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Preface

This work consists of results of two loosely connected studies I conducted 
during my PhD. The truth is that the original topic of my dissertation was 
supposed to be “The Fungal Group Mycelia Sterilia – Its Interactions With 
Crop Plants and Their Pathogens”, implying research on taxonomy and 
biological activity of sterile fungal strains. While studying this subject we 
(my supervisors and myself), however, decided to include a project on 
Colletotrichum that was a part of research done for my Master of Science 
degree and which turned to be much more interesting that we could possibly 
expect. Since I have used similar methods and addressed similar questions in 
studies of these two unrelated groups of fungi, I will defend my work under 
the title: 

Approaches to Species 
Delineation in Anamorphic 

(mitosporic) Fungi: A Study on 
Two Extreme Cases 
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Introduction

In this work, I will be discussing two rather extreme cases in fungal 
taxonomy. One of the case studies was carried out on a plant pathogen, 
Colletotrichum acutatum – an anamorphic (mitosporic) fungus that has too 
many variable morphological features, usually causing overlapping 
descriptions with other species of the same genus. Another studied case is 
Mycelia Sterilia, an artificial taxonomic group of fungi deficient in 
production of any kind of spores, therefore lacking the main morphological 
features that could have helped in identifying these fungi to the species and 
sometimes even genus or family level. On one hand, due to its high 
variability, the genus Colletotrichum has drawn major attention from 
mycologists and plant pathologists. There are dozens of papers published on 
this plant pathogen, and many of them are quite controversial. This fungus 
has been extensively studied from taxonomical, enzymatic, plant 
pathological, genetic, bio- and chemical control points of view. On the other 
hand, Mycelia Sterilia are not well studied, mainly because of the difficulties 
in their identification. Therefore, many sterile fungi may have been 
neglected, although they could be extremely interesting objects of studies 
and research programs on, for instance, discovery of novel drugs or the 
development of biological control agents against important plant pathogens. 

Species concepts in fungi 
There are many traits that are used in the traditional and modern mycology 
to contribute to taxonomical studies of fungi. These include morphology, 
anatomy, biochemistry, nucleic acid sequences, and many others. However, 
starting with works by de Bary and Fuckel from the early beginning of 
mycology as a science and up to the last decades of the 20th century, 
taxonomic species in fungi continued to be almost entirely derived from 
morphology (Braiser 1997), therefore meeting the criteria of the 
Morphological Species Concept (MSC). MSC, proposed by Linnaeus 
(1758), recognizes species as groups of individuals sharing similar 
morphological (sometimes also anatomical) traits that are distinctly different 
from other groups of organisms. This concept proved to be handy for many 
plants and animals, where morphological and anatomical traits are abundant. 
However in fungi, especially microscopic ones, morphological traits are 
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considerably fewer and use of MSC is therefore severely biased. Despite all 
limitations of the MSC, many fungal species described more than 100 years 
ago by Saccardo, Fuckel, Petrak and others and based on morphology alone, 
are still regarded as valid.  

In 1942, Ernst Mayr proposed a Biological Species Concept (BSC), 
defining species as “groups of actually or potentially interbreeding natural 
populations, which are reproductively isolated from other such groups” 
(Mayr, 1942). Ability to mate resulting in a fertile progeny is one of the 
main points of the BSC. It works well for many fungi, where sexual 
reproduction exists. But there are also fungal groups, where sexual 
reproduction has never been discovered. Let us get some insight into the 
fungal life cycle by looking at the perception of the fungal holomorph. 

Fungal holomorph 
Historically, as was pointed out by several researchers, fungal taxonomy was 
quite anthropocentric and too much emphasis was placed on classification 
and too little on understanding the concept of species as it is present in 
nature (Brasier, 1997, Taylor et al., 2000). Therefore, modern fungal 
systematics is quite artificial, especially when it concerns different stages of 
the fungal life cycle (fungal holomorph). Namely, sexual (teleomorph) and 
asexual (anamorph) stages of the life cycle of a single species until recently 
were classified under two different phyla of the Fungal Kingdom: 
anamorphic (mitosporic) fungi under the Fungi Imperfecti (subdivision 
Deuteromycotina), whereas their teleomorphs were placed in Ascomycetes 
or Basidiomycetes, depending on the type of the reproductive structures. 
According to the last Dictionary of Fungi (Kirk et al., 2001), this 
classification is quite convenient for practical reasons, but it is also 
“meaningless in terms of natural or phylogenetic classification”. According 
to the latest opinion in fungal taxonomy, anamorphic fungi are not forming a 
separate taxonomic unit anymore, but instead are assigned to appropriate 
existing levels of teleomorphic hierarchy (Kirk et al., 2001). 

Although the Fungal Kingdom has been separated from plants and 
animals, its nomenclature and taxonomy are still governed by the 
International Code of Botanical Nomenclature (Greuter et al., 2000), due to 
its history. The Article 59 of the Code states that in fungal systematics 
priority should be given to the teleomorphic taxon, so for instance 
anamorphic fungus Colletotrichum gloeosporioides should instead be called 
by the name of its teleomorph, Glomerella cingulata. Currently, there are 
different opinions on the Article 59 and on the last edition of the Dictionary 
of Fungi, and both anamorphic and teleomorphic names are still widely used 
both by mycologists and plant pathologists.  
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First of all, the old system of classification of the anamorphic fungi based 
on morphology, such as peculiarities of conidiomata and conidia, as well as 
the conidiogenesis, is very handy for practical identification reasons. 
Another important point why we cannot completely discard the Fungi 
Imperfecti (anamorphic or mitosporic fungi) is that many of them are lacking 
teleomorphs – they have lost it during the process of evolution, it has never 
been observed in nature or in the laboratory, or the connection of anamorph 
with teleomorph has never been proven. There are also several teleomorphs, 
for which anamorphs have never been found, e.g. Myrangium, Geoglossum,
etc. (Hanlin, 1990). Another point is that the same teleomorph can have 
different anamorphic stages (synanamorphs), for example ascomycete 
Mycoshpaerella has at least 18 different anamorphs, including such 
important plant pathogens as Cercospora and Ramularia (Kirk et al., 2001). 

BSC defines species based on isolating mechanisms, of which the most 
important one is reproductive isolation. Therefore it cannot be applied to 
anamorphic fungi in many of which sexual recombination is unknown 
(Harrington & Rizzo, 1999). There are some opinions, even among 
mycologists that asexual organisms cannot form species (Perkins, 1991). 
However, asexually reproducing (anamorphic) fungi are extremely common 
in nature, therefore Harrington & Rizzo (1999) believe they still should be 
included in a “workable species concept for fungi”, even though the level of 
variation within these taxa is supposed to be lower than in sexually 
recombining ones.  

Despite reproducing asexually, many anamorphic fungi are known to 
possess a surprisingly high level of genetic variation (Kohn, 1995; Tahlinhas 
et al., 2002). Since BSC is not fully satisfactory for fungal taxa, a new 
approach, based on modelling evolutionary relationships and on analysis of 
genotypic traits has been developed.  

The phylogenetic approach to fungal classification became standard 
during the past decades due to the rapid development of DNA based 
techniques (e.g. Mayden, 1997; Taylor et al., 2000). Along with 
development of molecular markers, came also changes in understanding the 
species concept in different groups of fungi. The Phylogenetic species 

concept (PSC) recognizes species as “… the smallest aggregation of 
populations with a common lineage that share unique, diagnosable 
phenotypic characters” (Harrington & Rizzo, 1999). As it has been pointed 
out in an excellent review by Taylor et al. (2000), this concept seems to be 
“well suited for fungi and likely to become very popular with mycologists”, 
first of all because it applies equally to both sexual and asexual organisms, 
including fungi. 
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Combination of morphological and molecular 
approaches
As science developed, it became obvious that many morphological features 
can be quite plastic and easily change depending on the environmental 
conditions and not necessarily because of variation inside the genomes. This 
would lead to overlapping descriptions of several species, and, therefore to 
creation of numerous synonyms, like in Trichoderma (Gams & Bissett, 
1998), Colletotrichum (von Arx, 1957) and several other fungal genera. It 
became clear that the MSC applied to fungi does not always work. One of 
the main limitations of the MSC is that differences in morphological features 
might not necessarily represent different species, but indeed an extensive 
phenotypic variation within the same species. Besides, organisms that are 
morphologically similar might indeed represent different species (especially 
in cases when similar phenotypic trait evolved several times in several 
distinct groups). It is also very difficult to set boundaries on phenotypic 
variation, especially in cases when organisms exhibiting intermediate 
morphology are involved.  

In order to assist identification of species based on morphology and to 
overcome limitations of MSC, several other traits were employed. Various 
biochemical markers have been used along with morphological traits, 
including isozymes (Micales, Bonde & Peterson, 1986), ability to utilize 
different carbon sources (Buyer et al., 2001; Kubicek et al., 2003), 
production of secondary metabolites (Talbot, Vincent & Wildman, 1996), 
etc. Some of those are still successfully used for identification of the species 
boundaries (Levenfors et al., 2003; Kubicek et al., 2003) 

The golden age of molecular fungal systematics began with the 
development of DNA sequencing techniques and computer programs using 
the nucleotide sequence data for inferring phylogenetic relationships 
between organisms. One of the most extensively studied parts of the fungal 
genomes is the ribosomal DNA (rDNA) array that has been proven to be of 
great value for resolving taxonomic positions in many living organisms, 
(including fungi) at different levels (Woese, 1987; Hillis & Dixon, 1991). 
Since all the genes and spacers constituting the rDNA array evolve at 
different rates, but the speeds of evolution in all the arrays in eukaryotic 
organisms are roughly the same, some of the rDNA fragments are useful for 
delineation of higher taxonomic ranks, such as classes and phyla (5.8S rRNA 
gene, parts of the Large Subunit rRNA [LSU] and Small Subunit rRNA 
[SSU] genes) (Bruns et al., 1992), others are used for separation of genera 
and species (Internally Transcribed Spacer [ITS] 1 and 2 regions, Domain 2 
of the LSU) (Hillis & Dixon, 1991; Bruns, White & Taylor, 1991; White et 

al., 1990; Donaldson et al., 1995; James et al., 2001). Sequences of ITS1 
and Intergenic Spacer (IGS) regions can be used in some organisms to 
resolve relationships even between populations within the same species 
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(Hillis & Dixon, 1991; James et al., 2001). Besides rDNA, several other 
genes are widely used for phylogenetic studies: i.g. nuclear ( -tubulin gene, 
Elongation Factor [EF] - , actin gene, etc.) and mitochondrial 
(mitochondrial rRNA genes, Cytochrome Oxydase [CO] gene, etc.) (Li, 
Rouse & German, 1994; Glass & Donalsdon, 1995; Donaldson et al., 1995; 
O’Donnel, Cigelnik & Nirenberg, 1998; Baayen et al., 2000; Schoch et al., 
2001; Zhou & Stanosz, 2001; Baayen et al., 2001).  

As sequencing information accumulated, it turned out that in many cases 
phylogenetic trees inferred from the DNA sequencing data were not 
concordant with traditional morphology-based grouping of fungal taxa 
(Waalwijk, de Koning & Baayen, 1996; Yang & Sweetengham, 1998; 
Nirenberg, Feiler & Hagedorn, 2002). Moreover, phylogenetic trees of 
different genes sometimes are discordant. However, there are also many 
cases when morphological groupings are highly supported by the sequencing 
data (Sherif et al., 1994; Abeln, de Pagter, & Verkley, 2000; James et al., 
2000). Obviously, it is not clear which region should or should not be used, 
and if morphological features or nucleotide sequences alone should be used 
in studies of fungal taxonomy (Seifert, Wingfield & Wingfield, 1995). After 
being in the field for couple of years I dare to say that in my opinion, 
molecular data should be used just as one component supplementing the 
taxonomical and phylogenetic studies, and the value of classical 
morphological methods should not be neglected or underestimated.  

