladium
marchalianum, exhibit robust exo-enzymatic abilities (Shearer 1992, Raja et al. 2018, El-Elimat
et al. 2021). A separate study delved into the colonization of aquatic hyphomycetes in air-dried
woody debris that was submerged in a southwestern stream (Sudheep and Sridhar 2013). During
bubble chamber incubation experiments involving wood materials, Lunulospora curvula, and
Triscelophorus acuminatus were dominant. The spatial distribution of aquatic hyphomycetes in
naturally submerged hard and soft woody materials revealed the occurrence of 10 and 26 species,
respectively (Sridhar and Sudheep 2011b). Furthermore, it was noted that lignicolous fungi
predominantly inhabited hardwoods, while aquatic hyphomycetes were more prevalent in
softwoods.

Submerged roots in streams are potential sites of colonization by aquatic hyphomycetes. Roots of
many streamside Angiosperms, Gymnosperms, and Pteridophytes are targets for colonization by
aquatic hyphomycetes (Sridhar and Béarlocher 1992, Raviraja et al. 1996, Sati and Belwal 2005,
Sati et al. 2009, Ghate and Sridhar 2017). Aquatic hyphomycetes derive multiple benefits by
colonizing roots exposed to stream environments. The periodic turnover of these roots also offers
them nutritional advantages. Furthermore, roots serve as shelters, protecting the fungi from aquatic
predators and preventing their downstream dispersal. This strategic positioning also enables them
to cope with intermittent challenges such as droughts or stream contaminants. Additionally, the
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Table 2. Colonization of aquatic hyphomycetes in selected unusual substrates

Substrate Selected reference

Submerged wood Shearer 1992, Sridhar et al. 2010, Sridhar and Sudheep 2011b,
Sudheep and Sridhar 2011, 2013

Submerged roots Sridhar and Bérlocher 1992, Raviraja et al. 1996, Sati and Belwal
2005, Sati et al. 2009, Ghate and Sridhar 2017, Koranga and Sati
2023

Sediments Sridhar et al. 2008, Sudheep and Sridhar 2012, Ghate and Sridhar
2015, Karun et al. 2016, Martinez et al. 2020

Soil Bessey 1939, Waid 1954, Gams et al. 1969

Terrestrial leaf litter Sridhar and Kaveriappa 1987, Sridhar and Béarlocher 1993b,
Sridhar et al. 2020

Terrestrial woody litter | Sharathchandra and Sridhar 2020

Tree canopy Sridhar 2009, Révay and Gonczol 2011, Chauvet et al. 2016,
Magyar et al. 2021, Sharathchandra and Sridhar 2022

Woody litter

Tree canopy ﬁ

Terrestrial litter @

%
‘i

Figure 3: Colonization of aquatic hyphomycetes on substrates other than leaf litter

presence of endophytic aquatic hyphomycetes on plant roots is advantageous for the plants
themselves due to the fungal production of bioactive compounds that guard against pathogenic
microbes and herbivores. Another potential ecological niche for aquatic hyphomycetes that could
be extrapolated to streams is the aquatic fern (Sati and Belwal 2005, Sati et al. 2009). Our
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understanding of the mutualism of aquatic hyphomycetes in aquatic ecosystems is still in its
infancy.

Stream sediments provide a habitat for aquatic hyphomycetes, offering them refuge from predators
and drought conditions. Their growth, sporulation, and accumulation in these sediments further
promote their dispersion into the groundwater. Only a limited number of studies have investigated
the presence and role of aquatic hyphomycetes within stream sediments (Sudheep and Sridhar
2012, Ghate and Sridhar 2015, Martinez et al. 2020). Stream sediments are the sites of the
accumulation of various pollutants, and it is interesting to track the competence of aquatic
hyphomycetes to cope with such contaminants in the sediments. They may transform some of the
pollutants with the help of their potential extracellular enzymes, organic acids, and other secondary
metabolites. A few reports are available on the incidence of aquatic hyphomycetes in terrestrial
soil as well as terrestrial roots (Sridhar and Barlocher 1993b). Regarding the adaptation and
functionality of aquatic hyphomycetes in soil or root systems, their role in plant protection and
growth enhancement is of significant importance (Sati and Pant 2020, Pant and Sati 2021).

The incidence of aquatic hyphomycetes in terrestrial litter has been reported in several instances
(Sridhar and Barlocher 1993b). Some recent studies have also repeatedly documented aquatic
hyphomycetes in terrestrial leaves as well as woody litter (Sridhar et al. 2020, Sharathchandra and
Sridhar 2020). Similarly, a wide range of aquatic hyphomycetes have been adapted to occur in
tree canopies (Sridhar 2009, Révay and Gonczdl 2011, Chauvet et al. 2016). Based on these reports
on the existence of aquatic hyphomycetes in terrestrial conditions, it can be inferred that these
fungi have strong sexual and asexual morphs to survive and disseminate outside their usual aquatic
habitats.

4. Adaptation and ecosystem services of aquatic hyphomycetes

Aquatic hyphomycetes can provide ecosystem services beyond their typical lotic environments
due to their adaptability to colonize diverse substrates across varied ecological niches (Table 3).
Increasing evidence from field, mesocosm, and microcosm studies points to the presence of
aquatic hyphomycetes in atypical habitats. Their prevalence and associated ecosystem services in
these so-called extreme habitats or varied substrates appear to be surprising compared to their
favoured flowing freshwater environments (Figure 4). Evidence supporting the involvement of
aquatic hyphomycetes in plant detritus turnover, mineralization, and energy transfer to the upper
trophic levels in aquatic habitats will also be extended to terrestrial, sedimentary, and groundwater
habitats (Chauvet et al. 2016).

Like many other organisms in aquatic and terrestrial ecosystems, aquatic hyphomycetes are
increasingly facing challenges due to climate change, including global warming, intermittent water
flow, drought, and changes in riparian vegetation, as well as from human activities (D6ll and
Zhang 2010). Supportive evidence is accessible on the adaptation and function of aquatic
hyphomycetes in many such chaotic situations. The decomposition of exotic plant litter, including
introduced, monocultured, and invasive species, has been the subject of research by many authors
(e.g., Acacia and Eucalyptus) (Raviraja et al. 1998b, Pereira and Ferreira 2021, da Silva et al.
2023). The decomposition of eucalypt leaf litter in Brazilian streams was mainly caused by the
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Table 3. Selected examples of ecosystem services of aquatic hyphomybetes in usual and unus

habitats
Habitat Ecosystem service Selected reference

Natural detritus

Decomposition and

Suberkropp 1992, Chung and Suberkropp

energy flow 2009
Exotic detritus Decomposition and Sridhar et al. 1992, Raviraja et al. 1998b,
energy flow Gomes et al. 2016, Pereira and Ferreira

2021

Eutrophic

Combat eutrophication

Raviraja et al. 1998b, Barlocher 2005,
Sridhar et al. 2009

Polluted

Growth, reproduction,
resistance and tolerance

Raviraja et al. 1998b, Raghu et al. 2001,
Sridhar and Raviraja 2001, Krauss et al.
2003, Jaeckel et al. 2005, Sridhar et al.
2005, Braha et al. 2007, Duarte et al. 2008,
Ehrman et al. 2008, Seena et al. 2020

Soil and or
microcosm

Plant protection

Sati and Arya 2010a, Arya and Sati 2011,
Sati and Singh 2014, Singh and Sati 2020,
Pant and Sati 2021

Plant growth promotion

Sati and Arya 2010b, Sati and Pant 2020,
Pant and Sati 2023

Phosphate solubilization

Singh and Sati 2017, Sati and Pant 2019

Mesocosm and
or microcosm

Natural products

Kaida et al. 2001, Sridhar 2012, Soe et al.
2019, El-Elimat et al. 2021

Enzymes

Suberkropp and Klug 1976, Chandrashekar
and Kaveriappa 1991, Gulis and
Stephanovich 1999, Martin et al. 20009,
Krauss et al. 2011, Solé et al. 2012, Heeger
et al. 2021

Degradation of
xenobiotics

Junghanns et al. 2005, 2008, Augustin et al.
2006, Solé et al. 2008b, Bérlocher et al.
2011

Plastic nanoparticle
tolerance

Seena et al. 2019, Trabulo et al. 2022

dominance of Anguillospora filiformis (99.6 %), which indicates such leaf litter in streams
decreases the diversity of aquatic hyphomycetes (Gomes et al. 2016). Conversely, in Portugal,
Acacia leaf litter has been observed to reduce both the decomposition rate and the aquatic
hyphomycete community (Pereira and Ferreira 2021). Tonello et al. (2021) found that the removal
of riparian vegetation in the streams of the Atlantic Forest led to an increase in primary production,
but this was coupled with a reduction in litter decomposition rates. In Europe, the loss of native
alder trees (Alnus glutinosa) similarly resulted in slower decomposition rates of other leaf litter
(Alonso et al. 2021). Notably, in the Western Ghats, leaf litter from introduced plant species like
Coffea and Hevea supports a higher species richness of aquatic hyphomycetes compared to native

10



https://mycoindia.org/|

Decomposition
and energy flow
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Figure 4: Ecosystem services of aquatic hyphomycetes in unusual habitats

tree species (Sridhar et al. 1992). Essentially, environmental heterogeneity within an ecosystem
underpins the relationship between biodiversity and ecosystem services, with species richness
exerting a substantial impact on ecosystem services (Albrecht et al. 2021). As a result, the
management of riparian tree species emerges as a top priority to optimize aquatic health resources
(Larrafiaga et al. 2021).

