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Abstract

This dissertation is focused on the taxonomy, phylogeny, and ecology of the vagrant, erratic and allied
terricolous and saxicolous species of the genera Aspicilia A. Massal. and Circinaria Link (Megasporaceae,
Pertusariaes, lichenized Ascomycota), particularly those traditionally referred to as *mannalichens'. The group
has previously been defined on the basis of relatively few morphological characters (mainly growth form), and
the phylogeny of the group has not been previously studied.

The phylogeny of the family Megasporaceae is inferred from the combined dataset of nuLSU and
mtSSU sequences. Five genera i.e., Aspicilia, Circinaria, Lobothallia (Clauzade & CI. Roux) Hafellner,
Megaspora (Clauzade & CI. Roux) Hafellner & V. Wirth, and Sagedia Ach. are recognized. Lobothallia is sister
of the four other genera, while Aspicilia and Sagedia form the next clade. All these genera have small asci with
eight spores. Circinaria is a sister genus of Megaspora, and these two have in common asci with (1-4) 6-8 large
spores. In the resulting trees, Circinaria forms a monophyletic group and sphaerothallioid species form a
monophyletic group within Circinaria. The presence of certain morphological characters such as
pseudocyphellae, thickness of cortex and medulla layers, as well as ecological differences in sphaerothallioid
species distinguish it from some other crustose species, especially those containing aspicilin and characterised by
thin cortex and medulla layers, conidium length c. 6-12 um and absence of pseudocyphellae. If sphaerothallioid
species are accepted as a distinct genus, the rest of the Circinaria species would remain as a paraphyletic
assemblage. The combined dataset of nrLSU and mtSSU did not fully resolve infrageneric relationships in
Megasporaceae. Currently, the genus Circinaria includes all the sphaerothallioid species and its generic position
is confirmed and accepted. Thus, it is proposed as a correct generic name also for the peculiar ‘ manna lichens
described originally in other genera.

Phylogeny at the species level has been studied using nriTS sequence data. Traditionally, certain
morphological characters (e.g., growth form, anatomy of apothecium, pycnidia and cortex layer) have been used
for the recognition of species in Aspicilia s.lat. In order to find more reliable characters they were re-evaluated in
the light of molecular data. Since characters such as vagrant, erratic and crustose growth forms proved to be
misleading for the recognition of some species, a combination of several characters (including molecular data) is
recommended for species recognition.

Vagrant growth form seems to have evolved several times among the distantly related lineages and even
within a single population, resulting in either crustose or erratic and vagrant growth forms. This pattern of
crustose, erratic and vagrant growth forms distribution in the genus Circinaria may help us to interpret the
morphological convergence and ecological adaptation through the evolutionary history. Despite these insights,
the reasons behind the high plasticity in the external morphology of vagrant, erratic and crustose species in the
sphaerothallioid Circinaria still remain unknown.

Of the 15 species placed in the ‘mannalichens’ (except Circinaria tominii nom. provis.), 14 are included
in the molecular study along with some additional species from closely related groups. Four new species of
‘manna lichens' are recognized: Circinaria rogeri nom. provis., (syn. Aspicilia rogeri) from the U.S.A.; C.
digitata nom. provis. (syn. Aspicilia digitata) from Kyrgyzstan; C. gyrosa nom. provis. from Armenia,
Azerbaijan, Iran, Turkey, Turkmenistan and Spain, and C. rostamii nom. provis. from Azerbaijan, Iran and
Turkey. Circinaria arida, described from the USA, contains aspicilin and lacks pseudocyphellae. Aspicilia
tibetica, a terricolous species with small spore size (8—14 x 5-9 um) and a 8-spored ascus, is described from
China. Based on an analysis of nrITS dataset, three new erratic, vagrant and crustose species were also
recognized, but these require additional study. The results also reveal that C. elmorei and C. hispida are not
monophyletic as currently understood. In addition, 13 new combinations in the genus Circinaria are proposed.