Outline of this study 
In this thesis, I would like to address the question of identifying species units 
in anamorphic fungi, in two cases when morphological traits are too 
abundant and variable or too few or even lacking. Using DNA sequence 
data, my co-workers and myself made an attempt to resolve phylogenetic 
relationships among several morphologically similar species in 
Colletotrichum on one hand, and tried to clarify taxonomic positions of 
several sterile strains on the other hand.  

During selection of plant-associated sterile strains I came across three 
interesting (supposedly novel) fungi, one of which had pronounced 
deleterious effect on the plants, and another two possessed biocontrol 
properties. Reports on the biological activities of these isolates are also 
included in this thesis.  
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The studied cases 

Case No 1: Colletotrichum acutatum

Importance of C. acutatum as plant pathogen 
Distribution and host range 

C. acutatum is an economically important plant pathogenic fungus with a 
wide host range and worldwide distribution. Originally, it was described as a 
causal agent of ripe fruit rot of strawberry (Fragaria ananassa) in 
Queensland, Australia (Simmonds, 1965). In his paper, Simmonds also 
mentions papaw (Carica papaya), walnut (Juglans regia), avocado (Persea 

americana), slash pine (Pinus elliotii), apple (Malus sylvestris), tomato 
(Lycopersicon esculentum), and several other plants as hosts of this species. 
Later, C.acutatum designated as forma specialis pinea was shown to be 
associated with terminal crook disease of pine (Pinus spp.) in New Zealand. 
The same fungus was also recognized as a pathogen of several pasture 
legumes, namely sweet pea (Lathyrus odoratus), lupine (Lupinus spp.) and 
vetch (Vicia spp.) (Dingley & Gilmour, 1972). Hindorf in 1973 (a, b & c) 
mentioned C. acutatum among other species of Colletotrichum pathogenic to
coffee (Coffea arabica) in Kenya. In later years, there were several reports 
about occurrences of C. acutatum in different countries and on various crops 
(Baxter, Eiker & van der Westhuizen, 1982; Smith & Black, 1986; de 
Clauser et al., 1990; Bernstein et al., 1995; Martín & García-Figueres, 1999, 
Saha et al., 2002, I & II). Until recently, it was believed to be present in all 
the continents, excluding South America (Walker, Nikandrow & Millar, 
1991). The latest data show the presence of this pathogen even on this 
continent (Henz, Boiteux & Lopez, 1992; Kuramae-Izioka et al., 1997; 
Afanador-Kafuri et al., 2003), therefore this species is now considered 
cosmopolitan. Paper I reports, probably, the first case of C. acutatum on 
plants of the genus Rhododendron. Besides, to the best of our knowledge, 
paper I contains the first report of occurrence of this species in Sweden and 
Latvia, and II reports the first case of C. acutatum-caused anthracnose of 
azalea in Italy. Additionally, this species to our knowledge was detected for 
the first time in Vietnam, on leaves of mango (Mangifera ingica), during the 
survey done by a Master student under my co-supervision (Nguyen, 2002). If 
we combine the information contained in the available literature sources, it 
turns out that C. acutatum infects plants of at least 24 families worldwide 
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(Farr et al., 1989; Walker, Nikandrow, Millar 1990; Sutton, 1998; Lardner et 

al., 1999; I).
Due to the high aggressiveness and tremendous yield losses in many 

crops, C. acutatum was put on the lists of quarantine objects in many 
countries, including Latvia and Sweden.   

Disease symptoms and course of infection 

C. acutatum causes a range of different symptoms on all possible plant parts, 
most commonly on crowns, petioles, leaves, flowers and fruit (e.g. 
Simmonds, 1965; Legard, 2000; Timmer & Brown, 2000; Adaskaveg & 
Förster, 2000). The most common disease caused by this fungus is 
anthracnose – appearance of dark, sunken lesions on the infected organs, 
which is common on strawberries, rhododendrons, mango, and many other 
plant species (Simmonds, 1965; Legard, 2000; I). It also causes crown rot of 
strawberry (Smith & Black, 1990; Freeman, Katan & Shabi, 1998), fruit rot 
in many tropical plants (Lardner et al., 1999; Nguyen, 2002), terminal crook 
disease in pine (Dingley & Gilmoure, 1972), stem and twig cankers of lilac 
and willows (IV), etc. Another common problem caused by this pathogen is 
flower anthracnose, post-harvest diseases and prevention of fruit set of 
various fruit crops (e.g. oranges, lime, avocado), resulting in severe yield 
losses in fruit industry worldwide (Timmer & Brown, 2000).  

Fungi of the genus Colletotrichum have adapted to saprophytic existence 
on decaying plant parts, where they usually sporulate abundantly, and which 
serve as an efficient source for new infections (Simmonds 1965, Dyko & 
Mordue, 1979; Zulfiqar, Brlansky & Timmer, 1996). In many cases, 
especially in the case of fruit rot, C. acutatum causes latent infection that 
does not show until the fruit ripens (Timmer & Brown, 2000). 

Measures of control 

Mostly chemicals are used for controlling spread of C. acutatum. This 
species has a lower sensitivity to chemicals than other species of 
Colletotrichum (Adaskaveg & Förster, 2000). In comparison with C.

gloeosporioides, C. acutatum is less sensitive to benomyl, captan, and 
propiconazole, but more sensitive to myclobutanil and tebuconazole 
(Bernstein, Zehr & Dean, 1995; Adaskaveg & Förster, 2000). Based on that, 
benomyl sensitivity test is frequently applied to separate C. acutatum from 
C. gloeosporioides (Bernstein, Zehr & Dean, 1995; Brown, 
Sreenivasaprasad & Timmer, 1996; Freeman, Katan & Shabi, 1998; 
Tahlinhas et al., 2002). Still, there is a report of successfully controlling C.

acutatum infection by benomyl, which is called “unique” by its authors 
(Peres et al. 2002). These authors state that the fungus might not be highly 
sensitive to benomyl in cultures, but this fungicide still gives good results 
when applied in the field as preventive for early disease development. 
However, it has a very little effect on further disease development and 
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spread (Peres et al. 2002). There also were reports of lower doses of 
ineffective chemicals being conductive for disease spread and development 
(Peterson, 1973). 

Recently, the possibilities of biological control of this pathogen by using 
plant beneficial microorganisms were discussed. However, there are no 
registered biocontrol agents against C. acutatum specifically (Korsten & 
Jeffries, 2000; Jeffries & Koomen, 1992).  

Pathogenicity to animals 

Very recently, there was a single report of C. acutatum causing disseminated 
mycosis in hypothermic immuno-compromised Kemp’s riddle sea turtle 
(Lepidochelys kempi) in Florida, U.S. (Manire et al. 2002). Any anti-fungal 
drug treatment proved to be ineffective. The fungal hyphae were post

mortem detected in kidneys by silver staining and the fungus was isolated in 
a pure culture. Its morphology fully fitted the original description of C.

acutatum. The fungus did not grow at temperatures above 30 °C, and is thus 
assumed not to be pathogenic to humans. How the turtle acquired the fungus 
still reminds a mystery (Manire et al. 2002). This particular clinical isolate 
was kindly supplied to us by Dr. Deanna Sutton. We have included it in our 
study and the original identification of this strain done by Manire et al.
(2002) based on morphology alone was further confirmed by the sequencing 
of the rRNA genes (Vinnere, unpublished). 

So far, to the best of our knowledge, there are no records of C. acutatum

causing infections in any other animals or human. 

History of the C. acutatum taxon
The taxonomy of Colletotrichum, as well as its teleomorph, Glomerella, is 
controversial and has been the object of many studies, especially during the 
last couple of decades. There are 18 generic synonyms known for 
Colletotrichum, and many species of this genus have several synonyms 
(Sutton, 1992). The champion in this sense is C. gloeosporioides, which 
alone has as many as 600 specific synonymous epithets (von Arx, 1957). 
This species is known since 1882, it is very heterogeneous in culture, its 
morphological features are extremely plastid and its host range is vast – that 
was the main reason for confusion that yielded such a tremendous amount of 
described synonymous species based on morphology and host specificity. At 
the present time, C. gloeosporioides is considered a so-called “group 
species”, containing several species that are genetically distinct and sharing 
similar morphology: gray, fast growing mycelium and cylindrical conidia 
with both ends obtuse (Sutton, 1992; 1998).  

C. acutatum has a somewhat similar story. First it was described in 
Australia in 1965, as a causal agent of fruit rot of strawberry, papaw, and 
tomato (Simmonds, 1965). At that time, Simmonds did not deposit any type 
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material and the name stayed invalid for three years, until he designated the 
holotype, thereby validating the name (Simmonds, 1968). According to the 
original definition of the species, the isolates have gray or pink mycelium; 
conidia are fusiform with both ends acute. The colony color is very variable. 
Some of the isolates initially are pink and later develop wine red color, 
others are from light- to dark-gray and never produce pink pigment 
(Simmonds, 1965; Hindorf 1970, 1973a & b). According to the production 
of the pigment, the pink form of C. acutatum has been separated into C.

acutatum f.sp. chromogenum (Baxter, van der Westhuizen & Eicker, 1983).  
The main difference from C. gloeosporioides is the slow growth rate 

(Simmonds,1965), smaller and slenderer conidia and the shape of the 
conidial endings (Dyko & Mordue 1979). Several other characters, for 
example colony appearance, production of setae, etc. seem to be not 
informative, since they are dependant mostly on the culturing conditions 
(Buddie et al., 1999).  

During the past decades, there were several reports about finding 
intermediate isolates of Colletotrichum, which had morphological features 
fitting to descriptions of two species: C. acutatum and C. gloeosporioides

(e.g. van der Aa, Nooderloos & de Gruyter, 1990; Sreenivasaprasad et al., 
1996; I). In practice, it seemed that the morphology of C. acutatum appeared 
more variable than in the original description done by Simmonds (1965). 
And since C. acutatum is a quarantine object, there was a need for 
developing reliable methods that are able to make a clear identification of 
the strains with intermediate morphology.  

Since the discovery of C. acutatum in 1965, there clearly have been two 
periods of studies done on this pathogen. Relatively few articles were 
published in the time period between 1965 and 1980s. Most of them were 
reports of the presence of this taxon on new hosts and geographic locations 
(e.g. Hindorf, 1973 a, b & c; McGechan, 1977; Peredo, Osario & 
Santamaria, 1979); single papers contained descriptions of new formae

speciales (Dingley & Gilmour 1972), or concentrated on aspects of chemical 
control (Peterson, 1973), etc. However, since the beginning of 1990s, there 
has been a burst of papers dealing with characterization of C. acutatum and 
differentiating isolates of this species from C. gloeosporioides. This 
remarkable increment was mostly due to the application of molecular 
methods to characterization of fungal isolates, which became popular in 
mycology exactly around that time. At present, despite of all those studies, 
the question about the species boundaries in C. acutatum (both 
morphological and molecular) still remains open.  
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Morphological studies 
C. acutatum versus C. gloeosporioides

Sutton (1998) separated these species based on the conidial shape: C. 

gloeosporioides has cylindrical conidia, but C. acutatum is supposed to have 
fusiform ones. Many authors have pointed out a high variation in spore 
shape within both taxa (Smith & Black, 1990; Walker, Nikandrow & Millar, 
1991; Lardner et al., 1999), but the problem of identification of the isolates 
with intermediate morphology, to the best of our knowledge, for the first 
time was discussed in the publication of van der Aa, Noordeloos and de 
Gruyter (1990). These authors suggested that C. acutatum was brought to 
Europe in the late 1970’s from Australia and started to cause leaf curl or leaf 
crinkle disease of the florist’s anemone, Anemone coronaria. They also 
proposed that pathogenicity to Anemone could be used as a characteristic 
feature for separating C. acutatum from C. gloeosporioides, since the 
isolates non-pathogenic to this plant fit the broader concept of C.

gloeosporioides. In their opinion, Sutton (1980) narrowed the original 
description of Simmonds, especially regarding the conidial width. Besides 
the conidial characteristics, they also mention the in vitro absence of 
teleomorph and setae for C. acutatum, color of conidial masses, as well as 
the differences in the host range. They also pointed out the necessity of using 
molecular methods for species identification and suggested that the host 
specificity (biological identification tests) should remain in use as an 
additional character.  