While leaf litter decomposed more rapidly under eutrophic conditions in Portugal, the variety of
aquatic hyphomycetes diminished (Sridhar et al. 2009). Conversely, in a eutrophic stream in
southwest India, while the decomposition rates of leaves remained unchanged, there was a notable
decline in aquatic hyphomycetes (Raviraja et al. 1998b). It has been predicted that depletion of
dissolved oxygen or increased pollutants in eutrophic conditions might influence the decline in
the diversity of aquatic hyphomycetes (Lecerf and Chauvet 2008, Krauss et al. 2011). In addition,
several organic or inorganic constituents in minute quantities in the eutrophic streams might serve
as hormetic doses that selectively promote or stimulate the growth and functions of aquatic
hyphomycetes (Calabrese and Baldwin 2003, Sridhar and Barlocher 2011). In the presence of
either extremely low or high pollutant concentrations, aquatic hyphomycete communities undergo
selective enrichment or selective/total species extirpation, respectively, as documented by Sridhar
and Raviraja (2001). Notwithstanding, pollutant-resistant taxa, encompassing core groups,

11



https://mycoindia.org/|

keystones, and both rare and infrequent species, persist in their ecological functions.
Consequently, a reduction in species diversity should not be directly equated with a
comprehensive cessation of critical ecological processes such as decomposition and
mineralization.

Even though heavy metals (Cd, Cu, and Zn) inhibit the growth and reproduction of aquatic
hyphomycetes in hyper-polluted habitats in Central Germany, many of them developed tolerance
by producing phytochelatins (e.g., Articulospora tetracladia, Nectria lugdunensis, and
Tetracladium marchalianum) (Mirsch et al. 1997, 2001, Krauss et al. 2003, 2011). Some of the
aquatic hyphomycetes that exist in heavy metal-hyperpolluted aquatic habitats developed stress
responses through long-term exposure, possibly by changing their functional genes in favour of
metabolism, survival, and functions (e.g., Nectria lugdunensis) (Krauss et al. 2011). Raviraja et
al. (1998b) documented similar findings in a stream contaminated with organic pollutants in
southwest India. The capacity of aquatic hyphomycetes to either tolerate or evade heavy metals in
streams serves as a vital strategy to sidestep the associated toxicity. Several biochemical processes
exhibited by aquatic hyphomycetes, such as the production of catalase, sulphate reductase,
superoxide dismutase, and glutathione, assist in counteracting the effects of heavy metals in
streams, as observed in species like Heliscus submerses, Nectria lugdunensis, and Varicosporium
elodeae (Krauss et al. 2011). Seena et al. (2020) have demonstrated the role of amino acids and
lipids in managing the metal toxicity of Neonectria lugdunensis.

In the Himalayan region, numerous aquatic hyphomycetes, isolated as endophytes from riparian
tree roots, exhibit inhibitory effects on pathogenic microbes, promote plant growth and
demonstrate phosphate solubilization (see Table 3). Several of these root-associated endophytes
displayed suppressive activity against both pathogenic bacteria and fungi. Pot experiments of
several plant species (Capsicum annuam, Hibiscus esculentus, Solanum melangena, and Triticum
aestivum) inoculated with root endophytic aquatic hyphomycetes showed significant growth
promotion (Pant and Sati 2023). Similarly, many root endophytes also showed phosphate
solubilization in Pikovskaya agar as well as Pikovskaya broth (Singh and Sati 2017, Sati and Pant
2019).

Over the past three decades, several freshwater fungi (mainly ascomycetes) have yielded up to
280 compounds, with 199 of these exhibiting bioactive properties (Gulis and Stephanovich 1999,
El-Elimat et al. 2021). Aquatic hyphomycetes are also potential sources of many bioactive
metabolites. Several cyclic depsipeptides derived from Clavariopsis aquatica showed inhibitory
activity against eight plant pathogenic fungi (Soe et al. 2019, Kaida et al. 2001, EI-Elimat et al.
2021). A unique antibacterial and antifungal metabolite, termed "anguillosporal”, was extracted
from Anguillospora longissima (Harrigan et al. 1995). Similarly, Dendrospora tenella produced
bioactive tenellic acids A-D as diphenyl ether derivatives (Oh et al. 1999a). Seven new metabolites
(tricladolides A-D and tricladic acids A-C) were reported from Triclaidum castaneicola (Han et
al. 2015). The sexual morph of Tumularia aquatica (Massarina aquatica) growing on oak wood
also showed antifungal effects and produced bioactive sesquiterpenoids (Fisher et al. 1983, Oh et
al. 1999b, 2003). Likewise, an antifungal metabolite, quinaphthin, has been isolated from the aero-
aquatic fungus Helicoon rihonis (Adriaenssens et al. 1994, Fisher et al. 1988).
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Nearly every aquatic hyphomycete can break down the cellulose, hemlcellulose and pectin found
in leaf litter. They can produce and modify various xenobiotics using oxidative enzymes akin to
those observed in land-based fungi (Krauss et al. 2011). Specific aquatic hyphomycetes, such as
Clavariopsis, Nectria, Tetracladium, and Varicosporum, when cultivated in a lab setting, have
demonstrated the ability to process DDT (dichlorodiphenyltrichloroethane) at minimal
concentrations (Hodkinson 1976). However, reproduction of aquatic hyphomycetes declined upon
exposure to pentachlorophenol (Sridhar and Raviraja 2001). Krauss et al. (2011) schematically
represented the capability of aquatic hyphomycetes involved in the mineralization of xeno-organic
pollutants. Laccases responsible for lignin modification were reported by many investigators in
aquatic hyphomycetes, especially Clavariopsis aquatica (Junghanns et al. 2005, Martin et al.
2007, 2009, Solé et al. 2012). Recently, Heeger et al. (2021) sequenced the genome of C. aquatica
and found differential expression of genes responsible for the modification of lignocellulose and
its constituents (cytochrome P450 monooxygenases, laccases, and peroxidases). Thus, C. aquatica
serves as a model organism for further investigation in toxicology and bioremediation owing to
its capability to detoxify aromatic lignin components and xenobiotics in lotic habitats (Junghanns
et al. 2005).

The introduction of heavy metal nanoparticles into aquatic environments hinders the
decomposition of organic matter (Pradhan et al. 2011). Yet, when ZnO nanoparticles and acid rain
are combined, they lead to an increase in leaf litter decomposition, ranging from 1.2 to 2 times
(Du et al. 2022). The presence of silver nanoparticles, either independently or in conjunction with
microplastics, interferes with the transformation of organic matter by aquatic hyphomycetes in
waterways (Trabulo et al. 2022). While nanoscale microplastics diminish the capacity of aquatic
hyphomycetes to break down leaf litter, the rich fungal diversity in aquatic systems appears to
somewhat mitigate this effect (Seena et al. 2019).

5. Conclusions and outlook

Aguatic hyphomycetes are indispensable biota involved in several ecosystem services in lotic
water bodies. They are successful in many habitats due to their capabilities for colonization,
growth, sporulation, dissemination, floatation, and spore germination. They possess the inherent
capacity to deal with multiple climatic changes and human perturbations. Although their
reproduction is affected by unusual conditions (e.g., temperature, eutrophication, and xenobiotics),
their mycelia remain hidden or tolerant to such conditions. Some of the xenobiotics serve as
hormetic doses at very low threshold levels. Factors such as temperature, fire, and nutrient
enrichment yield comparable effects, notably the accelerated decomposition rates of organic
matter, resulting in the rapid exhaustion of nutrient reserves. In response, aquatic hyphomycetes
have evolved to circumvent turbulent conditions by finding refuge in more stable environments,
such as within woody debris, living roots, and even the intestines of aquatic organisms. Although
aquatic hyphomycetes appear to function individually at the outset, they have interspecies
networks (as core-group, keystone, cryptic, and infrequent species) and interactions with varied
live entities (roots, hydrophytes, lichens, and animals) and dead substrates (woody litter and
sediment) in aquatic and semi-aquatic ecosystems. These mutualistic associations and interactions
not only offer additional protection but also support their survival in atypical conditions, thereby
sustaining ecosystem services. Molecular studies, encompassing genomics and metabolomics,
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related to both culturable and non-culturable aquatic hyphomycetes in atypical environments, offer
a deeper understanding, enabling a more accurate assessment of their significance.

