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a b s t r a c t

Since aquatic hyphomycetes were discovered in 1942, much has been learned about their

taxonomy and biology, their seasonal and geographic distribution, responses to pollutants

and potential connections between diversity and ecological functions. Aquatic hyphomy-

cetes are now recognized as essential intermediaries in food webs of streams. Despite

these advances, the inability of identifying the metabolically active phase, mycelium, con-

tinues to impede progress. Molecular methods do not rely on the presence of reproductive

stages to identify taxa. Their application has modified or refined our understanding of

many aspects of the taxonomy and ecology of aquatic hyphomycetes, and makes accessi-

ble entirely new avenues of research.

ª 2007 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Research on aquatic hyphomycetes was initiated by Ingold’s

(1942) discovery of multiradiate (often tetraradiate) and sig-

moid conidia in foam which forms naturally in many running

waters. Ingold showed that the preferred substrates of the

fungi releasing these conidia were deciduous leaves that had

fallen into the stream. In the first few decades following his

discovery, aquatic hyphomycetes (or Ingoldian fungi) were iso-

lated and described from all over the world, resulting in the

early recognition that many (morpho)species are cosmopoli-

tan, though some appear to be restricted to certain latitudes.

Ingold postulated that the similarity of conidial shapes in

many species was due to convergent evolution and therefore

phylogenetically non-informative. The selective advantage

was shown to be increased probability of settling on smooth

surfaces such as leaves in turbulent water (Webster 1959).

The first teleomorph of an aquatic hyphomycete was found

by Ranzoni (1956); today, roughly 10 % of described species

have a known sexual stage (Webster 1992; Sivichai & Jones

2003). Meiospores are typically more robust than the delicate

conidia, and their long-distance dispersal may explain the ap-

parently world-wide distribution of species.
By the late 1960s, a few biologists had become fascinated by

aquatic hyphomycetes, but overall, little research was done on

these fungi by mycologists or by limnologists – Ainsworth

(1976) labeled it ‘‘a minor mycological industry’’. This changed

when ecologists recognized the importance of deciduous

leaves in stream food webs. Two studies demonstrated that in-

vertebrates prefer to eat leaves colonized by fungi (Triska 1970;

Kaushik & Hynes 1971; Bärlocher 1992a). This pointed to a cru-

cial fungal role as intermediaries between a dominant food

source (leaves) in streams and its consumers (shredders),

and stimulated research into methods to measure fungal bio-

mass and growth. Today, ergosterol is widely considered a suit-

able indicator of living fungal biomass (Gessner et al. 2003), and

fungal production is estimated by incorporation of 14C acetate

into ergosterol (Newell & Fallon 1991). These techniques

allowed quantitative estimates of the fungal involvement in

stream food webs: up to 17 % of decaying leaf biomass has

been attributed to fungal biomass (Gessner 1997; Gessner

et al. 2003), and fungal productivity approaches or exceeds

that of bacteria or invertebrates (Suberkropp 1997; Carter &

Suberkropp 2004). Numbers such as these raised interest in
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aquatic hyphomycetes, and there is a growing literature on

their geographic distribution, seasonal succession, substrate

preferences, enzyme production, reaction to pollution, and

potential connections between fungal diversity and ecological

functions (for reviews, see Bärlocher 1992b, c, 2005; Bärlocher

& Corkum 2003; Gessner & Van Ryckegem 2002; Gessner et al.

1997; Krauss et al. 2003).

