Overview of Orbiliomycetes

Presentation held at the Second International Workshop on Ascomycete Systematics in 22.–24. April 2015 (CBS Symposium)
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About 25 years of monographic study on the Orbiliomycetes are summarised in this presentation. Originally we intended with the study of this group of organisms to demonstrate the importance of vital taxonomy in fungal systematics, which involves the examination of viable cells and particularly their plasmatic inclusions. The unexpected huge amount of undescribed species detected by us delayed publication more and more.
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Over a long time we concentrated our work on the sexual morph. A main characteristic of the Orbiliomycetes concerns the ascospores and their spore bodies (SBs). Both show a remarkable and highly informative diversity in shape. Spore bodies are of vacuolar nature and usually inserted in the spore apex, but may as an exception be laterally attached, and in two genera (Hyalorbilia and Amphosoma) they occur at both ends of the spore.
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Spore bodies are sensitive structures. Although very distinctive and striking in the living state, they are mostly completely invisible in dead spores.
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Similarly sensitive are the cytoplasmic bodies (SCBs) found in excipular cells and paraphyses. When adding, for instance, KOH to a water mount, they become very indistinct .
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Our study revealed a high diversity in the external appearance of the apothecia, more than hitherto known, including dark purple and even black colours, and various kinds of hairs and teeth. Nevertheless, many species cannot be identified from their exterior alone. This is particularly awkward as different species frequently grow together.
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Our study also revealed a high diversity of conidial types which we have often recorded near the apothecia, but also frequently in pure culture, suggesting that perhaps every species has its anamorph. The ones figured here are all from drought-tolerant taxa, in which anamorphs were rather rarely reported.
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Some taxa of Orbiliomycetes are known to be able to trap small invertebrates, such as nematodes, rotifers, rhizopods and arthropods by means of adhesive and/or ring-shaped trapping organs.
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Since molecular data on Orbilia became available about 15–17 years ago, we know that this group of fungi clusters near the base of ascomycetes. In the present analysis they branch as one of the first fungi that possess ascomata, and the first to have paraphyses. Amyloidity of asci appears for the first time in the Pezizomycetes, which seem to be the closest group of the Orbiliomycetes, and which separate in this analysis shortly later. However, I must admit that we once observed a hemiamyloid reaction in Neloecta, a member of Taphrinomycotina. The class Orbiliomycetes was established because of this basal affiliation. In earlier times it was considered a family of the Helotiales, an order of the Leotiomycetes.
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The main characteristics of the class, some of which are state-dependent and highlighted in green and brown, are as follows: we have in the sexual morph (1) inamyloidity of the entire fungus; (2) a truncate-shouldered ascus apex in the dead state; (3) a furcate ascus base lacking croziers; (4) inverted spore orientation; (5) absence of a spore sheath; (6) heteropolar ascospores with a spore body in the apex; (7) capitate paraphyses; (8) globose excipular cells, and (9) cytoplasmic bodies (SCBs) in paraphyses and excipular cells. In the asexual morph we have (10) holoblastic conidiogenesis, (11) absence of yeast-like budding, and (12) formation of trapping organs. – Of course, not all taxa possess all these features: only four are consistent within the class (marked in blue). But spore bodies are unique to almost all of them, and furcate ascus bases and inverted spore orientation are very frequent.
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We presently recognise 8 genera in the Orbiliomycetes, three of them being unpublished (marked in red). Six are shown in this tree while two are not sequenced. The number of presently known species is given in parenthesis (unpublished species in red). For the majority of the species, both sexual and asexual morphs are known, but in Vermispora we know only the conidial state, and in Lilapila, Pseudorbilia and Liladisca only the apothecial state.
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While the five basal genera form two highly supported and very stable clades, those clades here shown within the large genus Orbilia have partly very low support, and their placement can severely change depending on the analysis. For instance, section Lentiformes is sometimes rather basal but here more terminal. It seems that the ribosomal DNA is not sufficient in order to obtain a sound phylogeny.

