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Dissertation Abstract

Martin Ryberg (2009). An evolutionary view of the taxonomy and ecology of Inocybe (Agaricales) with
new perspectives gleaned from GenBank metadata.
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Goteborg, Sweden

Inocybe (Inocybaceae) is one of the most speciose genera among the gilled mushrooms
(Agaricales) but large parts of its taxonomy and evolutionary history remain poorly
explored. The present thesis shows that the traditional infrageneric classification of
Inocybe does not fully reflect evolutionary relationships and that the two most
commonly used taxonomic characters, spore shape and presence of a cortina, have not
evolved in such a way as to define unique monophyletic groups. The section Rimosae, in
its traditional circumscription, is divided into two separate clades by the present
analyses, and Rimosae s.str. does not group with the subgenus Inosperma - where it is
commonly placed - but forms a separate clade more closely related to the subgenus
Inocybe. Also the sections of the subgenus Inocybe, the largest of the subgenera, should
in general be interpreted in a strict sense if they are to reflect monophyletic groups.
Such a view-point would leave many species with an uncertain placement. On the
species level it is shown that many of the traditionally accepted taxa are insufficiently
characterized in terms of circumscription and morphological variation.

This thesis also explores metadata associated with DNA sequences from
molecular ecological studies. These sequences represent a large part of the fungal
internal transcribed spacer (ITS) sequences in GenBank that are relatively well
annotated regarding ecological and geographical data. They are, however, seldom used
as sources of such information. One reason is that they typically lack precise taxonomic
annotation and therefore are hard to search in a systematic context. To facilitate the
exploration of such sequences, the software suite emerencia (Www.emerencia.org) was
developed and is presented as a component of this thesis. The emerencia software was
employed to explore the distribution and ecology of Inocybe and was found to have the
capacity to significantly expand on our knowledge of the world-wide distribution of the
genus and of the ecology of its individual species. This new information was compiled
together with information from other sources to explore whether host preference and
three characters coding for preference for particular soil conditions are correlated to the
phylogeny. This was done using ancestral state reconstruction methods. The results
show that while soil moisture preference is not, host preference, preference for
calcareous soils, and preference in soil nutritional status are indeed correlated to the
phylogeny. This indicates that a well formulated taxonomy that is reflective of
phylogenetic relationships can have predictive values for these ecological trait.
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Introduction

This thesis is centered around the systematics of Inocybe (Fr.) Fr. (Inocybaceae Jiilich;
Figure 1) and as Judd et al (2002) states “Systematics is the science of organismal
diversity”. This suggests that systematics aims at finding and describing all taxa and
sorting out the relationships among them. Considering the human-induced mass
extinction of biological life (Groom et al 2006) and that only approximately 97 000
(<7%; Kirk et al 2008) of the estimated 1.5 million (Hawksworth 2001) number of
fungal species are described to date, it seems a daunting task to map and understand all
species even when only considering the kingdom Fungi. The urgency of this task is
exacerbated by the decreasing number of taxonomists (Lee 2000), and it is therefore
important with projects that map this diversity. This thesis is part of a project financed
by the Swedish Taxonomy Initiative (STI; Ronquist and Girdenfors 2003). STT is an all-
taxon biodiversity inventory that aims at finding and describing all multicellular species
in Sweden. There is, however, more to diversity than just simple taxon counts. Here
phylogenetic methods are used to investigate evolutionary relationships among taxa in
Inocybe (IV; V). Furthermore, the infrageneric taxonomy is evaluated with respect to
the estimated phylogenies (IV; V). For a deeper understanding of the discrepancies
between morphological based taxonomy and molecular phylogenies, five morphological
characters are investigated using ancestral state reconstruction methods (V). A new
bioinformatics tool is introduced (I; II) and used to investigate the ecology and
distribution of Inocybe with respect to DNA sequence metadata in GenBank (III) and
four ecological characters are investigated to see if they are correlated with the

phylogeny (V).

Taxonomy and phylogeny of Inocybe and their relation to morphology

An introduction to the taxonomy of Inocybe

Inocybe and the genus Auritella Matheny & Bougher are placed in the brown-spored
family Inocybaceae (Agariacales; Matheny 2005; Matheny et al 2009). Auritella was
not described until recently (Matheny and Bougher 2006) and the genus Inocybe has
most frequently been placed in the family Cortinariaceae Pouzar. The use of
Inocybaceae has, however, been justified by molecular phylogenetic studies that have
shown it to be the sister clade of the family Crepidotaceae (Imai) Singer (Matheny
2005; Matheny et al 2006; V). Matheny et al (2006) also suggest that the
ectomycorrhizal habit of Inocybaceae is one of several independent transformations to
this nutritional habit and one that significantly separates it from Crepidotaceae.