Despite these advances, progress continues to be hampered

by an inherent and long-recognized conundrum in fungal ecol-

ogy (e.g., Garrett 1952). Fungi may occur as mycelia, fructifica-

tions or spores. Only metabolically active mycelia decompose

substrates, but they cannot be identified. Fructifications and

spores can often be identified but do not participate in decom-

position. With aquatic hyphomycetes, ecologists have relied

on types and numbers of conidia in the water column to de-

scribe large-scale seasonal changes (Iqbal & Webster 1973);

community changes on substrates have been characterised

by stimulating spore production in turbulent solutions, fol-

lowed by collecting, counting and identifying the released con-

idia (Bärlocher 1982). Even though maximum fungal biomass

(estimated by ergosterol) and spore production (total number

of released spores) observed during leaf decay correlate (e.g.,

Gessner & Chauvet 1994), this correlation breaks down when

applied to individual species, which react differently to nutri-

ent enrichment or temperature changes. The reliance on

spores is based on the assumption that aquatic hyphomycetes

are the dominant fungal group, which seems a case of circular

reasoning – these fungi produce abundant spores on leaves in

streams. Methods are used that favour production of such

spores; not surprisingly, many spores are produced from

decaying leaves, which is used as evidence that these fungi

dominate leaf decomposition. To my knowledge, there has

been only one attempt to evaluate the potential occurrence

of other fungal groups using traditional methods (Bärlocher &

Kendrick 1974).

Molecular methods do not rely on the presence of reproduc-

tive stages to identify taxa. Their application has modified or

refined our understanding of the ecology of aquatic hypho-

mycetes. It allowed tackling problems that had been largely

inaccessible through traditional methods. It continues to carry

the promise of opening entirely new avenues of research.

1. Fungal diversity on substrates

Molecular methods typically evaluate nucleic acids that are

present in all stages of the life cycle. These stages include

structures not identifiable with microscopy, such as fungal

mycelia without associated spores. The basic procedure be-

gins with extracting DNA from substrates colonized by fungi.

The DNA is then amplified with fungal-specific primers (e.g.,

White et al. 1990), which typically creates a mixture of se-

quences from several species. If a suitable gene has been am-

plified, all products will be of comparable length but will show

slight species- or strain-specific differences in their sequence.

These differences can be evaluated by various techniques

(Kennedy & Clipson 2003; Osborn & Smith 2005). Both DGGE

(denaturing gradient gel electrophoresis) and T-RFLP (terminal

restriction fragment length polymorphism) have been applied

to aquatic hyphomycetes. With a section of 18S rRNA, 21
fungal species yielded 10 distinct T-RFLP fragments and 11

bands with DGGE (Nikolcheva et al. 2003). With an ITS2 sec-

tion, these numbers increased to 17 and 18, respectively

(Nikolcheva & Bärlocher 2004), which still does not represent

complete resolution. In addition, if the abundance of a species

in a mixture dropped below 3 % of total relative abundance, it

could no longer be detected. Despite these shortcomings, mo-

lecular diversity exceeded spore diversity in early succes-

sional stages, suggesting the presence of non-sporulating

mycelia (Nikolcheva et al. 2003). Based on molecular methods,

Nikolcheva et al. (2005) concluded that fungal diversity peaked

2–3 d after leaf immersion. This included terrestrial taxa, pres-

ent in the phyllosphere or as endophytes, and newly arrived

conidia of aquatic hyphomycetes that had settled on the leaf

surface. At later stages, molecular diversity declined. This

was attributed to the gradual disappearance of terrestrial

taxa, and increasing dominance by a few aquatic hyphomy-

cetes, who tended to drown out the signals by rare taxa. Over-

all, the data supported the view of fungal succession

suggested by a combination of microscopy and culture tech-

niques (Bärlocher & Kendrick 1974), with the important differ-

ence that spore identification allowed detection of aquatic

hyphomycetes at much lower relative densities. On the other

hand, by using phylum-specific primers, Nikolcheva and

Bärlocher (2004) demonstrated the presence of many fungal

taxa that largely escaped detection by the microscope because

they did not release identifiable spores. Both traditional and

molecular techniques suggested that strict exclusion of fungi

by leaf type is rare, and that presence of different species is

governed by season (Nikolcheva & Bärlocher 2005).