Let us look closer and discuss the morphological features of these two 
species.

Conidial characteristics 

Shape: C. acutatum conidia should be fusiform or acuminate at least on one 
end (Fig. 1 A &B) (Simmonds, 1965; Dyko & Mordue, 1971; Sutton, 1998). 
This has been confirmed in several studies (i.e. Hindorf, 1973 a, b & c; 
Kuleshrestha, Mathur & Neergaard, 1976; Denoyes & Bauldry, 1995). In our 
work (I), we have included reference isolates of C. gloeosporioides and C.

acutatum in the analysis, as well as the holotype strain (IMI 117617) and one 
of the paratype strains (IMI 117619) of C. acutatum. The reference isolates 
were used in different studies by several authors and their identification has 
been confirmed by various molecular methods (Smith & Black, 1990; 
Sreenivasaprasad et al., 1996; Freeman et al., 2000). Pictures obtained from 
scanning electron microscopy (SEM) clearly show that even C.

gloeosporioides reference isolates can have conidia that acuminate towards 
one end (Fig. 1D). Isolates of C. acutatum, including the holotype isolate, 
show a high level of variation in the conidial shape, and cylindrical conidia 
are sometimes present in the microscopic slides, as is shown both on pictures 
from SEM and light microscopy (Fig 1 C, E &F).  
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DC

B

Fig. 1. Shape of conidia in C. acutatum and C. gloeosporioides.

 A: C. acutatum*

 B: C. gloeosporioides*

 C: C. acutatum holotype** 

 D: reference isolate of C. gloeosporioides**

 E. C. acutatum paratype** 

F. C. acutatum with intermediate morphology, isolate from 
Rhododendron sp.**

* Sutton, 1998 
**Paper I

E F
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This phenomenon was already mentioned in the literature on C.

gloeosporioides (Davids, Boland & Howitt, 1992; Liyanage, McMillan & 
Kistler, 1992; Agostini, Timmer & Mitchel, 1992). However, after a closer 
look at the full set of characters used in those studies (especially the colony 
color and the growth rate), one would suspect that those particular isolates 
with intermediate morphology might have belonged to C. acutatum instead. 
This was later proved by the work of Brown, Sreenivasaprasad and Timmer 
(1996) by PCR using C. acutatum specific primers. 

Dimensions: Following the original descriptions of both species, C. acutatum

generally have shorter and more slender conidia, than C. gloeosporioides.
The original measurements of conidial length and width, as well as some 
extreme cases are gathered in Table 1. 

In some papers there are data about Colletotrichum (C. acutatum in 
particular) producing so-called secondary conidia - phialoconidia formed in 
artificial cultures shortly after spore germination (Stoneman, 1898; Baxter, 
van der Westhuizen & Eicker 1983, Buddie et al., 1999). This type of 
conidia is generally smaller and more variable in shape (Buddie et al., 1999). 
Besides, C. acutatum is known for producing conidia directly on the 
mycelium and not necessarily in the acervuli both in pure cultures and in 
artificial inoculations (Buddie et al., 1999; IV). Also, these conidia are more 
variable, than ones produced in the fruiting bodies. And, certainly, the 
dimensions of the spores produced on the natural substratum might differ 
from ones present in artificial cultures. This peculiarity is, unfortunately, 
usually neglected (especially by plant pathologists). The confusion in setting 
the limits between the species might well be caused by these facts.  

Color of conidial masses: Simmonds (1965) pointed out that there are slight 
differences in the color of spores in mass between C. gloeosporioides var. 
minor and C. acutatum. He refers to the color of C. acutatum as capucine 
orange (salmon) and C. gloeosporioides as bitter sweet pink. This is true in 
most cases, however conidial masses of two C. acutatum isolates used in our 
study in I were light yellow. Besides, in several studies the color of C.

acutatum conidial masses is reported to be “bright orange”, “orange” or 
“orange-pink” (Smith & Black, 1990; Walker, Nikandrow & Millar, 1991; 
Lardner et al., 1999; Talhinhas et al., 2002, I). It should be pointed out, that 
very often no conidial slime could be observed in the cultures due to the 
production of spores directly on the mycelium.  

Appressorial characteristics  

Size and shape of appressoria until recently was widely used in taxonomic 
studies of whole genus Colletotrichum. According to Sutton (1998), C.

gloeosporioides has slightly larger appressoria than C. acutatum. However, 
in practice it is very difficult to draw a clear destinction between these 
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species based only on this character (Smith & Black, 1990). Also, Simmonds 
(1965) mentions that the size and shape of appressoria formed by the several 
species of Colletotrichum that he used in his study, did not have so many 
differences that could be “sufficient to warrant a more detailed 
examination”. He also observed that from all the species he studied, 
appressoria of C. acutatum were the most regular.  

Table 1. Spore dimensions in two species of Colletotrichum

Spore dimensions, m Reference 

C. acutatum: 

8.3-14.4 x 2.5-4 Simmonds, 1965 

8-16 x 2.5-4 Dyko & Mordue, 1979 

12.3-14.7 x 4.4–5.3 Smith & Black, 1990 

10-18 x 2.5– 4.5* Walker, Nikandrow & Millar, 1991 

12.5-20(-22.5) x 3-5 Gunnel & Gubler, 1992 

10 x 3.5** I

11-15.5 x 3.5-4*** I

10-22.5 x 3-5.5 I, IV

C. gloeosporioides 

16-18 x 4-6 Saccardo, 1884 

12-22 x 4-6 von Arx, 1957 

5.0-47.5 x 2.5-7.5 Mordue, 1971 

* living subculture of the holotype isolate, ** dried holotype isolate, *** dried paratype isolate

Production of setae 

Production of setae was regarded as a diagnostic feature for separation of 
two genera: Colletotrichum and Gloeosporium before the revision by von 
Arx (1957). In his work, von Arx regarded the genus Gloeosporium as 
polymorphic and incorporated several of its species into Colletotrichum.
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According to von Arx, fungi of the genus Colletotrichum may or may not 
produce setae. Also, production of setae was mentioned in his description of 
C. gloeosporioides. While defining a C. acutatum as a new species, 
Simmonds (1965) did not observe routine production of setae in the acervuli 
of C. acutatum isolates that he examined (he mentioned, however, scattered 
poorly developed setae occasionally appearing in culture), and did not 
mention setae in the description of this taxon. Therefore, absence of setae 
was used by some authors as one of the features to assist separation of the 
latter species from C. gloeosporioides for a long time (van der Aa, 
Nooredloos & de Gruyter, 1990; Smith & Black, 1990). A separate study 
was done to investigate the factors affecting setae production, and its results 
were published in Nature (Frost, 1964). The author has clearly demonstrated 
the effect of air humidity upon the production of setae, namely: more setae 
were produced at lower relative air humidity. This evidence positively 
discharges production of setae as a diagnostic feature in separating different 
taxa. In our work, we have observed production of setae by both species in 
pure cultures (I).

Temperature response and growth rate

C. acutatum generally grows slower, than C. gloeosporioides. It seems to be 
the only character that is stable and can give reliable results for separation of 
these species. Many papers, including I, support this observation done by 
Simmonds (1965) (i.e. Smith & Black, 1990; Bernstein, Zehr & Dean, 1995; 
Denoyes & Baudry, 1995; Shi et al., 1996; Lardner et al., 1999; Talhinhas et

al., 2002; I). The temperature optimum for C. acutatum is 25.0 – 26.5 oC
(max. 33.0 oC), and 26.0 – 28.5 oC (max. 35.5 oC) for C. gloeosporioides.

This is just a short overview of the development of morphological studies 
done on separation of C. gloeosporioides from C. acutatum. As can be seen, 
many of the characters overlap between these two taxa, creating confusion 
and making morphological identification of some of the strains, especially 
ones with intermediate morphology, almost impossible. Therefore, other 
techniques were developed to aid in correct identification.  

Biochemical and molecular studies 
In 1991, use of isozymes was demonstrated for differentiation of 
Colletotrichum species pathogenic to strawberry (Bonde, Peterson & Maas 
1991). In this work, authors used isozymes for 12 enzymes and 14 putative 
isozyme loci. The intraspecific variation obtained in this study has 
demonstrated the importance of isozyme analysis in identification of 
Colletotrichum species. Later, this technique was used also for species 
delineation in Colletotrichum, including separation of C. acutatum from C.

gloeosporioides (Buddie et al., 1999). 
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Isozyme analysis provides good information about the variation on the 
protein level, but it does not give any direct information about how variable 
the genomes are. With the advent of molecular techniques, numerous studies 
of nucleic acids of different Colletotrichum species have followed. 
Application of different DNA-based techniques for characterization of 
different species and populations of C. gloeosporioides and C. acutatum

began in the early 1990s. A vast range of different techniques were used by 
different authors, including: RFLP and DNA-DNA hybridization (Liyanage, 
McMillan & Kistler, 1992; Bernstein et al., 1995; Brown, Sreenivasaprasad 
& Timmer, 1996), rDNA and mtDNA RFLP (Sreenivasaprasad, Brown & 
Mills, 1992; Alahakoon et al., 1994 a & b; Hodson, Mills & Brown, 1993; 
Buddie et al., 1999; Tahlinhas et al., 2002), RAPD (Alahakoon et al., 1994a, 
Mills, Sreenivasaprasad & Brown, 1992; Kuramae-Izioka et al., 19997; 
Lardner et al., 1999), PCR with species-specific primers (Mills, 
Sreenivasaprasad & Brown, 1992; Martínez-Culebras et al., 2003), 
arbitrarily-primed PCR and analysis of A+T rich fragments (Freeman, Pham 
& Rodriguez, 1993; Freeman & Rodriguez, 1995; Freeman & Katan, 1997), 
sequencing of Domain 2 of 28S rRNA gene (Sheriff et al., 1994; Bailey et

al., 1996; Johnston & Jones, 1997), sequencing the ITS1 region of rDNA 
(Sreenivasaprasad, Brown & Mills, 1992; Sreenivasaprasad et al., 1996 a & 
b; Saha et al., 2002), AFLP (O’Neil et al., 1997) etc.  

Among all these molecular tools, the sequencing of the rDNA array 
seems to be the handiest, and most of the later published papers were based 
on this region. The ITS1 sequences were found to be informative to separate 
species within Colletotrichum and were used for inferring phylogenetic 
relationships between these species (Sreenivasaprasad, Mills & Brown, 
1994; Sreenivasaprasad et al., 1996). In the case of some species, like C. 

coccodes, the phylogenetic groupings based on ITS 1 sequences were in 
concordance with morphological characteristics (Sreenivasaprasad et al., 
1996 a & b), however in the case of C. acutatum and C. gloeosporioides

morphology sometimes contradicted the molecular data (Sreenivasaprasad et 

al., 1996; Yang & Sweetengham, 1998; Nirenberg, Feiler & Hagedorn, 
2002). Therefore, other molecular methods, for instance RFLP of A+T – rich 
fragments, were employed to complement the ITS sequencing data (Martín 
& García-Figueres, 1999; Talhinhas et al., 2002). To our knowledge, our 
group was the first to use sequencing of multiple loci for characterization of 
the isolates of C. acutatum and C. gloeosporioides (I, IV). In our study, we 
have used nucleotide sequencing data obtained from a portion of the 
mitochondrial small subunit rDNA (mtSSU) and a fragment of the -tubulin
gene in combination with the widely used ITS sequencing. These genes, as 
far as we are aware of, were never used for phylogenetic studies in 
Colletotrichum. The obtained results have shown that sequencing of 
additional regions strongly supported identification of Colletotrichum

isolates as C. acutatum or C. gloeosporioides based of the ITS1 region. The 
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mtSSU gives the best resolution due to the species-specific length of the 
amplified fragments, therefore the differences between the strains can be 
picked up already while running the detection gel for the PCR products, thus 
no additional sequencing might be required. Thus, using this region can 
assist screening of a large amount of strains and assure reliable identification 
on the species level (Nguyen, 2002; I, IV).