The genus Inocybe contains more than 500 species (Kirk et al 2008) and is the
larger of the two genera in the family and is one of the largest in Agaricales (Kirk et al
2008). The genus is recognized by its fibrillose to rimose cap texture. Most of the
species are small and brown, there are, however, species that are relatively large and
species with other colors e.g. white, liliac, or red. Most Inocybe species are poisonous,
and even if they are small and brown and not particularly culinary appealing, the fact
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Figure 1. A. Inocybe dulcamara var. latispora (subgenus Mallocybe). B. I. rimosa (section Rimosae

s.str.). C. I relicina (subgenus Inocybe). D. I. salicis-herbaceae (praetervisa group, subgenus Inocybe).
E. I whitei (geophylla group, subgenus Inocybe). F. I. sindonia (subgenus Inocybe).

that they commonly occur in parks and along paths increases the risks of consumption
by children or pets (Gulden and Schumacher 1980). The most frequently occurring
poisonous substance is muscarin (Kuyper 1986), a substance similar to acetylcholin that
functions as a neurotransmitter in both the peripheral and the central nervous systems of
many organisms, including humans (Gulden and Schumacher 1980). There are also
species that have psilocybin, a substance with hallucinogenic effects (Kuyper 1986).



Figure 2. A. Cheilocystidia and phaseoliform spores of I. maculata (maculata clade, subgenus
Inosperma). B. Yellow metuloid cystidia and nodulose spores of I. petiginosa (section Petiginosae,
subgenus Inocybe).

The genus Inocybe is often further subdivided into three subgenera (Inocybe,
Inosperma Kiihner, and Mallocybe Kuyper; Kuyper 1986; Stangl 1989), which are
sometimes informally treated as genera (e.g. Mallocybe in the GenBank taxonomy;
Benson et al 2009). The subgenera Mallocybe and Inosperma are recognized by bean-
shaped (phaseoliform) spores and subgenus Mallocybe 1is distinguished by
necropigmented basidia and cheilocystidia originating from the hymenophoral hypha
rather than from hymenial hypha as in subgenus Inosperma (Kuyper 1986; Jacobsson
2008; Figure 2A). The subgenus Inocybe is recognized by metuloid cystidia (also
referred to as pleurocystidia) and amygdaloid or nodulose-angular spores (Figure 2B).
Matheny (2005) showed that the subgenus Inosperma as circumscribed by Kuyper
(1986) and Stangl (1989) is split into two separate clades. One of these clades is more
closely related to the subgenus Inocybe than to the rest of the species in Inosperma s.str.
This clade was called the “Pseudosperma” clade. With this exception the subgenus
taxonomy seem to reflect the phylogeny rather well.

The subgenera Inocybe and Inosperma are subdivided into sections. Inosperma
include the two sections Cervicolores Sing. and Rimosae (Fr.) Sacc. that can be
distinguished based on the shape of the basidia, the often reddening context of most
Cervicolores species, and the rimulose to rimose cap texture of many Rimosae species.
The subgenus Inocybe (including subgenus Inocibium (Earle) Sing.) is divided into 11
sections according to Singer (1986) but Jacobsson (2008) recognizes only eight. These
sections are separated mainly on spore shape and the presence and extent of cystidia on
the stipe. This second character is often coupled with the presence of cortina, a veil
between the stipe and the cap, that protects the lamella during fruiting body
development. Cystidia are normally only present above the point where the cortina
attaches to the stipe but this correlation is not perfect (e.g. in 1. sindonia (Fr.) P. Karst.;
Kuyper 1986; Figure 1F). Instead of sections Kuyper (1986) and Stangl (1989) use the
two supersections Cortinatae (Kiithner) Kuyper and Marginatae (Kiihner) Kuyper.
These supersections are based on the presence (supersection Cortinatae) or absence



(supersection Marginatae) of a cortina.