There are several gaps in our knowledge to understand the ecosystem services of aquatic
hyphomycetes in their usual as well as unusual habitats: 1) Metabolic capabilities (secondary
metabolites of nutritional, medicinal, agricultural, and industrial significance); 2) Capability of
bioremediation of xenobiotics (agricultural chemicals, pollutants, and waste waters); 3)
Mutualistic associations (as endophytes with plants, hydrophytes, and lichens); 4) Nutritional
composition (amino acids, minerals, fatty acids, vitamins, hormones, and growth factors); 5)
Occurrence in ground waters, aquifers, and cave streams suggests their role in purifying drinking
waters. There is a need for more focused research on aquatic hyphomycetes, wherein we look for
the answers mentioned above. All these areas also want to be visualized considering local habitat
level changes, viz., change in salt concentration of the sea due to glacier melting and surplus
rainfall in rivers, and change in nitrogen content of river beds due to enhanced fertilizer or sewage
input. Moreover, the effects of altitude and latitude, drift and compensatory mechanisms, and
transport within and between streams are some of the factors that need to be focused on when
working with moving water in relation to aquatic hyphomycetes.

Numerous questions about aquatic hyphomycetes still await answers: 1) How well do aquatic
hyphomycetes manage disturbances? 2) Do they offer ecosystem services in compromised habitats
or scenarios? 3) Are they capable of recovering from or evading harsh conditions owing to changes
in hydrological regimes, including climate change? 4) What backup tactics do they employ to
sidestep tumultuous situations? 5) Can they act as indicators reflecting the intensity of
disturbances? Recent studies on aquatic hyphomycetes from various regions are gradually
providing evidence that may shed light on these queries. Studies like the exploration of the aquatic
fungal diversity of rivers while entering urban areas, during their residence in such habitats, and
while they leave the urban regions will help to understand the above rationale. Moreover, there is
a need for aquaculturists and mycologists to collaborate to understand the effects of pollutants on
fish, other fauna, and aquatic fungi and document the gut aquatic fungal diversity. Successional
studies would also help to understand the pre- and post-flood diversity of aquatic hyphomycetes
and how the species reestablishes itself. It would be interesting to study the colonization of exotic
substrates in water bodies like plastics, rubber, tyres, and cloth by aquatic hyphomycetes.

Globally, ten major disturbances lead to a decline in biodiversity, and out of these, seven notably
impact freshwater ecosystems (Malmgvist and Rundle 2002, Rockstrom et al. 2009). Due to
human activities, restoring ecosystems for sustained productivity has become a pressing concern
in today's context. To leverage and optimize the benefits of aquatic hyphomycetes in freshwater,
it is crucial to conduct ecological risk assessments and restore their native conditions, ensuring
their functional integrity in the context of current climate change. The fungal hyphomycetes seem
to be the least privileged organisms in aquatic systems. However, they may be the most important
ones as far as eco-function is concerned, as we have observed in other habitats and ecosystems.

14



https://mycoindia.org/|

Acknowledgements

The author would like to express gratitude to Dr. Seena Sahadevan from Marine and
Environmental Sciences Centre, Department of Life Sciences, University of Coimbra, Portugal,
and Dr. Mahadevakumar S. from Botanical Survey of India, Port Blair, India, for their invaluable
discussions and technical assistance provided during the completion of this review. Additionally,
the author is thankful to the reviewers and editors for their constructive suggestions that
significantly improved the presentation of this review.

References

Adriaenssens P, Anson AE, Begley MJ, Fisher PJ, Orrel KG, et al. (1994) Quinaphthin, a
binaphthyl quinonoid secondary metabolite produced by Helicoon richonis. Journal of
Chemical Society Perkin Transactions 1 13:2007-2010.
https://doi.org/10.1039/P19940002007

Alonso A, Pérez J, Monroy S, LApez-Rojo N, Basaguren A, et al. (2021) Loss of key riparian plant
species impacts stream ecosystem functioning. Ecosystems 24:1436—1449.
https://doi.org/10.1007/s10021-020-00592-7

Albrecht J, Peters MK, Becker JN, Behler C, Classen A, et al. (2021) Species richness is more
important for ecosystem functioning than species turnover along an elevational gradient.
Nature Ecology & Evolution 5:1582-1593.
https://doi.org/10.1038/s41559-021-01550-9

Anderson JL, Barros J, Seena S (2022) TeMa Tools: A multilingual & multiformat education
toolkit for aquatic fungi (Version 1). Zenodo.
https://doi.org/10.5281/zen0do.7110713

Arias-Real R, Gutiérrez-Céanovas C, Mufioz I, Pascoal C, Menéndez M (2022) Fungal biodiversity
mediates the effects of drying on freshwater ecosystem functioning. Ecosystems
25:780-794.
https://doi.org/10.1007/s10021-021-00683-z

Arias-Real R, Menéndez M, Mufoz I, Pascoal C (2023) Drying shapes the ecological niche of
aquatic fungi with implications on ecosystem functioning. Science of the Total Environment
859:160374.
https://doi.org/10.1016/j.scitotenv.2022.160374

Arya P, Sati SC (2011) Evaluation of endophytic aquatic hyphomycetes for their antagonistic
activity against pathogenic bacteria. International Research Journal of Microbiology
2:343-347.

Augustin T, Schlosser D, Baumbach R, Schmidt J, Grancharov K, et al. (2006) Biotransformation
of 1-naphthol by a strictly aquatic fungus. Current Microbiology 52:216-220.
https://doi.org/10.1007/s00284-005-0239-z

Barlocher F (1981) Fungi on the food and in the faeces of Gammarus pulex. Transactions of the
British Mycological Society 76:160-165.
https://doi.org/10.1016/S0007-1536(81)80020-4

Barlocher F (1987) Aquatic hyphomycete spora in 10 streams of New Brunswick and Nova Scotia.
Canadian Journal of Botany 65:76-79.
https://doi.org/10.1139/b87-011

15


https://doi.org/10.1039/P19940002007
https://doi.org/10.1007/s10021-020-00592-7
https://doi.org/10.1038/s41559-021-01550-9
https://doi.org/10.5281/zenodo.7110713
https://doi.org/10.1007/s10021-021-00683-z
https://doi.org/10.1016/j.scitotenv.2022.160374
https://doi.org/10.1007/s00284-005-0239-z
https://doi.org/10.1016/S0007-1536(81)80020-4
https://doi.org/10.1139/b87-011

MYCOINDIA N\l 8.
OURNAL OF INDIAN FUNGI e —— ab*

\/

Barlocher F (1992) Community organization. In: Bérlocher F (editor) The Ecology of Aquatic
Hyphomycetes, Springer-Verlag, Berlin, Heidelberg. pp. 38-76.
https://doi.org/10.1007/978-3-642-76855-2_3

Barlocher F (2005) Freshwater fungal communities. In: Dighton J, White JF Jr, Oudemans P
(editors) The Fungal Community: Its Organization and Role in the Ecosystem, CRC Press,
Boca Raton, Florida, USA. pp. 3

Barlocher F (2016) Aquatic hyphomycetes in a changing environment. Fungal Ecology 19:14-27.
https://doi.org/10.1016/j.funeco.2015.05.005

Barlocher F, Boddy L (2016) Aquatic fungal ecology - How does it differ from terrestrial? Fungal
Ecology 19:5-13.
https://doi.org/10.1016/j.funeco.2015.09.001

Barlocher F, Guenzel K, Sridhar KR, Duffy SJ (2011) Effects of 4-n-nonylphenol on aquatic
hyphomycetes. Science of the Total Environment 409:1651-1657.
https://doi.org/10.1016/j.scitotenv.2011.01.043

Barlocher F, Kendrick B (1974) Dynamics of the fungal population on leaves in a stream. Journal
of Ecology 62:761-791.
https://doi.org/10.2307/2258954

Barlocher F, Sridhar KR (2014) Association of animals and fungi in leaf decomposition. In: Jones
EBG, Hyde KD, Pang K-L. Freshwater Fungi and Fungus-Like Organisms, Walter de
Gruyter GmbH & Co, KG, Berlin, Boston. pp. 413-441.
https://doi.org/10.13140/RG.2.1.3050.1521

Barreto GG, Hepp LU, Rezende RDS, Gongalves Junior JF, Moretti MDS, et al. (2023) The cooler
the better: Increased aquatic hyphomycete diversity in subtropical streams along a
neotropical latitudinal gradient. Fungal Ecology 62:101223.
https://doi.org/10.1016/j.funeco.2022.101223

Barros J, Seena S (2022) Fungi in freshwaters: Prioritising aquatic hyphomycetes in conservation
goals. Water 14:605.
https://doi.org/10.3390/w14040605

Bessey EA (1939) Varicosporium elodeae Kegel, an uncommon soil fungus. Papers of the
Michigan Academy of Science, Arts and Letters 25:15-17.