Sexuality of C. gloeosporioides and C. acutatum

Similarly to the anamorph, the taxonomy of the genus Glomerella (the 
teleomorph of Colletotrichum) is highly confused. Currently, only five 
species of this taxon are accepted (Sutton, 1992). As in the case of 
Colletotrichum, several species of Glomerella are often confused with each 
other due to high similarities in morphology. 

One of the best-studied species of Glomerella is G. cingulata, the 
teleomorph of C. gloeosporioides. This taxon is known since 1898, when it 
was described by Stoneman as Gnomoniopsis cingulata. Later, in 1903, 
Spaulding and von Schrenk transferred it into the genus Glomerella,
adopting the currently used name, G. cingulata (Stonem.) Spauld et v. 
Schrenk. G. cingulata is known to have both homothallic and heterothallic 
strains (Wheeler, 1954). Homothallic isolates of C. gloeosporioides quite 
easily produce the Glomerella state in cultures on artificial substrates (Smith 
& Black, 1990; Agostini, Timmer & Mitchel, 1992; Cisar et al., 1994; Shabi 
et al., 1994). Mating type systems in Glomerella are studied quite 
intensively, although most of the studies were using not only G. cingulata,
but also G. graminicola (teleomorph of C. graminicola), as the model 
(Wheeler, 1954, 1956; Cisar et al., 1994; Cisar & TeBeest, 1999; 
Vaillancourt & Hanau, 1991, 1999; Vaillancourt et al., 2000).  

It turns out that Glomerella, to some extent, is also an extreme case 
regarding fungal mating systems and does not fit any of the common fertility 
patterns by possessing a phenomenon called “unbalanced heterothallism” 
(Wheeler 1954, Vaillancourt et al. 2000). In this case, we assume that 
heterothallic strains might have evolved from homothallic ones through 
mutations in the genes controlling self-fertility (Vaillancourt & Hanau, 1999, 
Vaillancourt et al., 2000). This means that if two individuals have mutations 
in different genes in the homothallic pathway, they are sexually compatible. 
The difference from true heterothallism is that strains displaying unbalanced 
heterothallism by crossing can produce a recombinant homothallic progeny, 
whereas truly heterothallic individuals can only generate heterothallic 
progeny. If this assumption is correct, both homothallic and heterothallic 
strains can be present in the same species, as demonstrated in studies on G. 

cingulata (Wheeler, 1954) and G. graminicola (Vaillancourt et al., 2000). In 
contradiction, many other fungal taxa are strictly homothallic (Emericella 



27

nidulans = anamorph Aspergillus nidulans) or heterothallic (Didymella spp. 
= anamorph Ascocshyta spp.).

Sexual reproduction in fungi is controlled by mating type (MAT) genes. 
These are uniquely studied, in order to clarify the evolutionary processes 
driving fungal reproductive strategy as well as fungal sexuality itself (Arie et 

al., 1997). Studies of these genes are restricted so far to some genera of fungi 
(including Glomerella), mostly due to the difficulties in cloning of MAT

genes from some fungal groups (Arie et al., 1997; Cozijnsen et al., 2000; 
Turgeon & Yoder, 2000; Yun et al., 2000; Dyer et al., 2001; Zhong & 
Steffenson, 2001). 

The sexual state of C. acutatum was not discovered for a very long time. 
In 1997, the first report about successful experimental mating of C. acutatum

and production of the teleomorph appeared (Guerber & Correll, 1997) and in 
2001 Glomerella acutata species nova was described (Guerber &Correll, 
2001). In both cases, G. acutata was obtained in laboratory crossings of 
different C. acutatum isolates, meaning that the species is heterothallic. To 
our knowledge, there still are no records about the presence of G. acutata in 
nature. In 1999, the first report of single-spore C. acutatum isolates 
producing sexual state on culture media followed (Lardner et al., 1999), thus 
suggesting the existence of homothallic strains within this species. One 
explanation is that G. acutata could also be subjected to unbalanced 
heterothallism.  

Current state of C. acutatum

Genetic diversity within C. acutatum sensu lato

In 1997-1999, a group of New Zealand researchers did two extensive studies 
on different morphological groups recognized within C. acutatum and for the 
first time used the terms “C. acutatum sensu lato” and “C. acutatum sensu

Simmonds”, thereby recognizing C. acutatum as “group species” (Johnston 
& Jones, 1997; Lardner et al., 1999). These studies employed both 
morphological and molecular analyses, including sequence data of the rDNA 
D2 region and RAPD data. They were able to divide C. acutatum sensu lato

into seven distinct biological groups and for the first time showed close 
relationship between C. acutatum and the ascomycete Glomerella 

miyabeana (Fig. 2). Authors also made a comment that at least some of those 
biological groups within C. acutatum could be regarded as separate taxa, but 
it is yet to be decided if they should be separate species or subspecies 
(Lardner et al., 1999; Johnston, 2000).  

Later works on C. acutatum were concentrated mostly on molecular 
characterization of the strains originating from different hosts in different 
countries (Förster & Adaskaveg, 1999; Saha et al., 2002; Tahlinhas et al., 
2002; Nguyen, 2002; I; Afanador-Kafuri et al., 2003; II). If combined 
together, some common trends can be observed. Disregarding the geographic 
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origin C. acutatum isolates are quite divergent, which partially could be 
explained by the fact that the fungus had a man-driven dispersal as many 
other plant pathogens. No clear phylogeographic pattern could be inferred 
from any of the phylogenetic trees based on any of the currently studied 
DNA regions in this species (I, IV). However, populations of C. acutatum

on the same host are usually uniform (Lardner et al., 1999; Talhinhas et al.,

2002; Nirenberg, Feiler & Hagedorn, 2002; I) and sometimes the switch to a 
new host can be traced back in time by using DNA sequencing data 
(Talhinhas et al., 2002). Reasons for the lack of a general pattern are several, 
including presence of both asexually and sexually recombining populations 
in different parts of the world. Besides sexual recombination, in asexual 
populations certain levels of variation can be achieved through anastomosis 
and heterocariosis that occur if the strains are vegetatively compatible, in 
other words, that belong to the same vegetative compatibility groups 
(VCGs). Studies on VCGs in C. acutatum are quite scarce and mostly 
concentrated on strains pathogenic to strawberry, anemone and lupine, 
proving existence of several VCGs with different host and geographic 
preferences in populations where sexual recombination was not observed 
(Lardner et al., 1999; Katan, 2000). This question definitely requires more 
thorough investigation. 

Strains with intermediate morphology that cannot be reliably identified 
either as C. acutatum, or as C. gloeosporioides and showing higher genetic 
affinity to C. acutatum still remain a problem. As it was pointed out by the 
New Zealand group, they could represent different biological forms within 
C. acutatum if we accept a wider species concept, that is: C. acutatum sensu 

lato. But how wide can those species boundaries be? While designing 
species-specific primers based on the ITS1 sequences, Sreenivasaprasad with 
colleagues (1992) accepted 6% variation in sequences as a threshold for 
species in Colletotrichum. Our study on Rhododendron isolates have shown 
that variation among isolates that are grouping in the C. acutatum sensu lato 

cluster on the ITS1 tree can reach up to 9.6% (I). Is it still valid to group all 
those isolates into the same species?  
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Fig. 2. Neighbour-joining tree of C. acutatum sensu lato constructed based on 
RAPD data (from Lardner et al., 1999) 
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C. acutatum versus C. fructigenum

While describing a new species, Simmonds (1965) noticed that the growth 
rates of C. acutatum at different temperatures resembles those of another 
fruit-rot causing fungus – Gloeosporium fructigenum, which was used in a 
similar comparative study on growth rates of different anthracnose-causing 
fungi by Edgerton (1915). He writes: “In fact, there is nothing in Edgerton’s 
description to indicate they are not the same organism. However, the spore 
dimensions usually attributed to G. fructigenum set it apart from C. acutatum

and the former perhaps more correctly considered a synonym or form of C. 

gloeosporioides” (Simmonds, 1965).  
The history of C. fructigenum goes back to 1856, when this fungus was 

described by Berkeley as Gloesporium fructigenum (Berkeley, 1856). He 
also described a very similar fungus two years before that, and called it 
Septoria rufo-maculans (Berkeley, 1854). Later Berkeley himself renamed it 
into Ascochyta rufo-maculans, and in 1879 von Tümen placed this species 
into the genus Gloeosporium (Berkeley, 1860; von Tümen, 1879). Later, this 
species, G. rufo-maculans, and several other morphologically similar species 
described by the same Berkeley were combined in one and, despite the 
priority of G. rufo-maculans, were called G. fructigenum since it was the 
most widely used name at that time (Berkeley & Curtis, 1874; Saccardo, 
1884; Southworth, 1891; Vassiljevsky & Karakulin, 1950). The sexual state 
of this fungus was described in the U.S. under the name Gnomoniopsis 

fructigenum and was then renamed into Glomerella rufo-maculans by 
Spaulding and von Shrenk, which was later considered synonymous to G. 

cingulata (Saccardo, 1902, 1903, 1904; Shear & Wood, 1913; Vassiljevsky 
& Karakulin, 1950). This particular sexual stage of G. fructigenum, to our 
knowledge, has never been found in Europe. In 1950, Vassiljevsky and 
Karakulin made a new combination and placed G. fructigenum into 
Colletotrichum, adopting the name C. fructigenum. The description of the 
species given in the revision by Vassiljevsky and Karakulin (1950) is very 
similar to C. acutatum, however presence of slightly curved conidia is 
mentioned – a trait not typical for the latter taxon. In his dissertation, von 
Arx (1957) put C. fructigenum as a synonym of C. gloeosporioides. But he 
did not examine the type material, or any pure culture of this fungus. Neither 
did Shear and Wood (1913) in their monograph on Glomerella, which he 
refers to.

Baxter, van der Westhuizen & Eicker (1983) considered that in several 
descriptions of C. fructigenum (Vasiljevsky & Karakulin, 1950; Gorter, 
1962; Simmonds, 1965; Hindorf, 1973b; Ferraz, 1977), its spore shape and 
size as well as cultural morphology is very similar to descriptions provided 
for C. acutatum. Consequently, for the first time, they proposed that these 
two species were conspecific. 

A single strain of C. fructigenum was used in the study concerning 
identification C. acutatum strains based on the ITS1 sequences 
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(Sreenivasaprasad, Mills & Brown, 1994). The particular strain obtained 
from DSIR culture collection in Auckland, New Zealand, had 97% 
homology to C. acutatum. Therefore, it was assigned to the latter taxon. The 
correctness of the original identification of that strain remains doubtful, 
however.

Examination of Berkeley’s type material could help answer the question 
if C. acutatum and C. fructigenum are conspecific. This research is 
hampered by the age of the herbarium material and the quality of the 
specimens (III).

To clarify this question, we have examined the authentic material 
(syntypes) of C. fructigenum identified and deposited by Berkeley himself. 
Simple morphological analysis revealed that C. fructigenum in no sense can 
be considered conspecific with C. acutatum nor with C. gloeosporioides.
Conidia coming from acervuli in Berkeley’s material are not just clearly 
curved, but according to the mycological nomenclature should rather be 
considered falcate. Several less curved and straight conidia were also 
observed, but the fusiform shape was clearly prevailing. Detailed results of 
this study can be found in III. This is additional demonstration of usefulness 
of examining the type material for taxonomic study in fungi, especially fungi 
of such confusing genera as Colletotrichum.