What this thesis adds to the story

When considering the phylogenetic estimates of Inocybaceae in V, the placement of the
genus Auritella is somewhat uncertain and it is unclear if it belongs within or outside
the genus Inocybe (also cf. Matheny 2005 and Matheny et al 2009). The section
Rimosae (sensu Kuyper 1986) is divided into two groups of which one, Rimosae s.str.,
is more closely related to the subgenus Inocybe than to Rimosae p.p. (here referred to as
the maculata clade; Figure 3; IV; V). The Rimosae s.str. clade is very likely to represent
the “Pseudosperma” clade of Matheny (2005). The fact that Rimosae (sensu Kuyper
1986) 1is not monophyletic presents a taxonomic dilemma as there are few
morphological characters to separate the Rimosae s.str. and the maculata clades (IV).
Morphology is important in the everyday taxonomic work but phylogeny presents the
framework in which many more characters can be interpreted, it is important to
carefully weigh these two issues against each other. The taxonomic issues concerning
section Rimosae are central to the question whether the subgenera of Inocybe should be
elevated to genera. As this should be addressed in light of the overall taxonomy of
Inocybaceae, no taxonomic revision is made here.

The taxonomic subdivision of the subgenus Inocybe is important as this is the
largest subgenus of Inocybe and a single section of this taxa may hold as many species
as any of the other subgenera (Jacobsson 2008). The supersections, Marginatae and
Cortinatae as circumscribed by Kuyper (1986) and Stangl (1989), do not receive any
support as monophyletic in the phylogenetic analysis (V) and the presence of a cortina
is only moderately reflective of the phylogeny when investigated by ancestral state
reconstruction methods (V). There are, however, indications that presence of a cortina
can be used together with other characters to define smaller groups like Lacerae (Fr.)
Kummer s.str. and the lanuginosa group (sensu V). Spore morphology is a more
promising character for sorting species at this level (V) but the subgenus Inocibium
does not receive any support as a separate taxon that include all the smooth-spored
Inocybe with metuloid cystidia. The ancestral state reconstruction of V indicates that
the character state of amygdaloid spores has arisen among species with nodulose
spores. It is likely that this has rendered the nodulose-spored species paraphyletic and it
is also probable that the amygdaloid spore shape has arisen on more than one occasion
(V). It has been questioned if the presence of a bulb at the base of the stipe is a good
taxonomic character (Kuyper 1986), and there is now evidence that it should be used
with care as it is only moderately reflective of the phylogeny (V). Nevertheless, the

character appears to be useful in describing some groups, e.g. the napipes group.
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subgenus Inocybe

~—— section Rimosae s.str.

__— section Cervicolores

T maculata clade (Rimosae p.p.)

subgenus Mallocyhe

genus Auritella

Figure 3. A schematic tree of Inocybaceae. The genus Auritella, subgenus Inocybe and subgenus
Mallocybe are given at the tip of the branches. Branches leading to groups included in the subgenus
Inosperma sensu Kuyper (1986) are colored red, and the section or clade names in this subgenus are
given at the tips. Crepidotaceae is given as outgroup and is colored gray.

The hymenial metuloid cystidia of the subgenus Inocybe vary in wall thickness
and color in KOH. Even if these characters also vary somewhat within each species,
there are species-specific trends. In V it is shown that the metuloid cystidia color and
wall thickness is moderately reflective of the phylogeny, and many of the clades defined
in the paper have either weakly yellow to yellow or transparent cystidia. As most of the
species of subgenus Inocybe have intermediate metuloid cystidia wall thickness, this
character has limited application to separate groups, but there are clades dominated by
thick-walled cystidia, e.g. the inodora group.

V identifies 11 well-supported clades, nine of which are relatively well defined
in morphological terms. Among the cortinate nodulose-spored species the napipes
group, Lacearae s.str., the lanuginosa group, and the subcarpta group are
distinguishable. The napipes group does, however, also include I. cf. asterospora, a
species that lacks cortina, as a sister species to the rest of the clade. This clade also
forms a group with L. calospora Quél. and the praetervisa group that mainly contain
species lacking cortina, although the underlying support is moderate. The praetervisa
group includes 1. asterospora Quél. which is the type species of the section Marginatae
Kiihner. Most of the species in the larger clade, that includes both napipes and
praetervisa, have a bulb (marginate or not; Figure 1D) at the base of the stipe, but the
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clade does not include all bulbous species. Petiginosae Heim is another well defined
clade that includes small, nodulose-spored, species that lack cortina. The clade features
the species of Petiginosae sensu Jacobsson (2008) that have yellow lamella when
young. The inodora group is another well-defined clade that include nodulose-spored
species that lack cortina and that have a somewhat bulbouse to marginate bulbouse stipe
base. This group also forms the only well supported clade within subgenus Inocybe that
includes both nodulose and smooth-spored species. Inocybe inodora Velen. has
amygdaloid spores, the most common shape among the smooth-spored species of
subgenus Inocybe. However, Inocybe vulpinella Bruylants and 1. pruinosa R. Heim have
spores that deviate from this shape. Inocybe vulpinella has somewhat ovoid spores and
I. pruinosa has spores that sometimes are slightly irregular.