Braha B, Tintemann H, Krauss G, Ehrman J, Barlocher F, et al. (2007) Stress response in two
strains of the aquatic hyphomycete Heliscus lugdunensis after exposure to cadmium and
copper ions. BioMetals 20:93-105.
https://doi.org/10.1007/s10534-006-9018-y

Calabon MS, Hyde KD, Jones EBG, Bao DF, Bhunjun CS, et al. (2023) Freshwater fungal
biology. Mycosphere 14:195-413.
https://doi.org/10.5943/mycosphere/14/1/4

Calabrese EJ, Baldwin LA (2003) Toxicology rethinks its central belief. Nature 421:691-692.
https://doi.org/10.1038/421691a

Canhoto C, Barlocher F, Cafiedo-Arguelles M, Gomez R, Gongalves AL (2021) Salt modulates
plant litter decomposition in stream ecosystems. In: Swan CM, Boyero L, Canhoto C
(editors) The Ecology of Plant Litter Decomposition in Stream Ecosystems, Springer
International Publishing. pp. 323-345.
https://doi.org/10.1007/978-3-030-72854-0_15

16


https://doi.org/10.1007/978-3-642-76855-2_3
https://doi.org/10.1016/j.funeco.2015.05.005
https://doi.org/10.1016/j.funeco.2015.09.001
https://doi.org/10.1016/j.scitotenv.2011.01.043
https://doi.org/10.2307/2258954
https://doi.org/10.13140/RG.2.1.3050.1521
https://doi.org/10.1016/j.funeco.2022.101223
https://doi.org/10.3390/w14040605
https://doi.org/10.1007/s10534-006-9018-y
https://doi.org/10.5943/mycosphere/14/1/4
https://doi.org/10.1038/421691a
https://doi.org/10.1007/978-3-030-72854-0_15

fungal-mediated leaf decomposition: A microcosm study. Science of the Total Environment
599-600:1638-1645.
https://doi.org/10.1016/j.scitotenv.2017.05.101

Cantrell SA, Dianese JC, Fell J, Gunde-Cimerman N, Zalar P (2011) Unusual fungal niches.
Mycologia 103:1161-1174.
https://doi.org/10.3852/11-108

Chandrashekar KR, Kaveriappa KM (1991) Production of extracellular cellulase by Lunulospora
curvula and Flagellospora penicillioides. Folia Microbiologica 36:249-255.
https://doi.org/10.1007/BF02814357

Chandrashekar KR, Sridhar KR, Kaveriappa KM (1991) Aquatic hyphomycetes of a sulphur
spring. Hydrobiologia 218:151-156.
https://doi.org/10.1007/BF00006787

Chauvet E, Cornut J, Sridhar KR, Sélosse M-A, Bérlocher F (2016) Beyond the water column:
Agquatic hyphomycetes outside their preferred habitats. Fungal Ecology 19:112-127.
https://doi.org/10.1016/j.funeco.2015.05.014

Chung N, Suberkropp K (2009) Contribution of fungal biomass to the growth of the shredder,
Pycnopsyche gentilis (Trichoptera: Limnephilidae). Freshwater Biology 54:2212-2224.
https://doi.org/10.1111/j.1365-2427.2009.02260.x

Cornut J, Clivot H, Chauvet E, Elger A, Pagnout C, et al. (2012) Effect of acidification on leaf
litter decomposition in benthic and hyporheic zones of woodland streams. Water Research
46:6430-6444.
https://doi.org/10.1016/j.watres.2012.09.023

Czeczuga B, Ortowska M (1998) Hyphomycetes in the snow from gymnosperm trees. Roczniki
Akademii Medycznej w Biatymstoku 43:85-94.

Czeczuga B, Orlowska M (1999) Hyphomycetes in rainwater, melting snow and ice. Acta
Mycologica 34:181-200.
https://doi.org/10.5586/am.1999.014

da Silva HF, Assuncdo AR, Aciole DSB, Barbosa FR, Fiuza PO (2023) Aquatic hyphomycetes
associated with plant debris in freshwater ecosystems of the Atlantic Forest of Rio Grande
do Norte, Brazil, New Zealand Journal of Botany.
https://doi.org/10.1080/0028825X.2023.2201456

Dalton SA, Hodkinson M, Smith KA (1970) Interactions between DDT and river fungi I. Effects
of p,p’-DDT on the growth of aquatic hyphomycetes. Applied of Microbiology 20:662—666.
https://doi.org/10.1128/am.20.5.662-666.1970

Dang CK, Schindler M, Chauvet E, Gessner MO (2009) Temperature oscillation coupled with
fungal community shifts can modulate warming effects on litter decomposition. Ecology
90:122-131.
https://doi.org/10.1890/07-1974.1

Doll P, Zhang J (2010) Impact of climate change on freshwater ecosystems: a global-scale analysis
of ecologically relevant river flow alterations. Hydrology and Earth System Sciences
14:783-799.
https://doi.org/10.5194/hess-14-783-2010

17


https://doi.org/10.1016/j.scitotenv.2017.05.101
https://doi.org/10.3852/11-108
https://doi.org/10.1007/BF02814357
https://doi.org/10.1007/BF00006787
https://doi.org/10.1016/j.funeco.2015.05.014
https://doi.org/10.1111/j.1365-2427.2009.02260.x
https://doi.org/10.1016/j.watres.2012.09.023
https://doi.org/10.5586/am.1999.014
https://doi.org/10.1080/0028825X.2023.2201456
https://doi.org/10.1128/am.20.5.662-666.1970
https://doi.org/10.1890/07-1974.1
https://doi.org/10.5194/hess-14-783-2010

MYCOINDIA N\l 8.
OURNAL OF INDIAN FUNGI e —— ab*

T L 0D

Du J, Qv W, Niu Y, Yuan S, Zhang L, et al. (2022) Co-exposures of acid rain and ZnO
nanoparticles accelerate decomposition of aquatic leaf litter. Journal of Hazardous Materials
426:128141.
https://doi.org/10.1016/j.jhazmat.2021.128141

Duarte S, Barlocher F, Pascoal C, Céssio F (2016) Biogeography of aquatic hyphomycetes:
Current knowledge and future perspectives. Fungal Ecology 19:169-181.
https://doi.org/10.1016/j.funeco.2015.06.002

Duarte S, Pascoal C, Cassio F (2008) High diversity of fungi may mitigate the impact of pollution
on plant litter decomposition in streams. Microbial Ecology 56:688-695.
https://doi.org/10.1007/s00248-008-9388-5

Ehrman JM, Bérlocher F, Wennrich R, Krauss G-J, Krauss G (2008) Fungi in a heavy metal
precipitating stream in the Mansfeld mining district, Germany. Science of the Total
Environment 389:486-496.
https://doi.org/10.1016/j.scitotenv.2007.09.004

El-Elimat T, Raja HA, Figueroa M, Al Sharie AH, Bunch RL, et al. (2021) Freshwater fungi as a
source of chemical diversity: A review. Journal of Natural Products 84:898-916.
https://doi.org/10.1021/acs.jnatprod.0c01340

Fenoy E, Pradhan A, Pascoal C, Rubio-Rios J, Batista D, et al. (2021) Elevated temperature may
reduce functional but not taxonomic diversity of fungal assemblages on decomposing leaf
litter in streams. Global Change Biology 28:115-127.
https://doi.org/10.1111/gcb.15931

Ferreira V, Chauvet E (2011) Future increase in temperature more than decrease in litter quality
can affect microbial litter decomposition in streams. Oecologia 167:279-291.
https://doi.org/10.1007/s00442-011-1976-2

Ferreira V, Gulis V, Pascoal C, Gragca MAS (2014) Stream pollution and fungi. In: Jones EBG,
Hyde KD, Pang K-L (editors) Freshwater Fungi and Fungus-like Organisms. De Gruyter,
Berlin. pp. 389—412.
https://doi.org/10.1515/9783110333480.389

Ferreira V, Voronina EY (2016) Impact of climate change on aquatic hypho- and terrestrial
macromycetes. In: Marxsen J (editor) Climate Change and Microbial Ecology: Current
Research and Future Trends. Caister Academic Press, Germany. pp. 53—72.
https://doi.org/10.21775/9781910190319.04

Fierer N (2008) Microbial biogeography: patterns in microbial diversity across space and time. In:
Zengler K (editor) Accessing uncultivated microorganisms: from the environment to
organisms and genomes and back. ASM Press, Washington DC. pp. 95-115.
https://doi.org/10.1128/9781555815509.ch6

Fisher PJ, Anson AE (1983) Antifungal effects of Massarina aquatica growing on oak wood.
Transactions of the British Mycological Society 81:523-527.
https://doi.org/10.1016/S0007-1536(83)80120-X

Fisher PJ, Anson AE, Webster J, Adriaenssens P, Whitehurst JS (1988) Quinaphthain, a new
antibiotic, produced by Helicoon richonis. Transactions of the British Mycological Society
90:499-502.