C. acutatum and the taxonomic position of Glomerella miyabeana

As mentioned before, Johnston and his colleagues were the first to make a 
comment on relatedness of these two taxa, mainly due to similarities in host 
range and colony appearance, as well as based on molecular evidence 
(Johnston & Jones, 1997; Lardner et al., 1999).  

Originally, G. miyabeana was described 
by Fukushi in 1921 in Sapporo, Japan, 
under the name Physalospora miyabeana,
as the causal agent of willow canker 
disease and was proven to have a 
connection with a Gloesoporium

anamorph. The disease and the pathogen 
were further studied by Nattrass (1928), 
who also was the first to find it in the UK. 
Based on his observations, Nattrass 
proposed that the fungus could be closer 
related to Glomerella, than to 
Physalospora. This was later confirmed by 
von Arx in his dissertation (1957), where 
he not only validated the G. miyabeana

name, but also mentioned it within 
aberrant forms of G. cingulata, while still 
regarding it as a separate species.  

Fig. 3. Conidia of G. miyabeana,
isolate UPSC 886 (Courtesy Dr. 
Ovidiu Constantinescu) 
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G. miyabeana was observed on willows in USA (Hepting, 1971), Georgia 
(former USSR) (Shishkina & Mamukashvili, 1976), later also in New 
Zealand (Spiers & Hopcroft, 1993) and in Sweden (Astrom & Ramstedt, 
1994). For a long time it was believed to be restricted solely to willows, but 
Johnston & Jones (1997) demonstrated that G. miyabeana can be an 
opportunistic pathogen also on fruits of other crops, including strawberry, 
apple, nashi and tomato in cases when its main host, willow, was grown in 
close contact with orchards.  

The description of the anamorph, including conidial size and shape done 
by Nattrass, in our opinion is similar to what is typical for currently 
recognized C. acutatum sensu lato (Fig. 3). In the publication of Spiers and
Hopcroft (1993), production of the pink pigment by anamorphic isolates of 
G. miyabeana is mentioned – a trait that is typical for C. acutatum, but not 
for C. gloeosporioides. Besides, spore dimensions of the anamorphic state in 
both descriptions of Nattrass (1929) and Spiers and Hopcroft (1993) are 
similar to those observed by isolates of C. acutatum with intermediate 
morphology. 

Due to morphological resemblance of G. miyabeana and C. acutatum,
mainly because of production of the pink pigment and conidia of variable 
shape, molecular markers were employed in order to clarify the relationship 
between these two fungi (Johnston, personal communication). Use of RAPD 
markers and D2 rDNA sequences gave concordant results and on the 
constructed phylogenetic trees these taxa appear closely related (Fig. 2), and 
it became evident that G. miyabeana has much closer genetic affinity to C.

acutatum sensu lato, than to G. cingulata (Johnston & Jones, 1997; Lardner 
et al., 1999, Johnston, 2000; IV).

Is C. acutatum sensu lato a single species? 
The notion that C. acutatum should possibly be divided into two different 
species, due to the exceptionally high inter-specific sequence variation 
within the ITS region, to the best of my knowledge was proposed for the first 
time by Sreenivasaprasad et al. in 1996. Johnston & Jones (1997) and later 
also Lardner et al. (1999) have suggested that the biological groups currently 
recognized within C. acutatum sensu lato should be considered as separate 
taxa, however they did not propose segregation of any new species.  

During analysis of the phylogenetic trees generated from the ITS, mtSSU 
and -tubulin sequence data, we have observed that C. acutatum sensu lato

isolates formed two distinct internal clades with a relatively high bootstrap 
support, therefore confirming the proposal of above-mentioned authors (Fig. 
4) (I, IV). Our observations were later supported also by a study of 
Martinez-Culebras et al. (2003).

Recent studies on sexuality of C. acutatum (Guerber & Correll, 2001) and 
our sequencing of multiple loci of several strains of G. miyabeana (IV)
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provided a basis for speculation about the reason for existence of those two 
groups. G. acutata and the presumably heterothallic isolates producing 
teleomorph in the laboratory crossings are present in the upper clade of the 
phylogenetic tree together with the holotype of C. acutatum, but G. 

miyabeana is grouping together with homothallic isolates from Latvia and 
New Zealand and also with many other strains where production of the 
teleomorph was never observed. This remains true for phylogenetic trees 
obtained from all three loci separately as well as in combination (IV).

Fig. 4. Phylogenetic tree inferred from sequences of a joint alignment of three loci, 
numbers above lines correspond to bootstrap values higher than 50% (IV).
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Available isolates of the G. acutata clade have morphology similar to C.

acutatum sensu Simmonds, whereas isolates that comprise the G. miyabeana

clade are the ones that are called “the isolates with intermediate 
morphology”, meeting the criteria of C. acutatum sensu lato. As we 
conclude in IV, it is likely that G. acutata is a teleomorph of presumably 
heterothallic isolates of the upper clade of C. acutatum, and G. miyabeana is 
a teleomorph of the isolates comprising the second, lower clade. This could 
be a scientific ground for separation of C. acutatum sensu lato into (at least) 
two separate species.  

Evidence presented in IV suggest that G. miyabeana indeed is the 
teleomorph of one of the biological groups recognized within C. acutatum

sensu lato. I see two possible solutions for the current confusion concerning 
the species definition in C. acutatum. As a first option, we may accept the 
current level of genetic and morphological variation existing within C. 

acutatum sensu lato. In this case, considering name priority, G. miyabeana

should be recognized as the sole teleomorph of C. acutatum sensu lato, G.

acutata should be considered synonymous to it, and all biological groups 
currently recognized within C. acutatum sensu lato should be treated at the 
sub-species level. Despite the fact that G. acutata is strictly heterothallic 
(Cuerber & Correl, 2001), G. miyabeana appears to be homothallic. 
However, as we have discussed above, two other well-studied species of 
Glomerella, namely G. cingulata & G. graminicola possess the phenomenon 
of unbalanced heterothallism due to peculiar genetic organization of the 
mating system, and both homothallic and heterothallic populations are 
present within both species. In our opinion, this solution requires a very 
careful consideration, because, as was previously demonstrated, genetic and 
biological variation within C. acutatum sensu lato is much greater than 
usually accepted for species in Colletotrichum.

Another solution, which I consider much more appealing, is separation of 
C. acutatum sensu lato into at least two biological species: first – C.

acutatum sensu Simmonds, with G. acutata as a teleomorph and the second 
– strains currently recognized as “C. acutatum with intermediate conidial 
morphology” with G. miyabeana as the sexual state. With this approach, the 
taxonomic position of homothallic isolates of C. acutatum sensu lato

remains unresolved, because the teleomorph of those isolates is genetically 
different from both G. miyabeana and G. acutata (IV). Possibly, these 
isolates should also be described as a separate species. In the second 
solution, C. acutatum sensu Simmonds would regain its original meaning 
and status, which, due to all above-mentioned confusion, has been lost. In 
both cases, the results presented in I and IV, as well as studies by 
Sreenivasaprasad, et al. (1996), Johnston & Jones (1997), Lardner et al.
(1999) and Guerber and Correll (2001) strongly suggest re-defining C.

acutatum.
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Such a revision of C. acutatum sensu lato cannot be the effort of our 
single scientific group alone, since we can only justify our own point of view 
and methods of choice. Studies conducted in order to eliminate the existing 
level of taxonomic confusion should employ as many methods of analysis as 
possible and as many opinions as available. I am certain that gradual 
accumulation of information about Colletotrichum genome, and future 
comparison of complete genomes of different species could help us to 
understand what is a species definition applicable to this genus. 
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Case No 2: Mycelia Sterilia

What are Mycelia Sterilia?
By the definition given in a previous edition of the Dictionary of Fungi, 
Mycelia Sterilia is “an artificial taxonomic group including fungi deficient in 
production of spores of any kind” (Hawksworth, Sutton & Aisworth, 1983). 
As we have discussed before, modern fungal systematics is based on 
morphology of spores and spore bearing structures, so the absence of any of 
these makes Myceila Sterilia isolates virtually unidentifiable. As a 
consequence, no scientific name can be given to such isolates, which can 
result in difficulties with publication. Furthermore, if such isolates possess 
any sort of biological activities that can appear useful for use by human, 
registration of the isolates themselves as well as their produced active 
substances becomes very difficult. Besides registration and nomenclature 
problems, propagation of sterile isolates, their maintainance and preservation 
is much more troublesome than for sporulating fungi (Parmeter, 1964; 
Currah & Tsuneda, 1993). This is a very short list of the reasons why the 
fungi of this group are usually avoided, and sometimes even neglected, by 
both mycologists and plant pathologists.  

As pointed out in the beginning of this chapter, Mycelia Sterilia is an 
artificial taxonomic unit. Many fungi belonging to different classes of the 
Fungal Kingdom are lacking spores at certain stages of their development. 
Therefore, the lack of sporulation is the only unique trait shared by all sterile 
mycelia. Historically, this group was considered a part of Fungi Imperfecti – 
another questionable higher taxon of the Kingdom. To simplify the matter, 
later in the text I will refer to Mycelia Sterilia as “a group”, however this can 
hardly be justified from the scientific point of view.  

During the standard isolation procedures of fungi from diverse ecological 
niches, including various plant parts, the isolates producing no spores during 
a certain period of time, which varies among different scientific groups, are 
usually discarded (Parmeter, 1964). However, if we look at the lists of fungal 
species originating from different plants, miscellaneous Mycelia Sterilia

sometimes comprise quite a large portion of the recovered strains. Thus far, 
we have a very scarce knowledge about the ecological role of sterile isolates, 
mainly due to the problems with their classification (Waid, 1974; Hall, 
1987).

Distribution in nature 
Fungi of the Mycelia Sterilia group are ubiquitous. They are common 
inhabitants of soil, plants and plant debris, but most of them prefer decaying 
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wood (Parmeter, 1964; Taylor & Parkinson, 1965; Thornton, 1965; Pugh, 
1967; Hall, 1987; Vrålstad, Myhre & Schumacher, 2002). Many sterile fungi 
are common inhabitants of plant roots, and several of them are endophytes 
(Hall, 1987; Jumpponen & Trappe, 1998; Hashimoto & Hayakumachi, 2001; 
Schadt, Mullen & Schmidt, 2000; Mucciarelli et al., 2002; Girlanda, 
Ghihnone & Luppi, 2002). The term “endophyte” in the thesis is used 
according to the definition by Petrini (1991), who considered a fungus being 
an endophyte if it is able “asymptomatically colonize the living, internal 
tissues of their hosts”.

Certain Mycelia Sterilia are routinely isolated from household 
environments (Ebner, Haselwandter & Frank, 1992; Strachan et al., 1990). 
Several fungi of this group are known to be associated with eye and skin 
infections in humans (Ando & Takatori, 1982; Khairallah, Byrne & Tabbara, 
1992), human allergies (Ebner, Haselwandter & Frank, 1992; Kwaasi et al., 
1998) and animal mycoses (Singh & Singh, 1969; Villa, 1979; Duarte et al.,
2001).