Keywords: Aspicilia, Central Asia, Circinaria, crustose, desert, ‘manna lichens, Megasporaceae,
morphological convergence, North America, phylogeny, Sphaerothallia, steppe, taxonomy, vagrant
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Background

| became interested in lichens when | was accepted as an undergraduate in the Gorgan University of
Agricultural Sciences and Natural Resources. My first lichen collection was made in 1999 from the
surroundings of Daran village in Jolfa County (East Azerbaijan province) of Iran. The high steppes of
the Kiamaki Mountain (c. 3,347 m), located to the south of Daran, is a suitable habitat for vagrant
subfruticose Aspicilia or ‘“manna lichens'. The region is aso rather close (c. 160 km) to Mount Ararat
where the first report of ‘manna lichens’ in SW Asia (including Iran, Turkey and Armenia) was made
by Gobel (1830). In the course of a literature survey of Iranian lichens and during the preparation of the
first national lichen checklist in 2004 | became more interested to track the history of the first
collections of ‘manna lichens' made in 1820-1825. | was also interested to study the stories of lichen
“falls’ claimed to have taken place in some areas of NW Iran.

| was awarded a scholarship by the Iranian Ministry of Science and Technology and moved to
Finland to continue my studies towards MSc and PhD degrees in the University of Helsinki. During the
discussions with my PhD supervisors, | proposed the topic “The taxonomic studies of the genus
Aspicilia slat.”. My origina idea was only to revise ‘manna lichens of the Eurasian steppes and
deserts. In 2007 and 2008 | was able to conduct two excursions throughout the steppes and deserts of
central and NW lIran, collecting different vagrant lichens and many terricolous and saxicolous species
of Aspicilia s.lat.; additionally, in the course of herbarium study, | received many specimens on loan
from different herbaria. Since | found a wide range of variation within the whole group, | found it
necessary to expand my project to include some allied terricolous and saxicolous species, and to use
molecular data in phylogenetic studies of vagrant and erratic species and their relationship with allied
crustose species in Aspicilia s.lat.

Aims

The studies presented here primarily deal with the vagrant, erratic and allied terricolous and saxicolous
species of the genera Aspicilia A. Massal. and Circinaria Link (Megasporaceae, Pertusariales, lichenized
Ascomycota), particularly those traditionally referred to as ‘manna lichens'. The aims were to address
nomenclatural and taxonomic issues and the phylogeny of these lichen taxa. This thesis concentrates on
the following topics:

Paper I. The aim was to elucidate the nomenclatural problems of the ‘mannalichens in Aspicilia s.lat.
In addition, the history of the ‘manna lichens and the protologues of species were evaluated. Most of
names were typified and valid publications and the accepted names were presented in accordance to
ICBN.

Paper Il. The aim was to list all terricolous Aspicilia s.lat. worldwide in order to better understand
their growth forms and morphological characters. A further aim was to introduce a new species of A.
tibetica, occurring in Tibet.

Paper I11. Extracting and amplifying_certain areas of DNA from some of the old herbarium specimens
of ‘manna lichens and other closely related species were attempted. The successfully obtained
sequences from Aspicilia aschabadensis from 75 year-old specimen were compared with other reliable
Aspicilia sequences available from the GenBank.
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Paper IV. Current knowledge of vagrant Aspicilia species in the large steppe areas of Central Asia was
summarized. In this study, DNA sequences of A. fruticulosa, A. hispida, and a new vagrant A. digitata,
were obtained. The monophyly of new species was confirmed and formally described.

Paper V. Taxonomy and phylogenetic relationships of common North American and Eurasian vagrant
Aspicilia fruticulosa and A. hispida species were revised. A new species A. rogeri was found and
described as an additional member of manna lichens in U.S.A. A. fruticulosa was excluded from the
North American checklist temporarily.

Paper V1. The Aspicilia ‘desertorum’ complex in the Sonoran Desert was revised and the generic name
Circinaria adopted. The identity of the two saxicolous C. arida and C. elmorei were confirmed by
using nrITS dataset. A preliminary assessment of the genetic relationships among a few extremely
polymorphic vagrant and crustose species belonging to Aspicilia ‘desertorum’ s. lat. was undertaken.

Paper VII. The taxonomy and phylogeny of ‘mannalichens in Eurasia and North Africawere revised
and the currently available knowledge on the phylogeny of Megasporaceae was reconsidered. A new
phylogenetic analysis with extensive sampling from the erratic, vagrant and crustose sphaerothallioid
species (including ‘manna lichens') was presented. In this study, we attempted to present a better
overview on generic and species level delimitation among the sphaerothallioid species in the genus
Circinaria with respect to inconsistency of morphological (i.e. growth form, ascospores, conidia,
cortex and pseudocyphellae) and chemical characters used for species identification. New insights into
genetic similarities between vagrant and crustose morphotype of the erratic sphaerothallioid species
were provided.

Introduction

Lichens

The biological term “lichen” refers to a symbiotic interaction, which relies upon intimate physical and
nutritional relationships between the fungal heterotroph “mycobiont” and a photosynthetic autotroph
“photobiont” (either eukaryotic green algae, prokaryotic blue-green algae or both). The photobiont is
often restricted to the upper layers of fungal tissue, where sufficient light is available for
photosynthesis. The photobiont (green algal/cyanobacterial cells) produces carbohydrates, which are
consumed by the mycobiont (fungal cells), and the fungal partner provides photobiont with a habitat
where it is able to survive in an otherwise uninhabitable or poor condition environments.