18


https://doi.org/10.1016/j.jhazmat.2021.128141
https://doi.org/10.1016/j.funeco.2015.06.002
https://doi.org/10.1007/s00248-008-9388-5
https://doi.org/10.1016/j.scitotenv.2007.09.004
https://doi.org/10.1021/acs.jnatprod.0c01340
https://doi.org/10.1111/gcb.15931
https://doi.org/10.1007/s00442-011-1976-2
https://doi.org/10.1515/9783110333480.389
https://doi.org/10.21775/9781910190319.04
https://doi.org/10.1128/9781555815509.ch6
https://doi.org/10.1016/S0007-1536(83)80120-X

https://mycoindia.org/|

Fuentes-Cid A, Chauvet E, Etcheber H, De-Oliveira E, Sottollchlo A, et al. (2014) Leaf I|tter
degradation in highly turbid tran3|t|onal waters: preliminary results from litter-bag
experiments in the Gironde Estuary. Geodinamica Acta 27:60—66.
https://doi.org/10.1080/09853111.2013.877233

Gams W, Domsch KH, Weber E (1969) Nachweis signifikant verschiedener Pilzpopulationen bei
gleicher Bodennutzung. Plant and Soil 31:439-450.
https://doi.org/10.1007/BF01373815

Gentilin-Avanci C, Pinha GD, Ratz Scoarize MM, Petsch DK, Benedito E (2022) Warming water
and leaf litter quality but not plant origin drive decomposition and fungal diversity in an
experiment. Fungal Biology 126:631—639.
https://doi.org/10.1016/j.funbio.2022.08.003

Ghate SD, Sridhar KR (2015) Diversity of aquatic hyphomycetes in streambed sediments of
temporary streamlets of Southwest India. Fungal Ecology 14:53-61.
https://doi.org/10.1016/j.funeco.2014.11.005

Ghate SD, Sridhar KR (2017) Endophytic aquatic hyphomycetes in roots of riparian tree species
of two Western Ghat streams. Symbiosis 71:233-240.
https://doi.org/10.1007/s13199-016-0435-6

Ghate SD, Sridhar KR (2018) Aquatic and aeroaquatic fungal spores in urban runoff of southwest
India. KAVAKA - Transactions of the Mycological Society of India 51:23—29.

Gomes PP, Medeiros AO, Junior JFG (2016) The replacement of native plants by exotic species
may affect the colonization and reproduction of aquatic hyphomycetes. Limnologica
59:124-130.
https://doi.org/10.1016/j.limno.2016.05.005

Graca D, Fernandes I, Céassio F, Pascoal C (2023) Eco-physiological responses of aquatic fungi to
three global change stressors highlight the importance of intraspecific trait variability.
Microbial Ecology 85:1215-1225.
https://doi.org/10.1007/s00248-022-02007-7

Grossart H-P, Rojas-Jimenez, K (2016) Aquatic fungi: targeting the forgotten in microbial
ecology. Current Opinion in Microbiology 31:140-145.
https://doi.org/10.1016/j.mib.2016.03.016

Grossart H-P, Van den Wyngaert S, Kagami M, Wurzbacher C, Cunliffe M, et al. (2019) Fungi in
aquatic ecosystems. Nature Reviews Microbiology 17:339-354.
https://doi.org/10.1038/s41579-019-0175-8

Gulis VI, Stephanovich Al (1999) Antibiotic effects of hyphomycetes. Mycological Research
103:111-115.
https://doi.org/10.1017/S095375629800690X

Han C, Furukawa H, Tomura T, Fudou R, Kaida K, et al. (2015) Bioactive maleic anhydrides and
related diacids from the aquatic hyphomycete Tricladium castaneicola. Journal of Natural
Products 78:639—644.
https://doi.org/10.1021/np500773s

Harrigan GG, Armentrout BL, Gloer JB, Shearer CA (1995) Anguillosporal, a new antibacterial
and antifungal metabolite from the freshwater fungus Anguillospora longissima. Journal of
Natural Products 58:1467-1469.

19


https://doi.org/10.1080/09853111.2013.877233
https://doi.org/10.1007/BF01373815
https://doi.org/10.1016/j.funbio.2022.08.003
https://doi.org/10.1016/j.funeco.2014.11.005
https://doi.org/10.1007/s13199-016-0435-6
https://doi.org/10.1016/j.limno.2016.05.005
https://doi.org/10.1007/s00248-022-02007-7
https://doi.org/10.1016/j.mib.2016.03.016
https://doi.org/10.1038/s41579-019-0175-8
https://doi.org/10.1017/S095375629800690X
https://doi.org/10.1021/np500773s

https://mycoindia.org/|

https://doi.org/10.1021/np50123a022

Heeger F, Bourne EC, Wurzbacher C, Funke E, Lipzen A, et al. (2021) Evidence for
lignocellulose-decomposing enzymes in the genome and transcriptome of the aquatic
hyphomycete Clavariopsis aquatica. Journal of Fungi 7:854.
https://doi.org/10.3390/jof7100854

Hodkinson M (1976) Interactions between aquatic fungi and DDT. In: Jones EBG (editor) Recent
Advances in Aquatic Mycology, Wiley, New York. pp. 447-467.

Ingold CT (1942) Aquatic hyphomycetes of decaying alder leaves. Transactions of the British
Mycological Society 25:339-417.
https://doi.org/10.1016/S0007-1536(42)80001-7

Jaeckel P, Krauss G-J, Krauss G (2005) Cadmium and zinc response of the fungi Heliscus
lugdunensis and Verticillium cf. alboatrum isolated from highly polluted water. Science of
the Total Environment 346:274-279.
https://doi.org/10.1016/j.scitotenv.2004.12.082

Junghanns C, Krauss G, Schlosser D (2008) Potential of aquatic fungi derived from diverse
freshwater environments to decolourise synthetic azo and anthraquinone dyes. Bioresource
Technology 99:1225-1235.
https://doi.org/10.1016/j.biortech.2007.02.015

Junghanns C, Moeder M, Krauss G, Martin C, Schlosser D (2005) Degradation of the
xenoestrogen nonylphenol by aquatic fungi and their laccases. Microbiology 151:45-57.
https://doi.org/10.1099/mic.0.27431-0

Kaida K, Fudou R, Kameyama T, Tubaki K, Suzuki Y, et al. (2001) New cyclic depsipepdite
antibiotics, clavariopsins A and B, produced by an aquatic hyphomycetes, Clavariopsis
aquatica. Journal of Antibiotics 54:17-21.
https://doi.org/10.7164/antibiotics.54.17

Karun NC, Sridhar KR, Ghate SD (2016) Aquatic hyphomycetes in detritus, sediment and water
in the Western Ghat streams. KAVAKA - Transactions of the Mycological Society of India
47:107-113.

Khallil ARM, Ali EH, Ibrahim SS, Hassan EA (2023) Seasonal fluctuations and diversity of
Ingoldian mycobiota in two water bodies receiving different effluents at Assiut Governorate
(Upper Egypt). BMC Microbiology 23:163.
https://doi.org/10.1186/s12866-023-02903-z

Kirk PW (1969) Aquatic hyphomycetes on wood in an estuary. Mycologia 61:177-181.
https://doi.org/10.2307/3757357

Koranga A, Sati SC (2023) A new root endophytic aquatic hyphomycetes as an addition to Indian
mycota: Pleuropedium tricladioides. National Academy Science Letters 46:355-356.
https://doi.org/10.1007/s40009-023-01244-9

Krauss G, Barlocher F, Krauss G-J (2003) Effects of pollution on aquatic hyphomycetes. In: Tsui
CKM, Hyde KD (editors) Freshwater mycology, fungal diversity research series # 10,
Fungal Diversity Press, Hong Kong. pp. 211-230.