We have divided Orbilia into a number of sections and series based mainly on morphological data, with the result that two sections, Hemiorbilia and Aurantiorubrae, are frequently para- or even polyphyletic in our trees. Sections Habrostictis and Hemiorbilia belong to the largest groups of Orbilia and contain a major part of our new species.
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Our generic concept is a rather wide one, while modern systematics usually favour a narrow concepts, in which, for instance, section Arthrobotrys would become something like a subfamily that comprises four or five genera. For the two basal groups the genetic result would suggest two further families. It remains mainly a matter of taste which concept is applied. We decided to keep a wide concept, because the erection of many new genera would merely shift the taxonomic problems to higher ranks.
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When I established the genus Hyalorbilia, I had reason because of various deviating characters. These involve a primitive ascus apex, presence of croziers, homopolar ascospores with spore bodies at both ends, non-capitate paraphyses, and an excipulum of textura prismatica. Genetically the genus represents the oldest group within the class. Hyalorbilia is known to capture amoebae and rotifers by rather primitive adhesive structures. We suspect that the thick-walled ascus apex of subgenus Hemiorbilia developed from the primitive ascus type of Hyalorbilia. Many species of Hyalorbilia are more or less drought-tolerant and all of Hemiorbilia are so, therefore we presume that drought tolerance is a plesiomorphic feature.
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Previous generic concepts were often based on single characters such as hair types, paraphysis shape, ascospore shape, or conidial shape, but all these features turned out to be of rather low significance, as can be seen in the following.

[image: image15.jpg]Glassy processes
- (genus ,Hyalinia®)





Glassy processes consist of solid wall material exuded at the tip of cortical excipular cells. They were used as a generic character to define the genus Hyalinia. In fact they occur scattered throughout the large genus Orbilia, though being absent from the upper part of the tree. Note that there is no clade in which these processes are consistently present. 
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Septate hairs were used to define the genus Orbiliaster. But as with the glassy processes, this morphology occurs scattered throughout the class.
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Uninflated paraphyses (marked in blue) are undoubtedly an ancient feature and are found in most of the more basal groups. Mammiform paraphyses (marked in red) were earlier thought to define a separate genus Habrostictis, but they are actually found in three different clades. The uppermost clade, however, for which we use the name Habrostictis, has mainly capitate paraphyses.
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Hyaline to orange cytoplasmic bodies are scattered rather inconsistently throughout the genus Orbilia, but they are absent from sections Arthrobotrys and Orbilia, also chiefly from all basal genera.
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Ascospore shape hardly characterises a group. Instead, very similar shapes occur in very different sections of Orbilia (here marked in blue), and some of them are also found in Hyalorbilia (marked in green). Within each of these sections various spore shapes occur. Therefore, superficial studies, particularly on herbarium material, often lead to misidentifications.
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Polysporous taxa are not necessarily closely related but occur scattered throughout the family. They are restricted to groups with a high drought tolerance, such as sections Lentiformes, Habrostictis, Hemiorbilia and Ovoideae, while octosporous taxa strongly prevail in groups with a low drought tolerance, such as Hyalorbilia and Arthrobotrys. Also section Aurantiorubrae is almost devoid of polyspory, and series Hemiorbilia and Orbilia are entirely so. Counting spore numbers in multispored asci is difficult. In fact, above 32 they were mostly only estimated. Four of our clades comprise all five known levels of spore numbers.
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Different shapes of spores and spore bodies and different types of ascus apices (not shown here) illustrate that polyspory has a polyphyletic origin. We have recorded polyspory in about 137 species, which is 28% of the class. Note that almost all of these species are undescribed.

[image: image22.jpg]i 836
8128584
‘ 8-128
L 8

8

8-64
8

hygric/aquatic
hygric

hygric/

hygric/|

B =510 hyoric

Polyspory

I drought
| tolerance





All polysporous species have drought-tolerant apothecia. As a matter of fact, polyspory is frequently observed in clades which comprise drought-tolerant taxa, but it is mostly absent from clades in which drought-sensitive taxa predominate. Eight-spored taxa, on the other hand, are also frequently observed in clades of drought-tolerant taxa.
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A small group of closely related species may often include different levels, or sometimes all known levels of polyspory, as in the one shown here. Although 8-spored taxa probably represented the ancestral level within the genus Orbilia, a regression from high to low spore numbers seems also to have occurred. In the present example, rDNA sequences were available, one each for the 16-, 32- and 128-spored species, and phylogenetic analyses suggest that the ancestral level was 128. The genetic distance is surprisingly high among these three species, between 6 and 15% in the ITS region, although morphological distinguishing features are very few.
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Conidial morphology is of rather little taxonomic value, since very similar types often occur in very unrelated groups, and closely related taxa may have very differently shaped conidia. This slide shows those conidia that we find in hygric habitats. They are mainly unbranched, rarely curved, though sometimes forming barrel-shaped structures enclosing air as an adaptation to water bodies as in Helicoon, or they are nonseptate and with protuberances as in Pseudotripoconidium. Branched Dicranidion-like conidia occur in series Orbilia and branched Trinacrium-like conidia in series Arthrobotrys. Unbranched Dactylella-like conidia occur not only in section Arthrobotrys but also in series Hyalinia of Aurantiorubrae, in series Orbilia, and under the name Brachyphoris in the genus Hyalorbilia.