Importance of plant-associated Mycelia Sterilia

From the very few available studies performed by different scientific groups, 
we know that among the fungi of this group there are both plant deleterious 
and plant growth promoting ones (Jacobs, 1994). Among sterile fungi, there 
are several well-known plant pathogens of high economical importance 
(Agrios, 1997). One of them is Rhizoctonia solani (teleomorph 
Thanatephorus cucumeris), a difficult-to-control fungus, responsible for 
severe yield losses in potatoes, cereals, oil-seed rape and other agricultural 
crops worldwide. Another example of deleterious Mycelia Sterilia is 
Sclerotium rolfsii (teleomorph Athelia rolfsii), the causal agent of southern 
blight on a great range of agricultural crops. There are also reports of less 
common plant pathogenic sterile fungi (e.g. Howard, Conway & Albregts, 
1977; Kaiser, et. al. 1987; Jumpponen & Trappe, 1998; Harveson, 2002; V).
On the other hand, several sterile isolates have shown good biocontrol 
abilities against root pathogens of agricultural crops (De La Cruz & Hubbel, 
1975; Martin, Abawi, & Hoch, 1984; Narita & Suzui, 1991; Prashar, 
Singhan & Hooda, 1992; Garsoni, Stegman-DeGurfunkel & Fortugno, 1993; 
Shivanna, Meere & Hyakumachi, 1994; Vinnere et al., unpublished). One of 
the best-know examples is Sterile Red Fungus isolated from Australia, which 
has potential for biological control of Gaeumannomyces graminis var. tritici

– a pathogen of worldwide importance, the causal agent of take-all disease 
(Dewan & Sivasithamparam, 1988, 1989a, b, c, 1990, 1991; DeJong et al.,
1993; Rowland et al., 1994; Shankar, Kurtboke & Sivasithamparam, 1994; 
Aberra, Seah & Sivasithamparam, 1998; Sivasithamparam, 1998). Besides 
studies on pronounced plant pathogens and plant growth promoters, sterile 
fungi are becoming more and more popular subject of ecological studies 
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(Shivanna et al., 1995; Hashimoto & Hyakumachi, 2001; Yanna & Hyde, 
2001). Search for novel drugs to cure untreatable diseases is another recent 
opening in science, and there is evidence that some Mycelia Sterilia could 
contribute to this research (e.g. Huang et al., 1995; Fujita et al., 1996,
Vinnere et al., unpublished).  

The ecological role of the Mycelia Sterilia definitely cannot be 
generalized and it should be studied separately in each individual case. There 
are studies, showing that some of the sterile fungi may play a role as 
mycorrhiza in plant families that usually lack it (e.g. Brassicaceae) (Barrow, 
1995; Horton, Cázares & Bruns, 1998). Such isolates are able to cause 
asymptomatic infections of roots and to colonize root cortex, and in some 
cases also the stele (Sivasithamparam, 1998). The beneficial effect exhibited 
by such isolates was the subject of several studies (Deacon, 1981; Wong, 
1981; Newsham, 1999; Worth, 2002). It was speculated that, among other 
cortical fungi, Mycelia Sterilia could contribute to plant fitness, including its 
defense against pathogens (Marx, 1969; Richard, Fortin & Fortin, 1971; 
Deacon, 1980; Wong, 1981), improving nutrition conditions (Newsham, 
Fitter & Watkinson, 1995; Worth, 2002), fecundity (Newsham, Fitter & 
Watkinson, 1994), etc.  

Our isolation and screening strategy 
Papers concentrating on studies of Mycelia Sterilia exclusively are few. 
Thus, I would like to describe our approach in detail. The original aim of the 
study was to discover sterile fungi that could be used as agents of biocontrol 
against soil-borne diseases of agricultural plants with later attempt to clarify 
their taxonomic position. In our opinion, our approach had to be restricted 
and target-oriented, thus we performed isolations only from plant roots, 
believing that we have the best chance to isolate potential biocontrol agents 
from the site of their saprophytic competence.  

First, we performed a large-scale isolation aiming for strains that live 
inside the cortical tissues as well as beyond the Casparian belt, and therefore, 
presumably, are endophytic. Collections of isolates were performed in 
Australia, Latvia and Sweden, from both agricultural crops and wild plant 
species. The collected roots were surface-sterilized with 1.25% NaOCl 
(sodium hypochlorite) for 1-3 minutes in order to ensure elimination of the 
fungi on the root surface. Small pieces of root tissue were transferred onto 
water agar amended with lactic acid (in order to minimize bacterial 
contamination) and the advancing fungal mycelia were isolated in pure 
cultures. Two runs of screening for sporulation were done: first of all, the 
fungal cultures were grown on PDA (Potato Dextrose Agar), a medium 
routinely used both by plant pathologists and mycologists. Cultures starting 
to sporulate after one month of incubation under laboratory conditions were 
discarded. Isolates failing to produce any kind of sporulation were taken into 



39

the second round of the screening. These fungi were grown on a set of 
media, routinely used for such purpose: Malt Extract Agar, Corn Meal Agar, 
Oat Meal Agar, Water Agar and Potato-Carrot Agar (Smith & Onions, 
1994). Besides standard media, fungal isolates were also grown on Water 
Agar and Minimal Medium (Cove, 1966) plates containing birch toothpicks 
and sterilized lupin stems (Dhingra & Sinclair, 1986). All cultures were 
grown in duplicates: one of each was grown under standard laboratory 
conditions, at approx. 12 hours of day light and 12 hours of darkness, second 
replica were placed under constant near-UV light (Phillips, TL20W/08). 
Isolates that remained sterile after two months of treatment were considered 
sterile. Some of the isolates produced very scarce sporulation or begun to 
sporulate vary late during the experiment. Such strains were considered 
slowly-sporulating, and we still decided to include them in further biotests, 
believing that without a special treatment they could have been considered 
sterile. Out of approximately 3000 initially isolated fungal cultures, 1220 
were slowly sporulating, and only 53 so far are considered truly sterile. After 
discarding fast-sporulating isolates, sterile ones were used in greenhouse 
experiments, as described in V and only isolates having a pronounced effect 
on plants were selected for further study. During those screenings, we found 
several strains which had a clear deleterious effect on the test plants (V, VI),
as well as strains that were obviously plant growth promoting (Vinnere et 

al., unpublished). In further studies on characterization of biologically active 
Mycelia Sterilia we decided to concentrate on three isolates only, which in 
our opinion were the most interesting among the fungi we studied. One of 
them, No 3034 in our collection, was a strong pathogen on all crops tested 
(V, VI), and two others, No 3035 and 3041, promoted root development in 
wheat and oats (Vinnere et al., unpublished).  

Taxonomical studies of Mycelia Sterilia 

As mentioned before, the classification of fungi is based manly on the 
morphology of reproductive structures, which Mycelia Sterilia lack. 
Interested readers can be referred to an excellent review by Parmeter (1964), 
which describes the problems of taxonomy of sterile fungi.  

Although Mycelia Sterilia have been and remain an enormously difficult 
group for taxonomists, there have been many attempts to utilize the classic 
mycological approaches, which, in combination, can bring a better 
understanding of possibile of classification of sterile mycelia. Synthetic use 
of morphological, biochemical and molecular traits seems to be the only 
opportunity to discriminate among sterile isolates at our current state of 
knowledge.
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Morphology

When dealing with sterile fungi, a researcher can confidently assign the 
isolates only to one of the classes of the Fungal Kingdom - Ascomycetes or 
Basidiomycetes, using the very few mycelial features that are available. Two 
of the principal differences between mycelia of fungi belonging to these 
classes are: i) the structure of hyphal septa (simple septum in Ascomycetes 
and dolipore septum in Basidiomycetes), and ii) presence or absence of 
clamp connections, which are a characteristic feature of Basidiomycetes 
(Alexopulos, Mims & Blackwell, 1996). The fact that the nature of septation 
can be diagnostic and that presence of a septal pore apparatus indicates 
Basidiomycete mycelium, was proposed in 1962 by Moore and McAlear. 
The techniques for studies of hyphal septation are rather easy, and can be 
performed by using simple light microscopy and/or conventional stains 
(tripan blue), if hyphal diameter is large enough, or otherwise with a bit 
more sophisticated in vivo staining with fluorescent dyes (Hoescht Dye 
33258 pH 10.5) with subsequent fluorescent microscopy (Yang, 
Sivasithamparam & O’Brien, 1991). The only constraint in studies of septa 
in fungi is the age of the mycelium, since the dolipore septum can be 
visualized only in young living hyphae. The second character, presence of 
clamp connections, can be easily observed under a simple light microscope. 
Clamps appear in Basidiomycetes after the nuclear division, and with some 
exceptions are usually present in most fungi of this class. However, clamp 
connections are never observed in one of the most studied sterile fungi, 
Rhizoctonia solani (Domsch, Gams & Anderson, 1980). Combination of 
presence of dolipore septum and presence or absence of clamp connections 
can be used as important features for separation of the sterile 
basidiomycetous isolates.  

Besides septation and clamps, there is a range of hyphal characters that 
can be informative for characterization of sterile strains. These include 
presence of so called moniloid cells (enlarged hyphae of irregular shape), 
formation of sclerotia, differences in hyphal diameter, length, character of 
hyphal branching, overall colony appearance, margins, texture, color, growth 
rate, temperature response, etc. (Nobles, 1965, 1971; Stalpers, 1978; 
Desjardin, 1990). Most of these features, however, are dependent on growth 
conditions, such as media composition, light intensity, etc. Although quite 
variable, these characters were informative enough to tell apart isolates of 
Sterile White Basidiomycete in V.

It is common knowledge that many Basidiomycetes are unable to produce 
spores under laboratory conditions. Several diagnostic keys were developed, 
based on the previously mentioned morphological characters, aiming to 
assist identification of the sterile mycelia of some Basidiomycetes, and 
several of them are still in use. The best examples of such keys are the ones 
by Nobles (1965) and Stalpers (1978). Moreover, Warcup alone and with his 
colleagues (e.g. Warcup, 1959; Warcup & Talbot, 1962), produced several 
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comprehensive descriptions of the most abundant sterile fungi that can be 
used quite successfully.  

Biochemical studies 

Simple chemical tests for many of the non-sporulating isolates especially the 
ones belonging to the Basidiomycetes are widely used. These include color 
reactions in response to adding certain chemicals (peroxidase, KOH, dyes, 
etc.: Stalpers, 1978; Desjardin, 1990). Isozyme analysis is also frequently 
employed for characterization of sterile strains especially ones belonging to 
the genus Rhizoctonia (Sweetingham, Cruickshank & Wong, 1986; Yang et

al., 1994; Worth, 2002).  

Molecular analyses 

Similarly to the case of Colletotrichum, various analyses of the DNA are 
used as a powerful tool for separation of sterile strains and their tentative 
identification, especially in such economically important sterile fungi as 
Rhizoctonia (e.g. Cubeta et al., 1991; Liu, Domier & Sinclair, 1993, 1995; 
Bryan, Daniels & Osbourn, 1995; Mazzola, Wong & Cook, 1996). It is no 
surprise that rDNA sequencing data are widely used for this purpose. But 
what is the best region for identification of Mycelia Sterilia? The answer is, 
in my opinion, the most abundant sequenced fungal regions contained in the 
Gen Bank. ITS regions in most of the known fungi are too variable and can 
help us only to group closely related isolates; 5.8S, on the other hand, is too 
conserved, as we realized during our work on VI. The two remaining genes 
of the array are 18S and 25-28S. On which of these is better, the opinions of 
scientists split and which region is used seems to be dependent on traditions 
followed in different scientific groups. Overall, it looks like most work on 
sequencing of the 25S-28S is done on Basidiomycetes (Vilgalys & Sun, 
1994; Hopple & Vilgalys, 1997; Moncalvo et al., 2000; 2002). Sequences of 
the small subunit rRNA gene have been conducted on both Basidiomycetes 
and Ascomycetes (Bruns & Szaro, 1992; Berbee, 1996; Berbee, Carmean & 
Winka, 2000).  