Lichens are diverse group of organisms found in almost all terrestrial environments, from the
tropics to Polar Regions (see also Nash 2008). It has been hypothesized that one of the first steps in the
colonization of land by eukaryotes may have been the formation of a lichen symbiosis (reviewed in
Heckman et al. 2001). It is now generally accepted that lichen-forming fungi are ancient with a fossil
record dating back 400 Ma to the Early Devonian in the Rhynie chert deposits in Scotland (Taylor et al.
1995, 1997, 2004). Yuan et al. (2005) reported a lichen-like symbiosis from South China in marine
phosphorite of the Doushanto Formation at Weng' an with the age of c. 620 Ma.

In modern classifications lichens are regarded as “lichen-forming fungi” (Hawksworth & Hill
1984, Gargas et al. 1995, Honegger 1996, Tehler & Wedin 2008). According to the ICBN (McNeill et
al. 2006) the taxonomy and nomenclature of the lichen species is based on the mycobiont, which
constitutes the major part of the lichen association and it reproduces and sustains speciation. All algal
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or cyanobacterial partners (photobiont) bear independent binomial names (Jargensen 1996). Only about
100 algal or cyanobacterial species have been reported to be associated with more than 13,500 lichen-
forming fungal species, so that various different fungi may share the same photobiont (Nash 2008).

Most lichens are ascomycetes, being found in more than 17 of the 45 orders currently
documented (Hawksworth et al. 1995 and Lumbsch & Huhndorf 2007, Kirk at al. 2008). Only five of
these orders, however, exclusively contain lichenized taxa. The other orders and many families, genera
or even species involve both lichenized and non-lichenized, but often lichenicolous, fungi (Rambold &
Triebel 1992). It seems that lichenization has occurred multiple times; therefore, in an evolutionary
sense, lichens cannot be regarded as monophyletic but polyphyletic (Lutzoni & Miadlikowska 2009).
From the 1950s until the end of the 1990s, based on the observation of mixed group of lichenized and
non-lichenized species in many orders of the Ascomycota, it was widely assumed that the lichen
symbiosis arose independently several times (see also Lutzoni & Miadlikowska 2009). During the last
ten years, assembling and conducting large-scale multilocus phylogenetic studies of the Ascomycota
(e.g., Lutzoni et al. 2001, 2004) have revealed that the tremendous diversity of lichen-forming
ascomycetes might be the result of only three to five independent origins (Lutzoni & Miadlikowska
2009).

Feuerer & Hawksworth (2007) re-evaluated the number of known lichen species worldwide and
estimated it to be somewhere between 13,500 (previously proposed by Hawksworth et al. 1995) and c.
20,000 (previously proposed by Sipman & Aptroot 2001), but the latter included “orphaned” species,
i.e. “species which have not, or have only rarely, been recorded after their initial description and are not
covered in modern revisions’ (Feuerer & Hawksworth, 2007). In the most recent study by Licking et
al. (2009) it was estimated that the diversity of lichens is much higher and there are about 28,000
species worldwide.

It is estimated that more than 40% of Ascomycota species are lichenized. Furthermore, 98% of
lichenized fungi are found in the Ascomycota, the largest fungal phylum (see also Lutzoni &
Miadlikowska 2009), and the rest of lichenized species are found within the Basidiomycota.

Taxonomy of the lichenized fungi has developed independently from the taxonomy of other
fungi for more than a century. This was mainly due to the prevalent interpretation that taxonomy of
lichenized and non-lichenized fungi deal with separate groups of species (Aptroot 1998). Since the last
decade of the 20th century it has been possible to connect the phylogenetic inconsistency of the
artificial division of “lichens” and “fungi” (Nannfeldt 1932, Santesson 1952, Tehler & Wedin 2008).
During recent years, through on-going contributions of large scale molecular data to fungal
systematics, major changes to our understanding of the evolution of fungi and of their phylogenetic
affinities has been possible (see Lutzoni et al. 2001, 2004, Hibbett et al. 2007, Schoch et al. 2009 and
Printzen 2010 for a review).