Seasonal changes in stream fungal communities are typi-

cally assessed by filtering water and identifying trapped coni-

dia. Taken over an entire year, molecular diversity of trapped

fungal material did not differ from conidial diversity (Raviraja

et al. 2005). However, when conidial density on filters was

low, it was often surpassed by molecular diversity, suggesting

incompleteresolutionbyvisual inspectionor thepresenceofDNA

in nonconidial structures. Further refinement of this approach

may be useful for checking the accuracy of morphology-based

taxonomy. It is now possible to extract and amplify DNA from

a single spore, though the success rate is low (Nikolcheva,

pers. comm.). If performed on a routine basis with informative

DNA sequences, it could greatly simplify evaluating and com-

paring fungal communities in different regions.

2. Spatial arrangement of fungal colonies

Extracting and amplifying DNA informs us about the number of

different sequences, typically called phylotypes, in a substrate,

irrespective of the fungal life stage. It may also provide infor-

mation about the relative quantities of the various phylotypes

(e.g., combined with real time PCR), though there might be dis-

tortions due to sequence-specific biases in extractability and

amplification (Röling & Head 2005). However, at least as cur-

rently practiced, we lose information on spatial arrangements

by homogenizing relatively large amounts of substrates. Clas-

sic studies have demonstrated close intermingling of several

species by plating out leaf squares of 1 mm2 (Bärlocher &

Kendrick 1974), or by identifying conidia on squares of 4 mm2
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(Chamier et al. 1984), or 36 mm2 (Shearer & Lane 1983). With the

increasing sensitivity of molecular methods, it is feasible to

extract and amplify DNA from similar sized or even smaller

squares.

Two alternative approaches to investigate spatial arrange-

ment of individual species have been suggested. Fluorescence

In Situ Hybridization (FISH) includes fixation of target cells, hy-

bridization with fluorescently labelled oligonucleotide probes

(typically targeting SSU rRNA), removal of nonhybridized

probes and visualization and quantification by epifluorescence

or confocal laser scanning microscopy (Bidartando & Gardes

2005). Since rRNAs have regions of variable sequence conserva-

tion, probes can be designed to be kingdom, genus, or species-

specific (‘‘phylogenetic stains’’). However, it has been difficult

to develop consistently useful probes for fungi because their

cell walls often impede probe entry and because of autofluores-

cence of hyphae and/or substrates. Some success with aquatic

hyphomycetes has been reported (Baschien et al. 2001;

McArthur et al. 2001). A modification uses in situ PCR (fixed sub-

strates or cells) followed by hybridization. This has not been

attempted with aquatic fungi, but its feasibility has been

shown with mycorrhizas (Bago et al. 1998).

Monoclonal antibodies allow both quantification of myce-

lia belonging to specified taxa through enzyme-linked immu-

nosorbent assays (ELISA) and their localization in substrates

through immunofluorescence. They have successfully been

raised against four species of aquatic hyphomycetes

(Bermingham et al. 1995, 1996, 1997, 2001).

3. Phylogeny

Ingold (1942) recognized that the characteristic shapes of

aquatic hyphomycete conidia evolved in response to identical

selection pressures. Their value as indicators of phylogenetic

relationships is therefore limited, and closely related teleo-

morphs can indeed produce very different conidial shapes,

and very similar conidia are produced by distantly related tel-

eomorphs (Webster 1992; Sivichai & Jones 2003). These studies

relied on observing both reproductive stages on the same my-

celium. Today, an alternative approach is based on comparing

nucleotide sequences of selected genes. This allows compar-

ing groups at all taxonomic levels and, if chosen with care,

is independent of an organism’s stage in the life cycle or its

reproductive phase. Ribosomal genes have been an important

source of phylogenetic information for many taxa, including

fungi. Sequence analysis can potentially place an anamorph

taxon within an order or even a teleomorph genus without

having to observe the latter (e.g., Berbee & Taylor 2001). An

analysis of 18S rDNA sequences of 7 strains (5 species) of

Tetracladium placed them in the vicinity of the Ascomycete

orders Onygenales, Erysiphales and Leotiales (Nikolcheva &

Bärlocher 2002). Additional gene sequences (ITS, 28S) still did

not allow unequivocal allocation to a defined Ascomycete

order, but the genus clearly belonged to the (paraphyletic) Leo-

tiomycetes (Baschien et al. 2006). More strains and sequences

from additional loci (e.g., b-tubulin, or a-1-elongation factor)

may resolve this issue.