Despite all difficulties in identification of sterile strains, there has been 
several works attempting to resolve taxonomic position of biologically active 
(deleterious or benefitial) Mycelia Sterilia, and as it was expected, all of 
them employ rDNA analysis for this particular purpose. Several sterile fungi 
have been tentatively identified based on the ITS region (Schadt, Mullen & 
Schmidt, 2001; Girlanda, Ghignone & Luppi, 2002; Vrålstad, Myhre & 
Schumacher, 2002; Vinnere et al., unpublished), small subunit rRNA gene 
(Jumpponen & Trappe, 1998, Mucciarelli et al., 2001; Girlanda, Ghignone & 
Luppi, 2002; VI) and large subunit rRNA gene (Klonowska et al., 2003; VI)
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Species concept in Mycelia Sterilia 

There are currently at least 28 genera and around 200 species of Mycelia

Sterilia known to science according to the current edition of the Dictionary 
of Fungi (Kirk et al., 2001). However, it is very difficult to justify these 
numbers. Some of these sterile mycelia were found to be just a mycelial 
stage of already known fungi with mainly basidiomycetous teleomorphs 
(including such well-known examples as Rhizoctonia and Sclerotium), others 
fail to sporulate on artificial substrata, etc. The structures observed in 
vegetative fungal thallus are usually too few to create a reliable key system 
for separation of different mycelia into species. Besides, we do not know the 
level of variation exhibited by the isolates belonging to the same species of 
Mycelia Sterilia, we even do not know if this variation level is the same 
among different species of sterile fungi. Also, we do not know how unique 
certain traits are (Parmeter, 1964). Historically, the tendency very often was 
to name sterile isolates by the closest (from researcher’s subjective point of 
view) species of sterile fungi (i.e. Howard, Conway & Albregts, 1977). As 
was already mentioned several times, accumulation of DNA sequencing data 
in the future can shed some light upon problems of systematics of Mycelia 

Sterilia and will definitely lead to revision of several existing taxa.  
Based on experience gained over several years of work with sterile 

isolates, with a certain degree of confidence I can say that induction of spore 
production in sterile isolates can be achieved in most cases (Vinnere et al.,
unpublished). The only serious restriction is our lack of knowledge of fungal 
biological requirements for the process of sporulation; therefore, the hunt for 
fungal spores can take quite a long time and substantial resources, spent in 
search for the optimal combination of various methods and conditions. As 
was pointed out by Parmeter (1964), growing interest in studies of fungi 
from unique environments, as well as perfection of isolation and handling 
techniques are likely to increase the overall number of Mycelia Sterilia taxa, 
and, hopefully, our knowledge of these fungi.  

New biologically active Mycelia Sterilia found in this study and 
remarks on their taxonomic position 

Novel plant pathogens 

Several fungi within Mycelia Sterilia, which are pathogenic to agricultural 
crop plants and most of those belong to Basidiomycetes, including such well-
known genera as Rhizoctonia and Sclerotium. Since these two are the most 
wide-spread plant pathogenic sterile fungi, many diseases caused by mycelia 
with similar morphology are probably wrongfully assigned to these two 
genera (Parmeter, 1964).

A sterile white basidiomycete isolated during our study from roots of 
buffalo grass (Stenotaphrum secundatum) in Perth, Western Australia, was 
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found to be pathogenic to 12 different plant genera (V). While making a 
literature search on the subject, we have found that there were several reports 
of incidence of a similar plant pathogen in North America. A fungus 
originally called SWB (Sterile White Basidiomycete) was identified as the 
causal agent of root rot of snap bean (Phaseolus vulgaris) in central Florida. 
Later, a similar fungus was found also in coastal areas of Georgia (US) 
(Sumner, Bell & Huber 1979; Bell & Sumner 1984), and then in Puerto Rico 
(Kaiser, et. al. 1987), and finally in Western Nebrasca (Harveson, 2002). 
The host range of that pathogen includes plants of at least 16 different 
genera, including several economically important legumes and cereals. 
Comparisons of the isolates done in previous studies have shown that the 
isolates have very similar morphology and several independent researchers 
have concluded that those fungi are probably identical. Initially, the SWB 
fungus was compared to both Rhizoctonia and Sclerotium. It is even still 
kept in the American Type Culture Collection (ATCC) under the name 
Rhizoctonia sp. However, cultural and enzymatic studies have shown that 
the SWB isolate is quite different from either of those well-known sterile 
plant pathogens, i.e. it differed from Rhizoctonia by having clamp 
connections, and from Sclerotium by being unable to produce sclerotia and 
by its aminopeptidase profile (Howard, Conway & Albregts, 1987; Sumner, 
Bell & Huber, 1979). Later studies aiming at inducing sporulation in several 
SWB isolates have revealed that the fungus belongs to the genus Marasmius

(Baird, Wilson & Sumner, 1992). However, the fruiting bodies (teleomorph) 
were produced only by one of the studied isolates and interestingly, they 
belonged to two different species of Marasmius – M. graminum and M.

rotula. Therefore, authors suggested that SWB possibly represents a 
complex of several fungal species, and maybe even fungal genera not yet 
known (Baird, Wilson & Sumner, 1992). A study of unusual cases of maize 
stalk rot in Queensland has demonstrated that the disease was caused by two 
species of Marasmius, namely M. sacchari var. hawaiiensis and M. 

graminum var. brevispora. Symptoms reported in that particular paper were 
very similar to ones caused by both American and Australian strains of SWB 
(Pont, 1973).  

A similar fungus was also reported to cause root-rot disease in maize in 
Egypt (Sabet, Samra & Abdel-Azim, 1968). The fungus produced symptoms 
very similar to what was observed for the American SWB strain and for our 
Australian isolate, but the Egyptian fungus had several distinctive features: i) 
it did not grow well on artificial substrates, unless yeast extract was added; 
ii) it was producing chlamidospores (which were never observed neither for 
the American, nor for the Australian strains); iii) attempts to induce 
sporulation were successful, but the spores could belong to either 
Omphalina, Gerronema, Mycena or Clitocybe (from which fungi of the 
genus Omphalina are known to cause root rots in tropical areas) (Sabet, 
Samra & Abdel-Azim, 1968). 
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Being unable to induce sporulation in our SWB isolate (code 3034 in our 
collection), we acquired the original SWB strain originally isolated from 
snap been in Florida (ATCC 28344), used in studies by Howard, Conway & 
Albregts (1977) and Sumner, Bell & Huber (1979). Both isolates had slightly 
different colony morphology (V), therefore we suspected from the very 
beginning that they might not be the same. Since the American isolate was 
kept on artificial media for almost 30 years, we made a passage through a 
susceptible host (maize) and were using a freshly re-isolated pathogenic 
strain for comparison with the Australian isolate 3034. Strains were 
compared morphologically, using overall colony appearance, hyphal 
diameter, growth rate, presence/absence of clamp connections and moniloid 
cells, amount of nuclei in the cells, temperature response and ability to 
anastomose. Both isolates had clamp connections, binucleate mycelia, 
moniloid cells, rhizomorph-like structures, but other characteristics were 
clearly different. The American isolate had thicker hyphae than the 
Australian one, it grew slightly slower and had different temperature 
maximum. Isolates also failed to anastomose (V). Both isolates were also 
compared by host range, ability to cause infection at different levels of 
inoculum, and by the way they infected the root tissues. Together, these 
studies have shown that the fungi are clearly different (V). Finally, when 
comparison of most of phenotypic traits suggested that the fungi were not 
the same, molecular analysis was used in order to confirm our previous 
observations and to make an attempt to identify the sterile isolate originating 
from Australia. For this reason, we have used sequencing of both small and 
large subunit rRNA genes, as well as of the ITS region (VI). As expected, 
the American and Australian isolates were not the same. But we encountered 
some problems while trying to make a more precise identification of both 
strains. It was clear from all the studied regions that the American isolate 
does belong to the genus Marasmius, as proposed by Baird, Wilson & 
Sumner, 1992. However, comparison of our data with the sequences of the 
25S available in the GenBank, concluded that the ATCC 28344 strain is 
closely related or identical to M. graminum, but not M. rotula (VI).

Several species of Marasmius are known to be plant pathogenic (Baird, 
Wilson & Sumner, 1992). One of the best-known examples is M. oreades,
the causal agent of “fairy rings” in turf grasses (Singer, 1975). Another 
example is M. sacchari, which is an important pathogen of sugar cane. Other 
species of Marasmius (e.g. M. tritici) are usually associated with roots of 
different grasses, but have never been proven to be pathogenic (Sabet, Samra 
and Abdel-Azim, 1968; Pont, 1973; Singer, 1975). 

As seen from the phylogenetic trees (VI), the genus Marasmius is not 
well resolved, and is polyphyletic. While studying the literature on this 
genus, one can notice that there still is some confusion about taxonomy of 
Marasmius and other closely related genera. The generic concept of 
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Marasmius as well as relationships between the species of this genus is the 
object of several independent studies (Gilliam, 1976; Desjardin, 1990).  

But what about the 3034 strain? Overall, the 25S rRNA gene seems to be 
the most popular region for taxonomic studies in Basidiomycetes, therefore 
also the Australian isolate could be identified, at least to a generic level, 
based on analysis of sequences of fungi representing 154 species of 
Agaricales. The closest match was with two different species of 
Campanella: C. subdendrophora and Campanella sp. (VI). However, no 
sequences for ITS or 18S rDNA of these fungi were available in GenBank. 
Therefore, to check if our assumption is correct, we have purchased a strain 
of C. subdendrophora from ATCC (ATCC 42449). Similarly to the data 
obtained from 25S rRNA gene, ITS and 18S sequences showed high level of 
similarity to our isolate and the reference strain of Campanella. However, 
sequences of the 5.8S rRNA gene of these two fungi were different at 4 bp 
(VI). Based on these data, we suggested that our isolate 3034 might belong 
to this genus or be closely related to it.  

Usually, fungi of the genus Campanella are saprophytic inhabitants of 
decaying wood in tropical areas, but there are some exceptions (Singer, 
1986). Recently, several species of Campanella were reported in temperate 
regions, and some species are found associated with grasses (Redhead, 1974; 
Singer, 1986). However, to our knowledge there are no reports about plant 
pathogenic species of Campanella. C. subdendrophora, which was used as a 
reference isolate for our morphological study originates from stalks of grass 
from Canada, so it belongs to one of several temperate species of this genus 
(Redhead, 1974). The choice of this particular isolate was done based only 
on 25S rDNA sequence similarities. During our study, we did not encounter 
any pure cultures of tropical and/or Australian species of Campanella,
despite contacts with several culture collections. 

The sterile white basidiomycete strain 3034 with high affiliation to the 
genus Campanella, seems to be a novel plant pathogen. Although it was 
isolated from symptomless roots of buffalo grass, it causes severe damage to 
every crop that it infects (V). This far, we have observed this disease only in 
the greenhouse. It could possibly be that buffalo grass is immune to this 
particular fungus and just harbors it in its roots. The possibility remains that 
the fungus is able to cause disease in the field, but it might be routinely 
mistaken for Rhizoctonia due to high resemblance of the induced symptoms 
(V). As follows from several reports of Marasmius-caused infections, those 
are considered unusual, and local outbreaks sometimes are caused by 
specific weather conditions, e.g. draught (Pont, 1973). Therefore it may 
happen that the disease caused by the fungus that we describe in V & VI is 
overlooked or potentially dangerous under specific climatic conditions, 
especially if the host range and caused mortality rate is taken into account. 
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Biocontrol agents 

During the initial screening of the isolates on plants of different species, we 
came across several sterile and slowly sporulating isolates with similar 
morphology. Several isolates of this group seemed to cause syptomless 
infections on roots of wheat, and some of them, like the isolates 3035 and 
3041, had a slight plant growth promoting effect. Later greenhouse tests 
aiming for detection of antagonistic activity against Gaeumannomyces

graminis f. sp. avenae have revealed that the isolate 3035 was also able to 
protect cereals from this dangerous pathogen (Vinnere et al., unpublished). 
Therefore, we decided to also investigate the mode of action that could be 
involved in this process. 