The ‘Mannalichens

An exciting phenomenon in most of temperate arid and semiarid regions of the world is the
occurrence of erratic and vagrant lichens (see I, V, VII, Kappen 1988, Rosentreter 1993, Pérez 19974,
b). Vagrant lichens are known from windswept steppes and deserts in the C and SW Asia, N Africa, S
Europe and NW North America. Because of their loose growth form that varies in size from a pea to a
hazel-nut, and with no attachment to the substrate, they can easily be blown around in heavy winds.
These lichens have been hypothesized to be the best candidate for the “Biblical manna’ (cited in
Exodus 16:31) that was eaten by the Israelites when they wandered the Sinai wilderness for 40 years
(Perez-Llano 1944, Richardson 1974, Brodo et al. 2001). The word “Manna’ was also used in Qur'an,
but no lichen species has been suspected to be Qur'anic manna (I).
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The “Biblical manna’ is defined as the food “miraculously” provided for the Israglites in the
wilderness during their escape from Egypt. In many textbooks and popular books (see Evans et al.
2002, Kiple & Coneé Ornelas 1999, Webster & Weber 2007) it has been quoted that the “Biblical
manna’ might have been a lichen. In Aspicilia s.lat. (currently Circinaria) species with vagrant form
(subfruticose and even with amorphous thalli), and without proper attachment to the substrate are
known as ‘manna lichens’. The most widely accepted view in textbooks is that the manna of the Bible
might be the “manna lichen” (Lichen esculentus Pall. = Lecanora esculenta (Pall.) Eversm. or =
Aspicilia esculenta (Pall.) Flagey = Circinaria esculenta (Pall.) Sohrabi nom. provis.) which is moved
around by the wind in the Eurasian steppes and deserts, sometimes accumulating in drifts so large that
people consume it as food, or use it as additive to bread (see also Nelson 1951, Crum 1993, Brodo et al.
2001). It must be noted that the ‘manna lichen’ is considered more as a famine food rather than
everyday food stuff. Most lichen carbohydrates are indigestible when raw and need to be specially
prepared before they are eaten (Crawford 2007).

The informal term ‘manna lichen” has been used in publications since the 18th century by
several authors (e.g., Pallas 1776, Gobel 1830, Eversman 1831, Link 1848, 1849, Berkeley 1849, Pitra
1868, Reichardt 1864, Visiani 1865, Krempelhuber 1867, Errera 1893, Elenkin 1901a, b, c, d, e, 1907,
Mereschkowsky 1911a, b, 1921, Perez-Llano 1944, Donkin 1980 and Crum 1993). Donkin (1981)
undertook a large literature survey on the nature and source of 'manna’ as a miraculous food of biblical
times. He documented an extensive number of references to manna lichens and provided some
historical information and observations by European naturalists and travellers in Asian deserts (e.g.,
Eversmann in1820-25, Aucher-Eloy in 1825-30, Thénard in 1828 and Parrot in 1824-25). According to
Aucher-Eloy (1843) falls of the’ mannalichen’ do occur in the surrounding area of [ Reza'iyeh’] Urmia
Lake (Daryacheh-e-Orumiyeh), and in some localities in the southern Caspian to central Asia Minor.
However, based on my own knowledge of Iranian literature no document of such lichen fall has been
made in recent years and | have never heard about it from the local nomads, or their traditional
knowledge.

Up to now, the most commonly cited ‘manna lichen’ (Lecanora esculenta or Aspicilia
esculenta) has not been reported from the Sinai Desert and Egypt. The most recent publications from
the entire region were provided by Temina et al. (2005) and Seaward & Sipman (2006). In their
publications, it was shown that A. esculenta (Circinaria esculenta nom. provis.) does not occur in the
area (see also study I). Recently, Thor & Nascimbene (2010) published the lichen checklist of Libya
and the name A. esculenta was included. Based on my extensive herbarium study, | presume that the
name A. esculenta in their study most probably refers to C. jussuffii nom. provis. The latter is one of the
most widespread species known from Algeria (Link 1848, 1849), Libya and Morocco (see VII) and
Iran (Rabenhorst 1871, see VII) recently also found from Iraq (see VII). Most of the old reports of
manna lichen from Iran (Persia, western Caspian Sea region) are misidentifications and refer to
saxicolous members of this group (see also Seaward et al. 2008, Sohrabi et al. 2010 and VII), or
perhaps to the new species described as Circinaria gyrosa nom. provis. (V11).