Studies of 31 species placed the majority (74 %) within the

Leotiomycetes (Belliveau & Bärlocher 2005; Campbell et al.
2006; Baschien et al. 2006). They also supported the assumption

that several anamorph genera are highly heterogeneous;

Campbell et al. (2006) concluded that ‘‘no morphological char-

acter was entirely congruent with the molecular derived phy-

logeny’’. In addition, several teleomorph genera (e.g., Nectria,

Massarina) associated with aquatic anamorphs are no longer

considered to be monophyletic (Belliveau & Bärlocher 2005;

Campbell et al. 2006). These data suggest that a considerable

amount of diversity and heterogeneity remains to be un-

covered among aquatic hyphomycete taxa, both in their ana-

morph and teleomorph phases. This will require analysing

multiple sequences in multiple isolates from many locations.

For comparison, a recent study on the morphospecies Neuros-

pora discreta investigated three nuclear loci in 73 strains and

revealed at least eight phylogenetic species (Dettman et al.

2006).

Shearer (1993) suggested that when plants invaded fresh-

water habitats, they brought with them fungal pathogens,

endophytes, and saprobes. Alternatively, dead branches and

leaves of terrestrial plants may have fallen into streams, pre-

colonized by fungal endophytes and saprobes. Some of these

fungal taxa may have adapted to dispersal and reproduction

in water. It is known that several aquatic hyphomycetes occur

as endophytes in terrestrial and submerged roots (reviewed in

Bärlocher 2006), and one species has been found in needles of

black spruce (Sokolski et al. 2006). Molecular studies of aquatic

and terrestrial species may shed additional light on these

connections.

4. Genetic diversity

Biodiversity is most commonly evaluated at the species level.

But is it becoming increasingly clear that there is considerable

intraspecific diversity. Initially, this was evaluated with mor-

phological differences. Later, variability at the level of gene

products (isozymes) was investigated. Today, it is possible to

evaluate diversity at the level of genes themselves. This has

not been done with aquatic hyphomycetes, but Lyons et al.

(2003) amplified laccase sequences from salt marsh fungi.

The products were inserted into plasmids, cloned and se-

quenced. Several fungal species yielded multiple laccase gene

sequences. Investigating the diversity of functional genes is

more advanced in bacteriology, where prototype gene arrays

are available (e.g., Wu et al. 2001).

Intraspecific diversity of aquatic hyphomycetes was first

studied by Peláez et al. (1996) with the RAPD technique (ran-

dom amplified polymorphic DNA) applied to the 5.8S rRNA

of strains of Heliscus lugdunensis and Articulospora tetracladia,

both with known teleomorphs. They found 7 and 5 RAPD types

in the two species, randomly distributed in foam patches

along a 1 km long stream reach. Charcosset and Gardes

(1999) investigated Tetrachaetum elegans (no known teleomor-

ph) with RAPD. They found 13 types in 96 strains. Single leaves

were often colonized by multiple genotypes, but frequencies

of genotypes differed among leaf species, suggesting substrate

preferences among strains. However, the reliability of RAPD

markers for population genetic inferences is increasingly

being questioned and other methods are now recommended

(Rademaker et al. 2005). One of these, AFLP (amplified
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fragment length polymorphism) was applied to 97 isolates of

Tetrachaetum elegans, isolated from leaves in 9 streams

(Laitung et al. 2004). There was a limited degree of polymor-

phism among the studied markers, and 20 % of the genetic

variation was due to differences between streams. A few mul-

tilocus genotypes occurred in several locations, suggesting

gene flow through animal or aerial dispersal. The results

also pointed to a large degree of linkage disequilibrium, indi-

cating a limited recombination (which is expected in clonally

reproducing species).