Krauss G-J, Solé M, Krauss G, Schlosser D, Wesenberg D, et al. (2011) Fungi in freshwaters:
ecology, physiology and biochemical potential. FEMS Microbiology Reviews 35:620-651.
https://doi.org/10.1111/].1574-6976.2011.00266.x

20


https://doi.org/10.1021/np50123a022
https://doi.org/10.3390/jof7100854
https://doi.org/10.1016/S0007-1536(42)80001-7
https://doi.org/10.1016/j.scitotenv.2004.12.082
https://doi.org/10.1016/j.biortech.2007.02.015
https://doi.org/10.1099/mic.0.27431-0
https://doi.org/10.7164/antibiotics.54.17
https://doi.org/10.1186/s12866-023-02903-z
https://doi.org/10.2307/3757357
https://doi.org/10.1007/s40009-023-01244-9
https://doi.org/10.1111/j.1574-6976.2011.00266.x

https://mycoindia.org/|

Larrafiaga A, Martinez A, Albarifio R, Casas JJ, Ferreira V, et al. (2021) Effects of exotic tree
plantations on plant litter decomposition in streams. In: Swan CM, Boyero L, Canhoto C
(editors) The Ecology of Plant Litter Decomposition in Stream Ecosystems, Springer, Cham.
pp. 297-322.
https://doi.org/10.1007/978-3-030-72854-0 14

Lecerf A, Chauvet E (2008) Diversity and functions of leaf decaying fungi in human-altered
streams. Freshwater Biology 53:1658-1672.
https://doi.org/10.1111/j.1365-2427.2008.01986.x

LeRoy CJ (2019) Aquatic—terrestrial interactions: Mosaics of intermittency, interconnectivity and
temporality. Functional Ecology 33:1583-1585.
https://doi.org/10.1111/1365-2435.13397

Liao JC (2007) A review of fish swimming mechanics and behaviours in altered flows.
Philosophical Transactions of the Royal Society B 362:1973-1993.
https://doi.org/10.1098/rstbh.2007.2082

Maamri A, Chauvet E, Pattee E (2006) Décomposition des feuilles d’eucalyptus dans la basse
Moulouya (Maroc oriental): impact de la salinité dans le processus. In: 8¢me Conférence
Internationale Des Limnologues d’Expression Francaise. Hammamet, Tunisia.

Magyar D, Van Stan JT, Sridhar KR (2021) Hypothesis and theory: Fungal spores in stemflow
and potential bark sources. Frontiers in Forests and Global Change 4:623758.
https://doi.org/10.3389/ffgc.2021.623758

Malmqvist B, Rundle S (2002) Threats to the running water ecosystems of the world.
Environmental Conservation 29:134-153.
https://doi.org/10.1017/S0376892902000097

Martin C, Corvini PF, Vinken R, Junghanns C, Krauss G, Schlosser D (2009) Quantification of
the influence of extracellular laccase and intracellular reactions on the isomer-specific
biotransformation of the xenoestrogen technical nonylphenol by the aquatic hyphomycete
Clavariopsis aquatica. Applied and Environmental Microbiology 75:4398-4094409.
https://doi.org/10.1128/AEM.00139-09

Martin C, Moeder M, Daniel X, Krauss G, Schlosser D (2007) Biotransformation of the polycyclic
musks HHCB and AHTN and metabolite formation by fungi occurring in freshwater
environments. Environmental Science and Technology 41:5395-5402.
https://doi.org/10.1021/es0711462

Martinez A, Lirio AV, Febra I, Rosa J, Gongalves AL, et al. (2020) Functional redundancy in leaf-
litter-associated aquatic hyphomycetes: Fine sediment alters community composition but
hardly decomposer activity. International Review of Hydrobiology 105:44-51.
https://doi.org/10.1002/iroh.201901997

Miersch J, Barlocher F, Bruns | (1997) Effects of cadmium, copper, and zinc on growth and thiol
content of aquatic hyphomycetes. Hydrobiologia 346:77-84.
https://doi.org/10.1023/A:1002957830704

Miersch J, Tschimedbalshir M, Barlocher F, Grams Y, Pierau B, et al. (2001) Heavy metals and
thiol compounds in Mucor racemosus and Articulospora tetracladia. Mycological Research
105:883-889.
https://doi.org/10.1017/S095375620100404X

21


https://doi.org/10.1007/978-3-030-72854-0_14
https://doi.org/10.1111/j.1365-2427.2008.01986.x
https://doi.org/10.1111/1365-2435.13397
https://doi.org/10.1098/rstb.2007.2082
https://doi.org/10.3389/ffgc.2021.623758
https://doi.org/10.1017/S0376892902000097
https://doi.org/10.1128/AEM.00139-09
https://doi.org/10.1021/es0711462
https://doi.org/10.1002/iroh.201901997
https://doi.org/10.1023/A:1002957830704
https://doi.org/10.1017/S095375620100404X

https://mycoindia.org/|

Oh H, Kwon TO, Gloer JB, Marvanova L, Shearer CA (1999a) Tenelllc acids A-D: new bloactlve
diphenyl ether derivatives from the aquatic fungus Dendrospora tenella. Journal of Natural
Products 62:580-583.
https://doi.org/10.1021/np980496m

Oh H, Gloer JB, Shearer CA (1999b) Massarinolins A-C: New bioactive sesquiterpenoids from
the aquatic fungus Massarina tunicata. Journal of Natural Products 62:497-501.
https://doi.org/10.1021/np980447+

Oh H, Swenson DC, Gloer JB, Shearer CA (2003) New bioactive rosigenin analogues and
aromatic polyketide metabolites from the freshwater aquatic fungus Massarina tunicata.
Journal of Natural Products 66:73—-79.
https://doi.org/10.1021/np020342d

Pant P, Sati SC (2021) Antibacterial activity of root endophytic aquatic hyphomycetes against
plant pathogenic bacteria. Vegetos 34:785-7809.
https://doi.org/10.1007/s42535-021-00257-3

Pant P, Sati SC (2023) Effect of two root endophytes (Campylospora parvula and Tetracladium
setigerum) on the growth of the wheat plant. Asian Journal of Mycology 6:107-113.

Pascoal C, Cassio F (2004) Contribution of fungi and bacteria to leaf litter decomposition in a
polluted river. Applied and Environmental Microbiology 70:5266-5273.
https://doi.org/10.1128/AEM.70.9.5266-5273.2004

Pereira A, Ferreira V (2021) Increasing inputs of invasive N-fixing Acacia litter decrease litter
decomposition and associated microbial activity in streams. Freshwater Biology 67:
292-308.
https://doi.org/10.1111/fwb.13841

Pérez J, Ferreira V, Graca MAS, Boyero L (2021) Litter quality is a stronger driver than
temperature of early microbial decomposition in oligotrophic streams: a microcosm study.
Microbial Ecology 82:897-908.
https://doi.org/10.1007/s00248-021-01858-w

Pradhan A, Seena S, Pascoal C, Cassio F (2011) Can metal nanoparticles be a threat to microbial
decomposers of plant litter in streams? Microbial Ecology 62:58—68.
https://doi.org/10.1007/s00248-011-9861-4

Raghu PA, Sridhar KR, Kaveriappa KM (2001) Diversity and conidial output of aquatic
hyphomycetes in a heavy metal polluted river, Southern India. Sydowia 53:236—246.

Raja HA, Shearer CA, Tsui CK-M (2018) Freshwater fungi. In: Encyclopedia of Life Sciences.
John Wiley & Sons Ltd., Chichester, UK.
https://doi.org/10.1002/9780470015902.a0027210

Rajashekhar M, Kaveriappa KM (1996) Studies on the aquatic hyphomycetes of a sulfur spring in
the Western Ghats, India. Microbial Ecology 32:73-80.
https://doi.org/10.1007/BF00170108

Rajashekhar M, Kaveriappa KM (2000) Effects of temperature and light on growth and
sporulation of aquatic hyphomycetes. Hydrobiologia 441:149-153.
https://doi.org/10.1023/A:1017591109362

Raviraja NS, Sridhar KR, Bérlocher F (1996) Endophytic aquatic hyphomycetes of roots of
plantation crops and ferns from India. Sydowia 48:152—-160.

22


https://doi.org/10.1021/np980496m
https://doi.org/10.1021/np980447+
https://doi.org/10.1021/np020342d
https://doi.org/10.1007/s42535-021-00257-3
https://doi.org/10.1128/AEM.70.9.5266-5273.2004
https://doi.org/10.1111/fwb.13841
https://doi.org/10.1007/s00248-021-01858-w
https://doi.org/10.1007/s00248-011-9861-4
https://doi.org/10.1002/9780470015902.a0027210
https://doi.org/10.1007/BF00170108
https://doi.org/10.1023/A:1017591109362

MYCOINDIA N\l 8.
OURNAL OF INDIAN FUNGI e —— ab*

i \/
Raviraja NS, Sridhar KR, Barlocher F (1998a) Fungal species richness in Western Ghat streams,
(Southern India): Is it related to pH, temperature or altitude? Fungal Diversity 1:179-191.
Raviraja NS, Sridhar KR, Barlocher F (1998b) Breakdown of Ficus and Eucalyptus leaves in an
organically polluted river in India: fungal diversity and ecological functions. Freshwater
Biology 39:537-545.
https://doi.org/10.1046/].1365-2427.1998.00303.x

Révay A, Gonczol J (2011) Canopy fungi (“terrestrial aquatic hyphomycetes") from twigs of living
evergreen and deciduous trees in Hungary. Nova Hedwigia 92:303-316.
https://doi.org/10.1127/0029-5035/2011/0092-0303

Rockstrom J, Steffen W, Noone K, Persson A, Chapin FS, et al. (2009) A safe operating space for
humanity. Nature 461:472-475.
https://doi.org/10.1038/461472a

Rosset J, Barlocher F (1985) Aquatic hyphomycetes: influence of pH, Ca?* and HCO3~ on growth
in vitro. Transactions of the British Mycological Society 84:137-145.
https://doi.org/10.1016/S0007-1536(85)80227-8

Sati SC, Arya P (2010a) Antagonism of some aquatic hyphomycetes against plant pathogenic
fungi. The Scientific World Journal 10:760-765.
https://doi.org/10.1100/tsw.2010.80

Sati SC, Arya P (2010b) Assessment of root endophytic aquatic hyphomycetes fungi on plant
growth. Symbiosis 50:143-149.
https://doi.org/10.1007/s13199-010-0054-6

Sati SC, Pargaein P, Belwal M (2009) Diversity of aquatic hyphomycetes as root endophytes on
pteridophytic plants in Kumaun Himalaya. Journal of American Science 5:179-182.