Among the smooth-spored taxa of the subgenus Inocybe, Lactiferae Heim is the
most well defined group. Lactiferae comprises the species with a cortina, that often
have reddening flesh, and a peculiar sweetish or unpleasant smell. In addition they
commonly contain the poison psilocybin. There is another large well supported clade -
clade XIII sensu V - that mainly, but not exclusively, contains species with a cortina.
This clade contains several well supported subclades. One of these clades is the
geophylla group which holds species that have a ground color that is white (Figure 1E)
instead of the usual dull colors of Inocybe as well as one clade that includes many of the
species of section Tardae Bon, including I. tarda Kiihner (sensu Stangl).

The groups outlined above leave many species with an uncertain taxonomic
placement. Inocybe relicina (Fr.) Quél. (Figure 1C) is one of them; this is the type
species of Inocybe and also of the section (supersection) Cortinatae Kiihner. There are
also sections that have not been considered here and it is therefore premature to make
large revisions to the section taxonomy of Inocybe, even if the current classification
system reflects the phylogenetic estimates poorly.

At the start of this project less than 90 Inocybe species were known from
Sweden (Stridvall et al 1989), a number that has risen to about 150 at the time of this
writing (Jacobsson 2008). In addition, it is clear that many generally held taxon
concepts in Inocybe circumscribe species complexes rather than individual species (111
IV). In IV the complex surrounding I. rimosa (Bull.:Fr.) P. Kumm. (Figure 1B) is
investigated. There are many species descriptions associated with this complex (Kuyper
1986) but most authors have accepted a wide species concept (Kuyper 1986; Stangl
1989). In IV there were several separate clades in the molecular based phylogenetic
estimate that could also be separated based on morphology and be matched with
existing species descriptions. There were, however, specimens that did not group with
any of these identified clades such that they probably represent different species. They
could not be confidently matched to any species description and there was not enough
data to warrant the description of new taxa. So even if IV sorts out some problems there
are still reasons for further studies of this species group. III and IV point at several

other species that should be investigated more throughly, including I. cincinnata (Fr.:
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Fr.)) Quél, I flavella P. Karst, I. geophylla (Fr..:Fr.) P. Kumm., I. hirtella Bres., I
maculata Boud., I. soluta Velen., and I. squamata J.E. Lange.

Other recent advances

In addition to the five evolutionary lineages Auritella, Mallocybe, Inosperma s.str.,
section Rimosae s.str., and subgenus Inocybe, Matheny et al (2009) present two
additional lineages, the “Mallocybella” clade that groups with Inosperma and
Mallocybe and the “Nothocybe” clade that groups with the subgenus Inocybe.
Considering Inocybe is a widely distributed genus, present in areas poorly explored by
molecular methods (II; III) and that phylogenetically very distinct lineages may not be
very easy to define morphologically (V), it is possible that even more evolutionary
lineages equivalent to the subgenus level await discovery.

Sequences from molecular ecological studies as a data source

An introduction to the sequence data from molecular ecological studies

In the last decade it has become increasingly more common to investigate fungal
ecology by applying molecular methods. This is often done by extracting DNA from
soil samples (O'Brien 2005; Kjgller 2006) or from root tip samples in the case of
ectomycorrhizal communities (Nara 2006; Miithlmann and Peintner 2008; Tedersoo et al
2008). The DNA is then used for amplification and sequencing of shorter regions of the
genome. When attempting to determine the taxonomic affiliation of the sequence, the
internal transcribed spacers (ITS) region of the nuclear ribosomal DNA are the most
commonly used parts of the genome (Horton and Bruns 2001). The taxonomic affinity
of such a sequence is inferred in relation to sequences with a known taxonomic identity
(Nilsson 2007). As most fungal taxa have not been sequenced (I), many sequences from
community studies cannot be identified to species or even genus level (I3 II; III). As
part of the process of scientific publication all sequences are deposited in public
nucleotide sequence databases such as GenBank. A consequence of the lack of precise
taxonomic assignment is that the unidentified sequences are hard to search in a
systematic context, and the information tied to them is therefore largely inaccessible
(I).