First, the isolates 3035 and 3041 were re-isolated from the roots showing 
no signs of any infection (Vinnere et al., unpublished). This could mean that 
they are able to colonize root tissue and possibly compete with the pathogen 
for infection sites. Also, we decided to check if any secondary metabolites 
excreted by these fungi can have antifungal effects. A range of plant and 
human pathogenic fungi, one species of yeast, one gram-negative and one 
gram-positive bacterium were selected for biotests (Vinnere et al., 
unpublished). Several HPLC fractions of the fungal supernatant have shown 
strong activity against all of the studied microorganisms. Work on 
purification of the active substances as well as structure elucidation is 
currently under way in collaboration with the Dept. of Chemistry, SLU. 
There are early indications of presence of antifungal compounds of terpenoid 
nature produced by the 3035 isolate.  

Since we knew that these slowly sporulating fungi possess interesting 
antimicrobial features, we also needed to make a tentative identification of 
the most interesting isolates. For this reason, both morphological and 
molecular studies were performed. A vast range of media and growth 
conditions were used to induce sporulation of 3035 and 3041. The 3041 
isolate readily produced fertile pycnidia under direct sunlight or near-UV 
light. The type of pycnidia, as well as the structure of conidiogenous cells 
strongly suggested that this isolate belongs to the genus Phoma (Vinnere et 

al., unpublished). The isolate 3035 was much more reluctant to form any 
kind of spores. We have observed a single pycnidium-like structure once on 
Potato-Carrot Agar plates, but spores were never produced. However, when 
it was placed on low-nutrient agar containing sterile birch toothpicks, it 
finally started to sporulate and we were able to examine pycnidia, conidia 
and conidiogenous cells. Morphologically these were very similar to the 
3041 isolate. However, overall colony appearance was quite different. The 
isolate 3035 had intense red pigment diffusing into the agar; it also produced 
droplets of exudates of the same color on top of the cultures. Sequencing of 
the ITS region and first 500 bp of the LSU rDNA have shown that the 
isolates in fact belong to the same species, since there were different only at 
6 bp. A BLAST search in the GenBank database gave closest hits to species 
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of Ampelomyces, Epicoccum, Phoma and Leptosphaeria. Leptosphaeria is 
known as the teleomorph of several species of Phoma and Ampelomyces

(Fig. 5). This is not suprpising, since Arenal et al. (2000) have recently 
demonstrated that E. nigrum and P. epicoccina indeed belong to the same 
biological species based on ITS sequencing data and therefore should be 
considered syanamorphic. Besides, recent studies on Ampelomyces have 
shown high genetic similarity of two currently recognized species of this 
anamorphic genus to other species of Phoma, as well as pointed out possible 
confusion in distinguishing among these two genera (Kiss & Nakasone, 
1998; Sullivan & White, 2000). Although being morphologically similar to 
P. epicoccina, our slowly sporulating Phoma-like isolates 3035 and 3041 did 
not produce an Epicoccum state in culture, even under conditions favourable 
for its development, as described by Domsch, Gams & Anderson (1980). 
Besides, after inducing sporulation in the isolates 3035 and 3041, their 
pycnidia were clearly sessile (Vinnere et al., unpublished), which is typical 
for the genus Phoma in contrary to fungi of the genus Ampelomyces, which 
are known to have stipitate pycnidia (Sutton, 1980). Moreover, 
Ampelomyces occupies a very restricted ecological niche being inhabitant of 
plant phylloplane and mycoparasite of powdery mildews (Sutton, 1980), 
whereas the slowly sporulating isolates 3035 and 3041 were isolated from 
plant roots. All the above-mentioned pieces of evidence suggest that the 
latter isolates indeed belong to the genus Phoma and are different from 
Ampelomyces and P. epicoccina/E.nigrum. Further identification of those 
isolates to the species level, however, has not been achieved, this matter 
requires further investigations.

The taxonomy of Phoma is puzzling and difficult. The phenotypical 
features that are used to separate species within this genus usually are: 
production and type of chlamydospores, sclerotia, Epicoccum state, color of 
cultures and zonation, colour reaction with NaOH and KOH, size and 
presence/absence of septation in conidia. Currently, there are more than 
2000 species described within this genus (Sutton, 1998). As in the case of 
Colletotrichum, most of them were described based on minor morphological 
differences and host affinity. There are several fundamental works by 
Boerema and his co-workers, who have been trying to create a reliable 
identification system for Phoma isolates grown in culture (Boerema, 
Dorenbosch & van Kestern, 1965, 1968, 1971, 1973, 1977; Boerema & 
Bollen, 1975). His keys currently are the most widely used for differentiation 
the Phoma species.
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Fig. 5. Phylogram of the ITS region of isolates representing relationships among 
biologically active Phoma-like isolates 3041 and 3035 and several species of 
Phoma and other closely related genera. Numbers above branches 
correspond to bootstrap values higher than 50%.  

The ecological niche occupied by our biologically active Phoma sp.
isolates is quite unusual for fungi of this genus. Phoma are usually 
saprotrophs or plant parasites, which prefer to occupy above-ground plant 
parts or plant debris in the soil, but they can be rarely found in plant roots 
(Domsch, Gams & Anderson, 1980). There is a species of Phoma isolated 
from rizosphere of wheat in Western Australia, namely P. chryzanthemicola,
but its morphological features differed from what we observed in our slowly 
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sporulating isolates. There have been reports on Phoma-like sterile isolates 
being inhabitants of diverse environments including soil, plants as well as 
tropical waters (Hyde, 1986; Sugano et al., 1991, Howlett et al., 2001; 
Pelaez et al., 1998).  

Several strains of Phoma-like Mycelia Sterilia have been demonstrated to 
possess plant growth-promoting properties, as well as the ability to control 
fungal and bacterial infections and certain weeds (Pelaez et al., 1998; Koike 
et al., 2001; Neumann & Boland, 2002). Different modes of action such as 
mycoparasitism (Sullivan & White, 2000), induced systemic resistance 
(Koike et al., 2001) and antagonism including production of secondary 
metabolites are usually implicated in their biological activity and/or 
antagonistic properties (Brown et al., 1987; Pelaez et al., 1998).  

The mode of action of biologically active Phoma and Phoma-like sterile 
strains has been a subject of several studies. These fungi are common 
producers of various important secondary metabolites (Liu et al., 2001). 
Non-pathogenic isolates of this group were recently demonstrated to produce 
divergent plant antimicrobial metabolites (e.g. Sugano et al., 1991, 1996; 
Dawson et al., 1992; Che, Gloer & Wicklow, 2002). Besides secondary 
metabolites that can be used in agriculture for controlling plant diseases and 
weeds, or for promoting plant growth, several Phoma-like sterile strains 
have been found to produce compounds of interest in human medicine. Such 
metabolites include antifungal compounds (Kamigiri et al., 2002; Koji et al., 
2003; Osterhage et al., 2003; Vinnere et al., unpublished), as well as anti-
cancer and anti-viral agents (Singh et al., 1998; Takafumi et al., 2000), etc. 
Moreover, from a taxonomic point of view, secondary metabolite profiles 
are used both to distinguish terrestrial from marine Phoma species 
(Osterhage et al., 2000) and to differentiate among phytopathogenic 
terrestrial species (Soledage et al, 2000).  

The problem of correct identification of biologically active Phoma-like 
sterile or slowly sporulating strains remains unsolved. Even if production of 
spores has been achieved, it is very difficult to assign the isolate to any 
certain species, mainly due to overlapping descriptions of species in Phoma.
Many biologically active Phoma-like fungi have been isolated from rather 
exotic environments or locations, therefore they might represent novel, yet 
undescribed species (e.g. Koji et al., 2002; Yamaguchi et al., 2002; Vinnere 
et al., unpublished). Sequences of rDNA of various species of Phoma

available in the GenBank for comparison are often unreliable (Bridge et al.,
2003), which makes correct identification of important strains extremely 
difficult. Comparison of the biologically active Phoma-like isolates 3041 
and 3035 with several type materials of various Phoma species should be 
performed for further identification. 
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General remarks, or what did I learn? 

No secret, that the best person to do any job is the person who is educated 
and experienced for exactly this particular kind of job. If a tailor will start 
making jewelry and a painter will suddenly decide to make shoes, what 
result can one expect? But strangely enough, there are many examples of 
non-mycologists trying to do the job that only a qualified mycologist can 
succeed with. As the result of this, we have plenty of fungal species 
described based only on some minor morphological differences without 
taking into account all the peculiarities of fungal lifestyle, biology, 
phylogeny, etc. Other important points, like using holotypes or other type 
specimens for taxonomic studies, establishing the anamorph-teleomorph 
connection, collecting representative samples, etc. are very frequently 
neglected.

Loosing mycological traditions is one point I observed while compiling 
the literature for this thesis. Another, not less important, is misusing DNA 
sequencing analysis, a sin performed also by some mycologists. Any person 
who used GenBank at least once knows how many sequences of wrongly 
identified taxa are in there, due to lack of knowledge, ignorance, or just old 
data that need to be revised. Besides problems with correct identification, 
there are also many bad sequences out there, e.g. chimeric sequences, 
sequences containing vectors, unresolved base pairs, as well as wrongly 
identified region boundaries or even wrongly identified regions. According 
to one of the recent reviews, around 20% of GenBank sequences contain 
errors (Bridge et al., 2003).  

After several years of being subjected to the problem of identifying fungal 
species, I learnt that there are plenty of questions that cannot be answered at 
our current state of knowledge, no matter which system I was dealing with: 
over-studied Colletotrichum or understudied Mycelia Sterilia.

What is the true fungal species in nature? What is the correct definition 
that should be given to it? Does it differ from our anthropomorphic species 
concept? Is there such a thing as the “fungal species” and do we really need 
this concept or do we just make our life more difficult by trying to classify 
things that have no real meaning or reason? Being honest, I do not know and 
am not sure if anyone can give a proper answer.  

How many fungal species are there? Presuming that only around 1/5 of all 
fungal species are known to mankind (estimation by Hawksworth, 1991), 
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how can we be sure that our systematic models built up on the present data 
can be extrapolated to all fungal species existing in nature? While using 
molecular techniques, everyone faces the reality that a vast amount of 
information is still lacking, therefore comparison only with existing data 
cannot be complete and, even, might be completely misleading or false. 
Accumulating knowledge is an extremely important thing, which can help us 
to answer at least part of the above-mentioned questions. Educating 
specialists in mycology, who can combine knowledge of several aspects of 
fungal systematics, and not just simple molecular techniques, is an important 
issue. Broadening our horizons, being able to accept our mistakes and also 
other people’s opinion also counts.  

This work that I have performed and presented in this thesis is just an 
attempt to understand how the things work or might work in the real life. 
Although it consists of sometimes very loosely connected bits and pieces of 
information, it is still a part of a search for the answer… 
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Conclusions

The most correct approach to delineation of species of anamorphic 
fungi is one that combines as many aspects of knowledge as 
possible, including studies of morphological, molecular, 
biochemical, and other traits.  
Morphological features cannot be underestimated and should be 
used along with molecular data for complete species identification 
in fungi. 
Use of the type and/or authentic material has a great value in 
taxonomic studies of any groups of fungi. 

G. miyabeana is the sexual state of one of the biological groups of 
C. acutatum. 

C. acutatum sensu lato should possibly be divided into two species. 
C. fructigenum cannot be synonymous to C. gloeosporioides or C.

acutatum and should still be considered a valid taxon until proven 
otherwise.

There are many understudied (and possibly even novel for science) 
fungal organisms, which belong to the Mycelia Sterilia group; 
among them there are both plant deleterious and plant growth 
promoting strains. 
The plant pathogenic Sterile White Basidiomycete isolate 
originating from Australia is closely related to the teleomorphic 
genus Campanella, where, to our knowledge, no plant pathogenic 
species were previously reported. 
The plant growth promoting isolate 3035 belongs to the 
anamorphic genus Phoma and has a strong antimicrobial activity.  
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