Sati SC, Belwal M (2005) Aquatic hyphomycetes as endophytes of riparian plant roots. Mycologia
97:45-49.
http://www.jstor.org/stable/3762194

Sati SC, Pant P (2019) Evaluation of phosphate solubilization by root endophytic aquatic
hyphomycete Tetracladium setigerum. Symbiosis 77:141-145.
https://doi.org/10.1007/s13199-018-0575-y

Sati SC, Pant P (2020) Two root endophytic aquatic hyphomycetes Campylospora parvula and
Tetracladium setigerum as plant growth promoters. Asian Journal of Agricultural Research
14:28-33.
https://doi.org/10.3923/ajar.2020.28.33

Sati SC, Singh L (2014) Bioactivity of root endophytic freshwater hyphomycetes Anguillospora
longissima (Sacc. & Syd.) Ingold. The Scientific World Journal 2014:707368.
https://doi.org/10.1155/2014/707368

Seena S, Barros J, Graga MAS, Barlocher F, Arce-Funck J (2022) Aquatic hyphomycete spores:
What do we know, where do we go from here? In: Bandh SA, Shafi S (editors) Freshwater
Mycology: Perspectives of Fungal Dynamics in Freshwater Ecosystems. Elsevier. pp. 1-20.
https://doi.org/10.1016/B978-0-323-91232-7.00016-7

Seena S, Baschien C, Barros J, Sridhar KR, Graga MAS et al. (2023) Ecosystem services provided
by fungi in freshwaters: a wake-up call. Hydrobiologia 850:2779-2794.
https://doi.org/10.1007/s10750-022-05030-4

23


https://doi.org/10.1046/j.1365-2427.1998.00303.x
https://doi.org/10.1127/0029-5035/2011/0092-0303
https://doi.org/10.1038/461472a
https://doi.org/10.1016/S0007-1536(85)80227-8%0d
https://doi.org/10.1016/S0007-1536(85)80227-8%0d
https://doi.org/10.1100/tsw.2010.80
https://doi.org/10.1007/s13199-010-0054-6
http://www.jstor.org/stable/3762194
https://doi.org/10.1007/s13199-018-0575-y
https://doi.org/10.3923/ajar.2020.28.33
https://doi.org/10.1155/2014/707368
https://doi.org/10.1016/B978-0-323-91232-7.00016-7
https://doi.org/10.1007/s10750-022-05030-4

Seena S, Graga D, Bartels A, Cornut J (2019)) Does nanosized plastic affect aquatic fungal litter
decomposition? Fungal Ecology 39:58-68. 388—392.
https://doi.org/10.1016/j.funeco.2019.02.011

Seena S, Sobral O, Cano A (2020) Metabolomic, functional, and ecologic responses of the
common freshwater fungus Neonectria lugdunensis to mine drainage stress. Science of the
Total Environment 718:137359.
https://doi.org/10.1016/j.scitotenv.2020.137359

Selosse M-E. Schneider-Maunoury L, Martos F (2018) Time to re-think fungal ecology? Fungal
ecological niches are often prejudged. New Phytologist 217:968—972.
https://doi.org/10.1111/nph.14983

Selosse MA, Vohnik M, Chauvet E (2008) Out of the rivers: are some aquatic hyphomycetes plant
endophytes? New Phytologist 178:3-7.
https://doi.org/10.1111/j.1469-8137.2008.02390.x

Sharathchandra K, Sridhar KR (2020) Ingoldian fungi in terrestrial damp woody litter of five tree
species. MycoAsia 2020/07.
https://doi.org/10.59265/mycoasia.2020-07

Sharathchandra K, Sridhar KR (2022) Assessment of water-borne hyphomycete conidia in
stemflow in two tree species of southwestern India — a preliminary account. Asian Journal
of Mycology 5:61-74.
https://doi.org/10.5943/ajom/5/1/6

Shearer CA (1992) The Role of Woody Debris. In: Bérlocher F (editor) The Ecology of Aquatic
Hyphomycetes. Ecological Studies, vol 94. Springer, Berlin, Heidelberg. pp. 77-98.
https://doi.org/10.1007/978-3-642-76855-2_4

Sim0es S, Gongalves AL, Jones TH, Sousa JP, Canhoto C (2021) Drought duration effects on leaf
litter microbial decomposition are exacerbated by higher temperatures. SSRN Electronic
Journal.
https://doi.org/10.2139/ssrn.3993352

Simdes S, Gongalves AL, Jones TH, Sousa JP, Canhoto C (2023) Reciprocal stream-riparian
fluxes: effects of distinct exposure patterns on litter decomposition. Aquatic Ecology.
https://doi.org/10.1007/s10452-023-10067-1

Singh L, Sati SC (2017) Bioprospecting of root endophytic freshwater fungi Anguillospora
longissima and Cylindrocarpon aquaticum as phosphate solubilization potential. Journal of
Pure and Applied Microbiology 11:1929-1937.
https://doi.org/10.22207/JPAM.11.4.34

Singh L, Sati SC (2020) Antagonistic activity of isolated root endophytic freshwater fungus
Anguillospora longissima against pathogenic fungi. National Academy of Science Letters
43:201-205.
https://doi.org/10.1007/s40009-019-00818-w

Soe TW, Han C, Fudou R, Kaida K, Sawaki Y, et al. (2019) Clavariopsins C—I, antifungal cyclic
depsipeptides from the aquatic hyphomycete Clavariopsis aquatica. Journal of Natural
Products 82:1971-1978.
https://doi.org/10.1021/acs.jnatprod.9b00366

24


https://doi.org/10.1016/j.funeco.2019.02.011
https://doi.org/10.1016/j.scitotenv.2020.137359
https://doi.org/10.1111/nph.14983
https://doi.org/10.1111/j.1469-8137.2008.02390.x
https://doi.org/10.59265/mycoasia.2020-07
https://doi.org/10.5943/ajom/5/1/6
https://doi.org/10.1007/978-3-642-76855-2_4
https://doi.org/10.2139/ssrn.3993352
https://doi.org/10.1007/s10452-023-10067-1
https://doi.org/10.22207/JPAM.11.4.34
https://doi.org/10.1007/s40009-019-00818-w
https://doi.org/10.1021/acs.jnatprod.9b00366

Solé M, Fetzer I, Wennrich R, Sridhar KR, Harms H, et al. (2008a) Aquatic hyphomycete
communities as potential bioindicators for assessing anthropogenic stress. Science of the
Total Environment 389:557-565.
https://doi.org/10.1016/j.scitotenv.2007.09.010

Solé M, Kellner H, Brock S, Buscot F, Schlosser D (2008b) Extracellular laccase activity and
transcript levels of putative laccase genes during removal of the xenoestrogen technical
nonylphenol by the aquatic hyphomycete Clavariopsis aquatica. FEMS Microbiology
Letters 288:47-54.
https://doi.org/10.1111/].1574-6968.2008.01333.x

Solé M, Muller I, Pecyna MJ, Fetzer I, Harms H, et al. (2012) Differential regulation by organic
compounds and heavy metals of multiple laccase genes in the aquatic hyphomycete
Clavariopsis aquatica. Applied and Environmental Microbiology 78:4732—-4739.
https://doi.org/10.1128/AEM.00635-12

Sridhar KR (2009) Fungi in the tree canopy - an appraisal. In: Rai M, Bridge P (editors) Applied
Mycology. CAB International, UK. pp. 73-91.

Sridhar KR (2012) Antibacterial activity of freshwater fungus Ingoldiella hamata. Advanced
Biotech 11:12-15.

Sridhar KR (2020) Dimensions, diversity and ecology of aquatic mycobiome. KAVAKA -
Transactions of the Mycological Society of India 54:10-23.

Sridhar KR, Barlocher F (1992) Endophytic aquatic hyphomycetes of roots of spruce, birch and
maple. Mycological Research 96:305-308.
https://doi.org/10.1016/S0953-7562(09)80942-8

Sridhar KR, Barlocher F (1993a) Effect of temperature on growth and survival of five aquatic
hyphomycetes. Sydowia 45:337-387.