According to Zohary (1982) the miraculous manna of the Sinai Desert is probably a product of
a vascular plant (e.g., Hammada salicornica, Anabasis setifera, Capparis cartilaginea or Asclepias
sinaica as Gomphocarpus sinaicus) rather than a lichen species. It was also hypothesized that manna is
most probably sweet excretions, which in some dry areas can be produced by species of Aphididae (Al-
Aswad et al. 1977).
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Megasporaceae

The family Megasporaceae (Pertusariales, Lecanoromycetes, Ascomycota), (sensu Lumbsch et al.
1994; Nordin et al. 2010; V1), includes five genera (see below) and c. 300 species worldwide. Species
of the family are lichenized with green algae. Most of them are crustose, but also several (sub)fruticose
and a few subfoliose to umbilicate species are included. According to Cannon & Kirk (2007) ascomata
in the family are often deeply immersed in the thallus. However, in some taxa apothecia are elevated
and form large flat discs. Asci are thick-walled with a strongly thickened apical cap, without an ocular
chamber, have the outer layer, faintly I+, and have (1-)4—6 (rarely 8) spores per ascus. The size of the
ascospores is variable; they are hyaline, with a single cell and a two-layered wall. Pycnidia and conidia
are common and known from many species. Species are known from maritime habitats, open forests
and from semiarid steppes to very hot deserts; the majority grow on rocks, some on soil and few on
bark and wood, crustose (obligatorily attached), some are vagrant (obligatorily unattached) and very
few grow erratic (facultatively attached).

Some higher-level phylogenetic analyses have included data of the family Megasporaceae
(Stenroos & DePriest 1998, Wedin et al. 2005, Miadlikowska et al. 2006, Schmitt et al. 2006, Lumbsch
et al. 2007). The position of Aspicilia was found to be more closely related to Pertusariales than to
Hymeneliaceae in Wedin et al. (2005) and Miadlikowska et al. (2006). Miadlikowska et al. (2006)
used combined datasets including three ribosomal RNA: nuSSU, nuLSU and mtSSU and two protein-
coding genes: RPB1 and RPB2, and their results strongly supported the pylogenetic placement of
Aspicilia and its sister relation with Ochrolechia A. Massal., and both genera were included in the
family Pertusariaceae. Schmitt et al. (2006), using a combined nrLSU and mtSSU rDNA dataset,
placed Aspicilia in the family Megasporaceae, as confirmed by Lumbsch et al. (2007) with Aspicilia
and Megaspora nested in the family Megasporaceae. The most recent phylogenetic analysis has shown
Megasporaceae to be monophyletic (Nordin et al. 2010 and V1), supporting the results obtained by
Schmitt et al. (2006) and Lumbsch et al. (2007). Some studies have focused on the Megasporaceae at
the infrageneric level (Ivanova & Hafellner 2002, Nordin et al. 2007, 2008, 1V, V, and VI).

The following genera are now accepted in the family Megasporaceae:

Aspicilia A. Massal., Ric. Auton. Lich. Crost.: 36. 1852, nom. cons.
— Type specimen: “Urceolaria cinerea p alba”, Schaerer, Lich. Helv. Exs,, ed. 2, 6: No. 127 (VER)
(typ. cons.) [= A. cinerea (L.) Koérb.].
Circinaria Link, in Neues J. Bot. 3: 5. 1809.
— Type species: Urceolaria hoffmannii (Ach.) Ach., nom. illeg. [= Circinaria contorta (Hoffm.) A.
Nordin, S. Savi¢ & Tibell].
= Sphaerothallia Nees in Nova Acta Phys.-Med. Acad. Caes. Leop.-Carol. Nat. Cur. 15: 360.
1831 — Type species (see study I): Sphaerothallia esculenta (Pall.) Reichardt [= Circinaria
esculenta (Pall.) Sohrabi nom. provis.].
= Chlorangium [Link in Bot. Zeitung (Berlin) 7: 731, Taf. X, figs. 1-4. 1849, nom. provis.]
Link ex Rabenh., Lich. Eur. Exs. 7: No. 199. 1857 — Type species (see study I): Chlorangium
jussuffii (Link) Rabenh. [= Circinaria jussuffii (Link) Sohrabi nom. provis.].
= Agrestia J.W. Thomson in Bryologist 63: 246. 1960 — Type species (see study I): Agrestia
cyphellata J.W. Thomson [=Circinaria hispida (Mereschk.) A. Nordin, S. Savi¢ & Tibell].
[ “Jussufia Link ex Wiegmann” in Arch. Naturgesch. (Berlin) 13: 248. 1847, nom. nud. —
Based on Jussufia edulis Link ex Wiegmann, nom. nud. [=Circinaria jussuffii (Link) Sohrabi
nom. provis.]].
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Lobothallia (Clauzade & CI. Roux) Hafellner in Acta Bot. Malac. 16: 139. 1991.

— Type species: Lobothallia alphoplaca (Wahlenb.) Hafellner

Megaspora (Clauzade & CIl. Roux) Hafellner & V. Wirth in Wirth, Die Flechten Baden-
Wirttembergs: 511. 1987.