The introduction of a new bioinformatics tool

The web service emerencia (Www.emerencia.org; Figure 4; I) was designed to facilitate
the exploration of sequences lacking a precise taxonomic annotation. emerencia
downloads all the fungal ITS sequences in the International Nucleotide Sequence
Databases (INSD: GenBank, European Molecular Biology Laboratory (EMBL), and
DNA Database of Japan (DDBJ); Benson et al 2009) from GenBank. It then sorts out
the sequences lacking a full species name (insufficiently identified sequence(s) (IIS), in
III referred to as unidentified sequences) from those that have one (fully identified

sequence(s) (FIS)) and stores them in separate tables in a local MySQL database.
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Figure 4. Screen shots from the emerencia web page (www.emerencia.org). Top picture is the start
page where specific search functions can be selected. Middle picture is the top part of the output of a
genus search. Bottom picture shows the top part of the output of a search on an individual insufficiently
identified sequence.

BLAST (Altschul et al 1997) is used to find the FIS the most similar to each IIS and the
result is stored in the database. Although BLAST results are not perfect substitutes for
taxonomic proximity - especially as the taxonomic integrity of the FIS dataset is
compromised by dubious annotations (Nilsson et al 2006) - it can serve as a rough
estimate and gateway for further examination (Nilsson 2007). The resulting database
opens up new possibilities to search the sequences in different ways compared to those
offered through the interfaces associated with the INSD. One possibility is to search for
IIS associated with a particular FIS (I) and as an extension of this it is now also

possible to search for sequences associated witha particular genus (II).

What metadata is associated with the fungal ITS sequences?
To investigate the utility of the IIS and the FIS in providing ecological and geographical
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data, the metadata associated with the sequences were compiled and analyzed (II). Both
FIS and IIS are found on all continents, but North America and Western Europe stand
out as more extensively sampled (II). In Asia, there are many ITS sequences from
China and Japan but most other Asian countries have been poorly explored in this
context. The IIS dataset forms a growing part of the fungal ITS sequences in INSD (II)
covering a wide taxonomic scope. The highest number of IIS are available for the
Ascomycota and the Basidiomycota with a bias towards parasitic and mycorrhizal
genera (II; Table 1). In contrast to the taxonomic annotation, the IIS are often better
annotated than the FIS regarding geographical and ecological metadata; 50% of the 1IS
have a country annotation while the same figure for the FIS is 37% (II). The IIS are
also more often annotated with specific host (IIS: 38%, FIS: 18%) and isolation source
(I1S: 55%, FIS: 10%; II). The IIS hold great potential in offering data on the diversity,
geographical distribution, and the ecology of a genus (II; III). In IIL, emerencia is used
to mine data from both the FIS and IIS datasets pertaining to the genus Inocybe.

Distribution and ecology of Inocybe: knowledge from GenBank metadata and
correlation of ecological preferences with the phylogeny

Distribution

Matheny et al (2009) present support for the hypothesis that Inocybaceae originated in
the Paleotropics during the Cretaceous era some 143 million years ago. Today the
family is cosmopolitan and can be found on both hemispheres, in the old and new
world, and from tropical to arctic/alpine climates (Kuyper 1986; Matheny et al 2009).
These observations were expanded on in III where the distribution of IIS associated
with Inocybe as seen through emerencia is correlated to the overall distribution of IIS
(II). It was also shows that individual species can have a wide distribution (I1I).

Nutritional habit

Inocybe 1s generally considered to be ectomycorrhizal (Kuyper 1986). Mycorrhiza is an
important symbiotic association between plants and fungi where the plants receive
essential nutrients like nitrogen and phosphorous from the fungi and the fungi receive
carbon compounds for its energy supply (Smith and Read 2008). As many of the stand
forming trees in the temperate areas of the world are ectomycorrhizal this interaction
constitutes a key element in the global carbon circle (Smith and Read 2008).

Although Inocybe species seldom dominate ectomycorrhizal communities
(Horton and Bruns 2001), II and III indicate that they are often found in ecological
studies based on root-tip sampling. III also suggests that Inocybe can form arbutoid and
orchid mycorrhiza. Roy et al (2009) demonstrated that species of the genus Inocybe
often are the dominating mycorrhizal partner of the mycoheterotrophic orchid
Epipogium aphyllum. This rare orchid lacks chlorophyll and is therefore dependent on
the mycorrhizal partner for its carbon supply.
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Table 1. The 20 most common genera as represented by insufficiently identified sequences (IIS) in the
International Nucleotide Sequence Databases as seen by the number of distinct studies they originate
from and  their  generic affiliation  as  judged by  BLAST. Data  from
http://www.emerencia.org/genuslist.html#bystudies, 2009-03-23.