An interesting application was suggested by Seymour et al.

(2004): genetically more diverse (RAPD and rDNA-ITS sequenc-

ing) strains of Cylindrocarpon destructans and Heliscus lugdunen-

sis produced a greater diversity of unique metabolites.

5. Outlook

Molecular methods have refined or changed our understand-

ing of aquatic hyphomycete biology, evolution and ecology,

and have opened entirely new avenues of research. Neverthe-

less we have barely scratched the surface. It is becoming fea-

sible to document the presence of fungi in smaller and smaller

samples, such as single spores, or tiny collections from previ-

ously unexplored habitats such as the hyporheos (Bärlocher

et al. 2006) or (potentially) animal guts (Foltan et al. 2005). Pro-

vided we connect our fungal sample to a unique sequence (Fell

et al. 2000; Summerbell et al. 2005), we can achieve a much

more detailed documentation of fungal distributions. A single

sequence, however, is insufficient as a basis for fungal bio-

geography. In the morphospecies Neurospora discreta, multilo-

cus sequence data of 73 strains revealed at least 8 separate

phylogenetic species (Taylor et al. 2000; Dettman et al. 2006),

several with distinct geographic distributions. Similar conclu-

sions were reached with other fungal taxa (Taylor et al. 2006).

This suggests that fungi do have a biogeography, i.e., most

(phylogenetic) species do not occur ‘‘everywhere’’, as has

been suggested for other eukaryotic microbial (morphological)

species (Fenchel & Finlay 2004). One exception is Aspergillus

fumigatus, which has never been observed to reproduce sexu-

ally but nevertheless seems capable of genetic recombination.

Its ubiquitous distribution and lack of local adaptation have

been tenatively attributed to its occurrence in composting

vegetation, whose geographic distribution has been greatly

expanded by human activity (Taylor et al. 2006).

Comparable analyses of aquatic hyphomycetes may be-

come feasible once sufficient DNA can be extracted and ana-

lyzed from single spores (currently, analyses are based on

pure cultures grown from single spores, which requires consid-

erable skill and effort). They will reveal whether the apparently

world-wide distribution of many aquatic hyphomycete species

(Wood-Eggenschwiler & Bärlocher 1985) is an illusion due to

poor resolution of morphology-based taxonomy, and to what

extent there is genetic exchange among predominantly clon-

ally reproducing lineages.

All previously mentioned methods rely on minute amounts

of a DNA sequence that may not have originated from a meta-

bolically active or even viable cell. To detect functioning genes,

environmental RNA is extracted and reverse transcribed into

DNA, which is then amplified by PCR (reverse transcriptase
PCR, or RT-PCR; Bridge 2002). This allows identifying currently

expressed genes. Microarrays can evaluate identities and/or

activities of many microbial populations in complex environ-

ments (Gentry et al. 2006). This allows describing communities

at previously unimagineable levels of resolution. Potential dif-

ficulties include biases in extraction, amplification, and statis-

tical evaluations. In addition, it is questionable that this wealth

of molecular information will easily translate into a deeper

understanding of mechanisms of microbial coexistence and

succession. In particular, investigating fungal properties at

higher levels of integration (spore shape, population survival

during resource scarcity, etc.) will continue to rely on more

conventional techniques.
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Bärlocher F, 1982. Conidium production from leaves and needles
in four streams. Canadian Journal of Botany 60: 1487–1494.
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Nikolcheva LG, Bourque T, Bärlocher F, 2005. Fungal diversity
during initial stages of leaf decomposition in a stream.
Mycological Research 109: 246–253.

Osborn AM, Smith CJ (eds), 2005. Molecular Microbial Ecology.
Taylor & Francis, New York.
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