[image: image25.jpg]Hyalorbilia




Those conidia which occur in xeric habitats are often branched and have either straight or sometimes curved arms. The triradiate Trinacrium-type is very characteristic of section Habrostictis, but occurs with slight variations in various other clades, including Hyalorbilia and Amphosoma. Yet, most of these clades also include taxa with unbranched conidia. Also the Dwayaangam-type with two arms and two legs occurs in four clades, Hemiorbilia, Aurantiorubrae, Orbilia and Hyalorbilia, the latter case being shown here only with a deviating type of K-shaped conidia. Dicranidion-like conidia as we have in the previous slide in series Orbilia occur also in Lentiformes and Aurantiorubrae. In contrast to the mainly straight conidia in hygric habitats, unbranched conidia in xeric habitats are usually curved (Vermispora-like). Such conidia occur in Lecophagus, Ovoideae, Aurantiorubrae, Lentiformes, and rarely in Habrostictis.
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This slide shows an example of a xeric habitat. The drought tolerant apothecia are developing on a dead branch exposed to dry air (here in a semi-humid site in NW-Australia). Apothecia on a xeric substrate may survive for up to 3 or 4 years without water when growing in arid regions, but only for a few weeks in a humid climate. In the present example, two species of Orbilia grew on the indicated branch, and we often found 5 or even up to 10 different species on a single tree. Due to the short periods of rain the apothecia mature slowly, interrupted by long-lasting dry periods, and in arid regions single apothecia undoubtedly attain an age of many years.
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The high number of undescribed species that we have discovered is explained by the fact that the highest species diversity is found in more or less arid regions, which are frequently neglected by mycologists (here a semi-arid region in W-Australia).
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In the following, we discuss the characteristics which are of greater or lesser importance for the definition of a taxonomic group of Orbiliomycetes. Their taxonomic value is supported by correlations with other features and with molecular data.
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Croziers occur only in the phylogenetically basally positioned genera, and are undoubtedly a plesiomorphic character within the Orbiliomycetes. All species of Hyalorbilia and Lilapila and some of Lecophagus possess croziers. Amphosoma and the large genus Orbilia completely lack croziers. The H-shaped ascus base (here highlighted in red) is a peculiar morphology, showing a blind upper leg that is never connected to a hypha; it occurs mainly in sections Arthrobotrys and Orbilia. Thus, the ascus base is rather highly informative in this class, as is the case with the Pezizomycetes, but unlike many families of Helotiales.
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Asci of Orbiliomycetes open by an apical slit (left), probably in all subgroups. Ascus apex types differ in shape and wall thickness. The primitive thin-walled hemispherical ascus apex (highlighted in green) is the primary feature in this group. Also in combination with an apical wall thickening it seems to be a primary feature (highlighted in lilac). In contrast, the truncate thin-walled ascus (highlighted in yellow) is more found in the terminal clades.
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In reality the situation is more complex, as you see here. Highlighted in orange are two well-defined clades which contain a mixture of these types. The upper clade includes species which occasionally have some asci of the truncate thin-walled type, and the lower clade includes species that sometimes have the hemispherical thick-walled type. 
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It is difficult to know whether Taphrinomycetes and Neolectomycetes are phylogenetically related to Orbiliomycetes. They also possess a truncate-shouldered ascus apex, which may or may not have developed independently.
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Spore bodies serve as a valuable feature to characterise phylogenetic groups. Putting things simply, we can distinguish about four main types of spore body shapes: lens-shaped, globose, tear-shaped, lantern-shaped, and subulate to filiform. Spore bodies are always attached to the spore wall, sometimes by a very fine filum. The lens-shaped spore bodies with their broad attachment (here highlighted in red) characterise the genera Lilapila and Amphosoma, and section Lentiformes of the genus Orbilia. Usually, there is just one spore body at the spore apex (abbreviated as 'u' = unipolar), and this is the case in the entire genus Orbilia, but also in Lilapila and Lecophagus. There are also quite a few species with a bipolar pattern ('b' = bipolar), and these these are all members of the genera Hyalorbilia and Amphosoma.