Number of studies Number of IIS Genus
194 994 Fusarium
182 519 Penicillium
164 1216 Tomentella
147 1184 Cortinarius
142 886 Russula
119 761 Phoma
117 475 Cladosporium
112 499 Sebacina
111 606 Inocybe
110 1140 Alternaria
104 615 Cryptococcus
103 478 Lactarius
102 379 Candida
95 508 Trichoderma
92 238 Aspergillus
88 277 Diaporthe
88 397 Hypocrea
85 1607 Mortierella
84 195 Leptodontidium
80 226 Tuber
Host specificity

Species of Inocybe are typically associated with angiosperm hosts (Matheny et al 2009;
III; V) and indeed V estimated this to be the most probable ancestral state of the family
Inocybaceae. Known angiosperm host families for the genus Inocybe include the
Salicaceae, Betulaceae, Fagaceae, Rosaceae, Malvaceae, Cistaceae (Kuyper 1986),
Myrtaceae, Phyllanthaceae, Fabaceae (Matheny et al 2009), Ericaceae, and
Orchidaceae (III). Even if association with angiosperm hosts is the dominating
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condition, there are several species that associate with gymnosperms, mainly with the
Pinaceae and Cupressaceae (Kuyper 1986). Host specificity can be observed at many
different levels. For example a fungal species can be restricted to just one plant family
or just one plant species or any other taxonomic level (Bruns et al 2002). Species within
Inocybe are rarely restricted to one host species (Kuyper 1986; III) but associations at
higher taxonomic levels have been suggested (Matheny et al 2009). At another level a
species can have a preference for one host but may also associate with other hosts to a
lesser extent. There are studies on the community level that show most ectomycorrhizal
fungi to have such diffuse preferences (Ishida et al 2007; Tedersoo et al 2008).

V shows that when studied in a phylogenetic context in Inocybaceae it appears
host association at the gymnosperm and angiosperm level is moderately evolutionary
conserved. Host type is not fully reflective of the sectional classification of Inocybe,
however, phylogenetically related species are more likely to be associated with the same
type of hosts.

Soil preferences
There are many Inocybe species that are associated with rich soils and also many
species associated with calcareous soils (III). The study of Tedersoo et al (2006), which
was the study found to have most Inocybe species associated with it in III, was
performed on a wooded meadow on calcareous soil. There are lineages such as the
lanuginosa group that seem to be mainly associated with acidic and poor soil
conditions. Both the preference for calcareous soil or not and the preference for rich or
poor soils seem to be moderately evolutionarily conserved and the distribution of the
traits among the species in the family is supported as being correlated with the
phylogeny (V).

Not all traits are reflective of the phylogeny at the level explored in this thesis.
When looking at the preference of soil moisture conditions, no support was found for a
phylogenetic model when compared with a non-phylogenetic model (V). The species
associated with dry soil conditions seem almost randomly distributed in the tree, and
species associated with moist conditions seem to form a clade only rarely, one exception
being the lanuginosa group.

Concluding discussion
As molecular studies of fungal diversity become increasingly common the mycological
community is effectively building two largely separate sets of distributional and
ecological information about fungi: one based on ITS sequence data and one based on
morphological data. It is important to create and maintain links between these datasets
to get an integrated picture of the biology of fungi.

In III data connected to sequences associated with Inocybe are explored and
clustered using sequence similarity and phylogenetic methods. Although these clusters
are not necessarily the same thing as species they are likely to be so in most cases. Even
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if these putative species cannot be tied to a formal species description at the present,
they are not without biologically relevant information, e.g. both Inocybe sp. 31 and I. sp.
2 (sensu III) seem to be species with a wide north temperate distribution. The fact that
they are not directly linked to a species name may simply reflect the lack of FIS for
many species (I) or it may be that they represent novel taxa. The ability to judge which
of these two reasons is the most likely is largely dependent on the ability to place the
putative species in a phylogenetic context and the completeness of the phylogenetic
estimate regarding taxon sampling. If the taxonomy is in accordance with the
evolutionary tree, phylogenetic placement will also help in giving an as exact as
possible taxonomic annotation, which can facilitate scientific communication and
comparison among studies. For this reason it is also alluring to assign standardized
provisional names to such putative species clusters rather than using separate names in
different papers (Thomas D. Bruns, MSA and FESIN talks, 2008,
http://www.bio.utk.edu/fesin/FESIN2008/Talks_Sunday/Bruns2008.pdf).