Sridhar KR, Barlocher F (1993b) Aquatic hyphomycetes on leaf litter in and near a stream in Nova
Scotia, Canada. Mycological Research 97:1530-1535.
https://doi.org/10.1016/S0953-7562(09)80229-3

Sridhar KR, Barlocher F (2000) Initial colonization, nutrient supply and fungal activity on leaves
decaying in streams. Applied and Environmental Microbiology 66:1114-11109.
https://doi.org/10.1128/AEM.66.3.1114-1119.2000

Sridhar KR, Bérlocher F (2011) Reproduction of aquatic hyphomycetes at low concentrations of
Ca?*, Zn?*, Cu?* and Cd?*. Environmental Toxicology and Chemistry 30:2868—2873.
https://doi.org/10.1002/etc.697

Sridhar KR, Bérlocher F, Krauss G-J, Krauss G (2005) Response of aquatic hyphomycete
communities to changes in heavy metal exposure. International Review of Hydrobiology
90:21-32.
https://doi.org/10.1002/iroh.200410736

Sridhar KR, Bérlocher F, Wennrich R, Krauss G-J, Krauss G (2008) Fungal biomass and diversity
in sediments and on leaf litter in heavy metal contaminated waters of Central Germany.
Archiv fur Hydrobiologie 171:63-74.
https://doi.org/10.1127/1863-9135/2008/0171-00 63

Sridhar KR, Beaton M, Barlocher F (2011) Fungal propagules and DNA in feces of two detritus-
feeding amphipods. Microbial Ecology 61:31-40.

25


https://doi.org/10.1016/j.scitotenv.2007.09.010
https://doi.org/10.1111/j.1574-6968.2008.01333.x
https://doi.org/10.1128/AEM.00635-12
https://doi.org/10.1016/S0953-7562(09)80942-8
https://doi.org/10.1016/S0953-7562(09)80229-3
https://doi.org/10.1128/AEM.66.3.1114-1119.2000
https://doi.org/10.1002/etc.697
https://doi.org/10.1002/iroh.200410736
https://doi.org/10.1127/1863-9135/2008/0171-00%2063

MYCOINDIA r e .8
OURNAL OF INDIAN FUNGI ; i

https://doi.org/10.1007/s00248-010-9732-4

Sridhar KR, Chandrashekar KR, Kaveriappa KM (1992) Research on the Indian subcontinent. In:
Barlocher F (editor) The Ecology of Aquatic Hyphomycetes. Ecological Studies, vol 94.
Springer, Berlin, Heidelberg. pp. 182-211.
https://doi.org/10.1007/978-3-642-76855-2_10

Sridhar KR, Duarte S, Céssio F, Pascoal C (2009) The role of early fungal colonizers in leaf-litter
decomposition in Portuguese streams impacted by agricultural runoff. International Review
of Hydrobiology 94:399-409.
https://doi.org/10.1002/iroh.200811154

Sridhar KR, Karamchand KS, Hyde KD (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.
https://doi.org/10.1007/S10267-009-0017-Z

Sridhar KR, Kaveriappa KM (1987) Occurrence and survival of aquatic hyphomycetes in
terrestrial conditions. Transactions of the British Mycological Society 89:606—6009.
https://doi.org/10.1016/S0007-1536(87)80103-1

Sridhar KR, Kaveriappa KM (1988) Occurrence and survival of aquatic hyphomycetes in brackish
and seawater. Archiv fur Hydrobiologie 113:153-160.
https://doi.org/10.1127/archiv-hydrobiol/113/1989/153

Sridhar KR, Nagesh H, Sharathchandra K (2020) Assemblage and diversity of asexual fungi in 10
terrestrial damp leaf litters: Comparison of two incubation techniques. Asian Journal of
Mycology 3:362—-375.
https://doi.org/10.5943/ajom/3/1/10

Sridhar KR, Raviraja NS (2001) Aquatic hyphomycetes and leaf litter processing in unpolluted
and polluted habitats. In: Misra JK, Horn BW (editors) Trichomycetes and other Fungal
Groups. Science Publishers, Enfield, New Hampshire, USA. pp. 293-314.

Sridhar KR, Sudheep NM (2011a) Do the tropical freshwater fishes feed on aquatic fungi?
Frontiers of Agriculture in China 5:77-86.
https://doi.org/10.1007/s11703-011-1055-9

Sridhar KR, Sudheep NM (2011b) The spatial distribution of fungi on decomposing woody litter
in a freshwater stream, Western Ghats, India. Microbial Ecology 61:635-645.
http://www.jstor.org/stable/41489085

Suberkropp K (1992) Interactions with Invertebrates. In: Bérlocher F (editor) The Ecology of
Aquatic Hyphomycetes. Ecological Studies, vol 94. Springer, Berlin. pp. 118-134.
https://doi.org/10.1007/978-3-642-76855-2_6

Suberkropp K, Klug MJ (1976) Fungi and bacteria associated with leaves during processing in a
woodland stream. Ecology 57:707-719.
https://doi.org/10.2307/1936184

Sudheep NM, Sridhar KR (2011) Diversity of lignicolous and Ingoldian fungi on woody litter in
River Kali (Western Ghats, India). Mycology 2:98—108.
https://doi.org/10.1080/21501203.2011.554905

Sudheep NM, Sridhar KR (2012) Aquatic hyphomycetes in hyporheic freshwater habitats of
southwest India. Limnologica 42:87-94.

26


https://doi.org/10.1007/s00248-010-9732-4
https://doi.org/10.1007/978-3-642-76855-2_10
https://doi.org/10.1002/iroh.200811154
https://doi.org/10.1007/S10267-009-0017-Z
https://doi.org/10.1016/S0007-1536(87)80103-1
https://doi.org/10.1127/archiv-hydrobiol/113/1989/153
https://doi.org/10.5943/ajom/3/1/10
https://doi.org/10.1007/s11703-011-1055-9
http://www.jstor.org/stable/41489085
https://doi.org/10.1007/978-3-642-76855-2_6
https://doi.org/10.2307/1936184
https://doi.org/10.1080/21501203.2011.554905

https://mycoindia.org/|

https://doi.org/10.1016/j.limno.2012.02.001

Sudheep NM, Sridhar KR (2013) Fungal colonization and decomposition of submerged woody
litter in River Kali of the Western Ghats, India. Current Research in Environmental &
Applied Mycology 3:160-180.
https://doi.org/10.5943/cream/3/1/3

Thompson PL, Bérlocher F (1989) Effect of pH on leaf breakdown in streams and in the
laboratory. Journal of North American Benthological Society 8:203-210.
https://doi.org/10.2307/1467323

Tomczyk NJ, Rosemond AD, Whiteis AM, Benstead JP, Gulis V (2023) Temperature and
interspecific interactions drive differences in carbon use efficiencies and biomass
stoichiometry among aquatic fungi. FEMS Microbiology Ecology 99(3):fiad021.
https://doi.org/10.1093/femsec/fiad021

Tonello G, Decian VS, Restello RM, Hepp LU (2022) The conversion of natural riparian forests
into agricultural land affects ecological processes in Atlantic Forest streams. Limnologica
91:12597.
https://doi.org/10.1016/j.1imno.2021.125927

Trabulo J, Pradhan A, Pascoal C, Céssio F (2022) Can microplastics from personal care products
affect microbial decomposition of plant litter in streams? An insight to the mixed effects of
microplastics and silver nanoparticles. Science of the Total Environment 832:15503.
https://doi.org/10.1016/j.scitotenv.2022.155038

Vass M, Révay A, Kucserka T, Hubai K, Uveges V, et al. (2013) Aquatic hyphomycetes as
survivors and/or first colonizers after a red sludge disaster in the Torna stream, Hungary.
International Review of Hydrobiology 98:217-224.
https://doi.org/10.1002/iroh.201301540

Waid J (1954) Occurrence of aquatic hyphomycetes upon the root surfaces of beech grown in
woodland soils. Transactions of the British Mycological Society 37:420-421.
https://doi.org/10.1016/S0007-1536(54)80025-8

Webster J (1992) Anamorph-Teleomorph Relationships. In: Barlocher F (editor) The Ecology of
Aguatic Hyphomycetes. Ecological Studies, Vol. 94. Springer, Berlin. pp. 99-117.

27


https://doi.org/10.1016/j.limno.2012.02.001
https://doi.org/10.5943/cream/3/1/3
https://doi.org/10.2307/1467323
https://doi.org/10.1093/femsec/fiad021
https://doi.org/10.1016/j.limno.2021.125927
https://doi.org/10.1016/j.scitotenv.2022.155038
https://doi.org/10.1002/iroh.201301540
https://doi.org/10.1016/S0007-1536(54)80025-8