— Type species: Megaspora verrucosa (Ach.) Hafellner & V. Wirth

Sagedia Ach., Kongl. Vetensk. Akad. Nya Handl. 30: 164.1809.

— Type species Laundon & Hawksworth (1988). Sagedia zonata Ach.

The most recent phylogenetic study on Megasporaceae is provided in this thesis (VII). It is based on a
combined dataset of nrLSU and mtSSU, and representatives of the five genera are included. The
current morphology-based classification was compared with the phylogenetic hypothesis obtained. It
seems that thallus morphology, presence/absence of pseudocyphellae, number of ascospores per ascus
and the size of ascospores, conidia length, and presence/absence of some compounds such as aspicilin
are all useful characters for recognizing different genera. Pseudocyphellae are only present in the
sphaerothallioid species and absent from others, and in the phylogenetic analysis (V11) sphaerothallioid
species form a monophyletic group. Moreover, vagrant, subfruticose thallus seems to have evolved
from a crustose thallus several times independently (V11).

Character/ genus | Aspicilia Circinaria Lobothallia | Megaspora Sagedia
Thallus crustose, areolate crustose, subfoliose, lobate, crustose, crustose,
sometimes, radiating | subfruticose, amorphous crustose areolate areolate
Ascopore /ascus 8 per ascus 1-4-6 (-8) per ascus 8 per ascus 8 per ascus 8 per ascus
Ascopore shape ellipsoid, rarely broadly ellipsoid to ellipsoid ellipsoid ellipsoid
globose globose
Ascopore size 10-27 x 8-19 um 18-36 x 12—26 um 8-18 x 50-65 x 32— | 14-25 x
5-12 um 50 7-14 um
Pseudocyphellae absent present in some absent absent absent
Algal layer continuous layer continuous layer or continuous continuous continuous
scattered, clustered cells in | layer layer layer
some
Medulla thin, ¢. 1-2 mm thin to thick c. 1-20 mm thin, ¢. 1-2 thin, ¢. 1-2 thin, ¢. 1-2
mm mm mm
Cortex thin, one layer thin, one or two distinct thin, one thin, one thin, one
layers in some layer layer layer
Conidium length 11-40 pm 8-35um 3-8 um 8-12 um 8-12 um
Aspicilin absent present in some species absent absent absent
Stictic acid present in some present in some species absent absent absent
species
Substictic acid present in some absent absent absent absent
species

Table 1 — A comparison of morphological and chemical characters between accepted genera in Megasporaceae, based on
Nordin et al. (2010) and study VII
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The genus Circinaria

Circinaria is distinguished from Aspicilia by the characters indicated in Table 1. The new taxonomic
circumscription for the genus is presented here.