As many morphological characters are reflective of the phylogeny (V),
phylogenetic placement of an environmental sequence may be used to infer the
character states for the specimen it originated from. This could help in finding matching
fruiting bodies, which can then be used to generate sequences for further potential
identification. As several ecological characters also are relatively conserved, and IIS are
relatively well annotated regarding such characters (II), it is possible that IIS clusters
can provide information for species where ecological characteristics are poorly known.
It 1s likely that there are several other kinds of characters such as chemical content that
can be linked between morphologically defined taxa and clusters circumscribed from
sequence data. In these respects phylogenetic estimates represents much better frame-
works for creation of informative links between organismal data based on morphology
and sequences than e.g. plain sequence similarity. However, in order to assign any kind
of probability to the predictions of character states we are reliant on explicit models of
evolution (cf. Ronquist 2004). These models and their dependence on different
parameters such as branch lengths need to be better explored (Ekman et al 2008; V). In
Inocybe and several other taxa, there is also a problem linked to the use of ITS for
phylogenetic placement as this region is difficult to align meaningfully over the entire
family (III). Therefore the estimates of the phylogeny need to be better resolved to
facilitate the formation of smaller groups for alignment, or possibly to facilitate the
development of other procedures like supertree (Sanderson et al 1998) or supermatrix
(de Queiroz and Gatesy 2007) methods. If connections between morphological data and
sequence data cannot be built, valuable insights are sure to be missed and both the
fields of molecular ecology and systematics are likely to suffer.
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Svensk populirvetenskaplig sammanfattning.

Den hdr avhandlingen visar att man med hjilp av moddrna bioinformatiska tekniker
kan sortera och soka bland vetenskapligt insamlad data i internationella databaser pa
nya sdtt for att fa en inblick av en enskild svampgrupps ekologi och distribution. Néir
dessa tekniker anvindes pa svampsliket Inocybe (tradingar) dterfanns data fran
tropisk till alpin miljo och fran sa skilda vixter som australiska eukalyptus till
europeiska orkidéer. Det visas ocksa att flera ekologiska karaktdrer dr relaterade till
evolutiondirt sliktskap inom Inocybe men att den nuvarande namngivningen av grupper
inom sldktet inte fult ut stimmer med detta sliktskap.

Den hir avhandlingen handlar om de evolutionira sambanden mellan olika arter i
svampslédktet Inocybe (tradingar) och om hur vil namngivningen av grupper i sliktet
stimmer med det verkliga sliktskapet. Avhandlingen tar ocksa upp pa vilket sitt olika
karaktidrer och ekologiska preferenser hidnger samman med sldktets evolutiondra
historia. For att undersoka ekologin inom slédktet har moderna bioinformatiska metoder
utvecklats och anvints for att komplettera den bild man har fran klassiska metoder som
ar baserade pa fruktkroppsinventeringar.

Inocybe ir ett stort slidkte med fler an 150 arter i Sverige och med fler 4n 500
arter i hela vérlden. For att sortera upp och sétta in de olika arterna i ett sammanhang sa
grupperas de i s kallade taxa i ett hierarkiskt system. Inocybe ir till exempel uppdelat i
tre taxa pa undersldktesnivan. Tva av dessa dr i sin tur uppdelade i fler taxa pa
sektionsniva i det hierarkiska systemet. Det som oftast beskrivs med hjilp av dessa taxa
ar evolutiondrt sldktskap. Sldktskapet har klassiskt sett harletts fran morfologiska
karaktérer, det vill sédga formen av olika strukturer och vivnadstyper, och fokus har ofta
varit pa enstaka egenskaper.

De senaste decennierna har DNA-sekvenser kommit till allt stérre anvdndning
for att undersoka sldaktskap. DNA-sekvenser har fordelen att de kan ge stora méngder
data relativt snabbt och lidtt. Nackdelen &r att de &r relativt dyra och tekniskt
komplicerade att ta fram. Det gor att mycket av det vardagliga taxonomiska
(systematiserande och strukturerande) arbetet, som identifieringen av enskilda individer
till art (eller annan taxonomisk rang), fortfarande i huvudsak gors for hand baserat pa
morfologin (utseende relaterade egenskaper). Nar man jamfor en uppdelning av taxa
gjord utifran morfologi med ett sliktskapstrad konstruerat frain DNA-data sa stimmer
dessa inte alltid 6verens. Ofta maste de morfologiska karaktirema omvirderas som ett
led i uttolkandet av de grupper som DNA't visar pa.