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Trapping organs are so far only known in a few groups of Orbiliomycetes. They are typical of Lecophagus which captures mainly rotifers. They are also known in a few species of Hyalorbilia which appear to consume mainly rhizopods. They are very typical of section Arthrobotrys, which mainly traps nematodes. Trapping organs are not observed in Dactylella, a paraphyletic basal clade of section Arthrobotrys, which is nevertheless very similar to the nematode trappers by morphology as well as genetics. The phylogeny illustrated here suggests that the formation of trapping organs emerged within this class either several times independently, or it was suppressed in some lineages and finally emerged anew in section Arthrobotrys, where it developed its richest diversity. Adhesive hyphae as observed by Drechsler in Tridentaria implicans possibly represent a transition between those basal groups and section Arthrobotrys. There was some general agreement that no secondary loss of trapping organs took place. Further research on the capability of animal trapping will probably throw new light on this.
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The likely evolution of trapping organs starts with sessile knobs, progressing to stalked knobs or to columns and ring-shaped structures. When we take into consideration an upward development of morphology only, it would appear that constricting rings with their elaborate mechanism of rapid inflation of the ring cells represents the most evolved type of trapping organ.
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However, the available phylogenies of section Arthrobotrys only occasionally place series Drechslerella in a terminal clade. Usually it is found at the base of the predacious groups, as shown here on the right hand tree, while series Dactylellina or Gamsylella, or sometimes Arthrobotrys appear more terminal. Even the basal placement of the non-trapping Dactylella is not consistent, as you can see on the left hand tree.
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The capability of some taxa of Hyalorbilia to invade nematode eggs, and some of Vermispora to prey on spores of Oomycetes is quite remarkable as well. A South African study by Olivier (1978), which involves taxa with branched conidia that are probably orbiliaceous, deals with the capture of wind-borne pollen grains in the phyllosphere of trees. We have therefore made tests with a broad cross-section of our Orbilia cultures and found that all of them invade pollen, a feature that is also observed on the natural substrate. 
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However, we observed this phenomenon also in non-orbiliaceous fungi, here in Rhizodiscina lignyota.
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I would just like to say a word on phylogenetics: Don't believe in monophyly! These two species are an example: they are undoubtedly very closely related, but genetically they are remarkably distant (20-23% in the entire ITS region), and in our analyses they rarely fall together in a clade.
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Another example from many: section Lentiformes. The lens-shaped spore body is the distinguishing feature of series Lentiformes, while lantern-shaped SBs characterise series Phanosomates, Cercidicola, Microspermae and Ovales. Other characters of phylogenetic value can hardly be found, except that series Ovales has thin-walled truncate asci, and Cercidicola is the only series in this group having non-globose (orange) SCBs. The lens-shaped SB might be a plesiomorphic character, judging from the basal position of Orbilia patellarioides. But also those taxa with lantern-shaped SBs do not form a phylogenetic group. Even very similar species such as O. pluristomachia and O. myriosphaera, or O. lentiformis, O. ocellata and O. foliicola, do not cluster together, but group with morphologically quite different taxa.
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Also, when analysing SSU+5.8S+LSU, the result is more or less the same, though with lower bootstrap support and with series Microspermae and O. lentiformis HB 8002c differently affiliated.
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Without the study of living cells we would have been unable to distinguish less than half of the ca. 450 presently accepted species. Although our molecular studies revealed that quite a few taxa can merely be distinguished with certainty by sequences of the ITS or LSU region, morphological documentation is essential in the first place. We currently have sequences of about 45% of the taxa, but even when sequences of a much higher proportion become available, knowledge about morphological features is required in order to identify populations. 
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Morphological study is particularly important when apothecia of different taxa grow intermingled. This is frequently the case, and often the species concerned hardly differ in their external appearance, as in the present example. Cultures (and DNA data hereof) should be used with caution if the apothecium from which they were gained was not examined for its ascospores and other characters after the spores were shot on agar. Sequences gained from apothecia usually derive from several fruiting bodies of a population. Therefore, more than one apothecium should be examined adjacent to the ones taken for sequencing, in order to ensure homogeneity of the material.
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Mycoparasitism is not rare, and in some cases both host and parasite are orbiliaceous. In the present example, Orbilia aristata and O. aurantiorubra carry the parasite Hyalorbilia erythrostigma which forms minute straw-coloured apothecia and Y-shaped conidia on the margin of the host apothecia. Sometimes only the inconspicuous anamorph state is present on the host apothecia. Thus, confusion and mixed DNA extracts can only be avoided by cautious examination of morphological characters.

H.-O. Baral, May 2015 (revised linguistically by Peter Thompson).