Thallus crustose, subfruticose, subfoliose, or umbilicate. Subfruticose thallus forming globular masses,
lump shaped, with dumpy erect branches or condensed squamulose, round or occasionally irregular,
slightly concave to flat or £convex to verrucose to verruculose. Umbilicate thallus attached with central
strands to the substrate. Subfoliose thallus free (vagrant), more or less rolled up by the lobes. Crustose
thallus weakly cracked to distinctly areolate, rimose, more or less scattered, sometimes radiating,
contiguous, margin indistinct to distinct; some species with radiating marginal lobes. Prothallus
occasionally develops when thallus in crustose form, rare, often indistinct, sometimes + well
developed, fimbriate or forming a zone or a thin rime at the margin, grey to dark olive or brown-black
to dark black. Surface white to grey, brown or brownish-black, often muddy or earthy color,
sometimes ochre or olive, sometimes * reddish-orange (when ferriferous oxides present in soil), dull to
+ shiny. Sufficient data on isidia or soredia lacking. Cephalodia absent. Pseudocyphellae present in
some species. Cortex one or two layers, with even to uneven thickness, mainly paraplectenchymatous,
in some subfruticose species forming two layers, outer part paraplectenchymatous and inner part
prosoplectenchymatous, upper one usually covered with an epinecral layer or crystals. Medulla white,
I— Photobiont Trebouxia or other chlorococcoid genera; cells + globose. Ascomata apothecial,
urceolate, aspicilioid, sometimes + sessile forming crypto-lecanorine, round to angular, sometimes
elongated or irregular. Disc flat to concave, rarely convex, black to brown-black or bluish-black,
sometimes white-pruinose. Thalline margin formed by the margin of the areole, flat and indistinct to +
elevated, sometimes prominent; concolorous with thallus, or sometimes darker, or in some species with
a conspicuous white rim in inner part or entirely white. True exciple often thin but rather distinct in
some species, sometimes visible as a dark ring or wall around the disc section, cells in the uppermost
part rounded and brown to olive-brown, £ I+, partly entirely blue. Epihymenium green to olive, olive-
brown or brown, rarely blue-green, N + green to light-green ("Aspicilia-green™), K + brown, sometimes
contains crystals dissolving in N. Hymenium hyaline, rather variable in thickness in several species,
often more than 90 pum thick, usually I+ blue, persistent or + rapidly turning yellow-green, yellow-
brown or rusty-red. Paraphysoids (paraphyses) moniliform, with (3-)4—7(-8) uppermost cells *
globose (3—6 pum in diam.), to submoniliform with 1-2(-3) uppermost cells +globose to subglobose, or
largely ellipsoid, very rarely non-moniliform with simply septate paraphysoids without globose apical
cells. Paraphysoids often rather variable even in the same apothecium (best examined in KOH), in
lower part narrow, (1-)1.5-2(-2.5) um wide, simple to * branched and #* anastomosing.
Subhymenium and hypothecium hyaline, usually 1+ blue or turning yellow-green to copper-red,
sometimes muddy colour and indistinct. Asci clavate, Aspicilia type, wall and apical dome |-, outer
coat I+ blue, with 1-4—6-8) spores. Ascospores hyaline, simple, globose to ellipsoid, I—, usually 10—
35 um long. Conidiomata pycnidial, immersed, single or sometimes aggregated; wall colorless but in
upper part brown or sometimes olive to green; ostiole dark, punctiform to elongated; conidiogenous
cells sessile or on short conidiophores (might be particular to Circinaria and more or less of Arthonia
galactites (DC.) Dufour type sensu Vobis 1980). Conidia hyaline, simple, bacilliform to filiform,
straight or curved, in some species quite variable in length. Spot tests: cortex and medulla 1-, K—, C—,
P— or P+ orange. Secondary metabolites: aspicilin in some species, hypostictic and stictic acid in C.
jussuffii, but in many species no substances found. Geography: mostly Holarctic, frequently found in
temperate regions, some vagrant groups restricted to arid regions. Substrate: mainly on rocks, on
pebbles and small rocks, often on calciferous or calcareous rocks, or on soil, or without substrate
(vagrant). Habitat: often in open and sun exposed sites, few species in steppe-forest area.
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Sphaerothallia, Agrestia and Chlorangium were proposed to delimit some vagrant or erratic species
(see also I). Originally two vagrant species i.e. Lecanora esculenta (Pall.) Eversm. and L. fruticulosa
Eversm. were transferred to Aspicilia s.lat. by Flagey (1896) and the names were accepted for over a
century, but in the light of DNA studies the three generic names were synonymized under the newly
resurrected genus Circinaria. Some attention was paid to the known terricolous Aspicilia in the study
I1. A basic grouping for substrate preference of Aspicilia species at the soil surface level (including
obligatory unattached, facultatively attached and obligatory attached) species was proposed (see Il &
VII).

Due to correspondence of vagrant, erratic and some saxicolous species to the concept of
Sphaerothallia Follmann & Crespo (1974), the term ‘sphaerothallioid’ is accepted here as an additional
term to outline both subfruticose and subfoliose vagrant or erratic species (='manna lichens’) plus
some crustose species with well-developed cortex and medulla layers, owning pseudocyphellae and
lacking of aspicilin within the traditionally recognized genus Aspicilia s.lat. or within the new genus
Circinaria. The majority of sphaerothallioid species have a vagrant-subfruticose growth form, but a
few are erratic or crustose. Fifteen vagrant species of Circinaria are documented worldwide (VI1), and
a revision of the saxicolous species with three potentially undescribed erratic and crustose species is
under preparation. Some new combinations are proposed based on the results obtained in VII.

The following taxonomic novelties discussed in this thesis are presented here as provisionally
unpublished names (nomen provisorium) and will be validly published elsewhere in accordance with
the current code (McNeill et al. 2006).

Circinaria alpicola (Elenkin) Sohrabi comb. nov. provis.

Circinaria aschabadensis (J. Steiner) Sohrabi comb. nov. provis.
Circinaria aspera (Mereschk.) Sohrabi & Senkard. comb. nov. provis.
Circinaria cerebroides (Mereschk.) Sohrabi comb. nov. provis.
Circinaria digitata (Sohrabi & Litterski) Sohrabi comb. nov. provis.
Circinaria esculenta (Pall.) Sohrabi comb. nov. provis.