Inom Inocybe visar det sig att undersliktet Inosperma, sdsom det hittills
avgrinsats, i sjdlva verket innehéller arter fran tva evolutionirt sett separata linjer och
att det dérfor bor delas upp. En sadan uppdelning kompliceras av att det dr svart att
sarskilja de tva separata linjerna med hjidlp av morfologi. Det blir déarfor svart att till
vardags - utan DNA-teknik - skilja de tva nya grupperna at.

Sektionerna inom undersléktet Inocybe stimmer ocksa ofta daligt Gverens med
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slaktskapstradet och bor déarfor dven de revideras. Hir kompliceras situationen
ytterligare av att det i manga fall dr svart att exakt sla fast sliktskapet mellan flera
enskilda evolutionira linjer. Mer information behdvs for att kunna skapa nya grupper
som &r bade morfologiskt urskiljbara och som aterspeglar den evolutionéra historien.

Det vi ser av svamparna nir vi dr ute 1 naturen, fruktkropparna, utgor endast en
liten del av den egentliga svampen och de visar sig bara tillfélligt ndr det dr dags for
sporspridning. Studier som bygger pa fruktkroppar ger déarfor bara en begriansad bild av
svampens liv och av vilka svampar som finns pa en plats vid ett givet tillfdlle. Man
undersoker darfor ofta svampsamhillen genom att extrahera DNA fran jordprover eller
viaxtmaterial som rotter. DNA-sekvenser fran sadana prover jamfors sedan med
sekvenser fran fruktkroppar for att forsoka koppla dem till ett artnamn. Men da endast
en liten del av alla svampar finns vetenskapligt beskrivna och bara ett begrinsat antal av
dessa finns representerade som DNA-sekvenser sa misslyckas man ofta med denna
koppling och man far ndja sig med en mindre precis placering i det hierarkiska
namngivningssystemet. Sekvenser som saknar artangivelse skickas ofta in till offentliga
databaser som ett steg i dokumentationen av det vetenskapliga arbetet dédr de ingar.
Tillsammans med sekvensen finns ocksa ofta data om var de samlats och fran vilken
vixt (eller annan vird eller substrat) de samlats. Denna information kan vara intressant
nidr man soker kunskap om en speciell svampgrupp. Men eftersom sekvenserna ofta
saknar ett namn som visar att de hor till den specifika gruppen &r det svart att ta tillvara
informationen.

For att hjdlpa till att hitta sekvenser med hjilp av sekvenslikhet sa konstruerades
webtjinsten emerencia (Www.emerencia.org). Med hjilp av den gar det att fa fram
sekvenser som &r knutna till ett visst slikte. Dessa sekvenser kan sedan undersokas
niarmare. Denna metod har i arbetet med avhandlingen anvints for att finna sekvenser
av just Inocybe.

Arterna i Inocybe lever ett liv i symbios (nédra association/beroende) med framst
vedartade véxter sasom gran, tall, bjork, ek och bok. Men genom emerencia hittades
dven DNA-sekvenser som hérstammar fran orter som pyrola och olika orkidéer. DNA-
sekvenser hittades dven fran sa vitt skilda virdvixter och platser som granar i Sverige,
ekar i Kalifornien, eukalyptus trdd i Australien, vide i Japan och tropiska tridd i
Thailand.

Till sist undersoktes det dven om det gar att se nagon korrelation mellan
sldaktskap och vilken ekologisk preferens en art har. Det visade sig att det gick 1 tre av de
fyra egenskaper som undersoktes ndmligen, om arten foredrar kalkrik mark eller inte,
om den foredrar fattig eller rik jordman och med vilken typ av virdvixter den foredrar
att bilda symbios. Detta betyder att det genom att placera en art i ett sliktskapstrad gar
att uppskatta vilka levnadsforhallanden den troligast foredrar. Det innebir i sin tur
ocksa att om det gar att forena den taxonomiska uppdelningen av Inocybe med de
evolutiondra sldktskapforhallandena sd kan taxonomin ocksa anvindas for sadana
forutsédgelser.
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