Circinaria fruticulosa (Eversm.) Sohrabi comb. nov. provis.
Circinaria gyrosa Sohrabi, Sipman, V. John & V.J. Rico, sp. nov. provis.
Circinaria jussuffii (Link) Sohrabi comb. nov. provis.

Circinaria lacunosa (Mereschk.) Sohrabi comb. nov. provis.
Circinaria rogeri (Sohrabi) Sohrabi comb. nov. provis.

Circinaria rostamii Sohrabi sp. nov. provis.

Circinaria sphaerothallina (J.Steiner) Sohrabi comb. nov. provis.
Circinaria tominii (Oxner) Sohrabi comb. nov. provis.

Circinaria vagans (Oxner) Sohrabi comb. nov. provis.

Materials and Methods

Terminology and abbreviations

In this thesis the mycological terminology generally follows Kirk et al. (2008). In the description of
species, delimitation of some characters (e.g., ascus type, phycobiont, hymenium, hypothecium and
subhymenium) follows Hafellner (1991), Clauzade & Roux (1984), Janex-Favre (1985), Lumbsch
(1997), Owe-Larsson et al. (2007) and Roux et al. (2011). Terms describing conidiospore and
conidiophore cell structures follow Vobis (1980) and Vobis & Hawksworth (1981). The abbreviations
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of the authors of lichen names follow Index Fungorum (http://www.indexfungorum.org). The plant
names mainly follow IPNI (http://www.ipni.org/). Herbarium abbreviations in all publications (I-VI1)
follow Index Herbariorum (Thiers 2011, continuously  updated  website  at
http://sweetgum.nybg.org/ih/). The geographical names in some cases follow Room (2009) and in few
cases Brummitt (2001) and Merriam-Webster's Geographical Dictionary, 3rd rev. ed. 2001. Reference
abbreviations mainly follow IPNI, TL2 (Stafleu & Cowan 1981) and BPH-2 (Bridson et al. 2004),

otherwise they are in accordance with the particular journal instructions and requirements.

Some of the selected terms used in this study are briefly described below.

Terms
Manna lichens

Sphaerothallioid
species

Crustose

Erratic

Vagrant

Description

An informal term used only for vagrant
morphotypes of sphaerothallioid species in the
genus Aspicilia s.lat. or Circinaria, with
subfoliose, subfruticose, amorphous thalli. Any
attached forms or saxicolous-crustose species are
excluded.

Including vagrant (obligatorily unattached),
erratic (facultatively attached) and crustose
(obligatorily attached) species in the genus
Circinaria or traditional Aspicilia s.lat.,
particularly species with well developed medulla
and cortex layers, possessing pseudocyphellae,
conidium length (c. 8-35 um) and lacking
aspicilin.

One of the main types of growth form in lichens.
Used for species that are obligatorily attached to
the substrate, e.g., rocks, soil, bark or wood.

Facultatively attached to the substrate, found
occasionally attached on rocks or soil (crustose
morphotype) or unattached (vagrant
morphotype). Some species which can persist
either in crustose or vagrant morphotypes within
a single species population. Sometimes the term
semivagrant or crustose-vagrant are used for
these species

Obligatorily unattached to the substrate. A
peculiar morphotype of some lichen species that
persist without proper attachment to the
substrate. Thalli subfoliose, subfruticose or even
amorphous.

References

Berkeley 1849; Elenkin 1901d,;

Donkin 1980, 1981; Rosentreter
1993; Hafellner et al. 2004; and
study I, IV-VII

study VII

Budel & Scheidegger 2008; and
study Il & VI.

Blidel & Wessels 1986; Pérez
1997a, b; and study 11, V &VII

Bidel & Wessels 1986;
Rosentreter 1993; Pérez 1994,
199743, b; Litterski 2002;
Hafellner et al. 2004; study I-
VII
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Field and herbarium studies

Study VII is based on material collected during field trips in Iran in 2007—2008. Fieldwork was
undertaken in the Iranian provinces of East Azerbaijan, Semnan and Golestan in October and
November 2007 and a few localities were visited in Golestan province in May 2008. All studies (I-
VII) were mainly based on herbarium specimens loaned from ANES, ASU, B, C, CANL, CANB,
CBFS, E, F, FH, FR, G, GFW, GZU, H, H-NYL, HAL, HMAS, IRAN, LE, M, MAF, MIN, MSK, O,
POLL, PRA, S, SRP, TNS, TSB, TU, TUR, TUR-V, UPS, US and the private herbarium of M.R.D.
Seaward (hb. MRDS). The first set of my own collections from Iran are deposited in my personal
reference herbarium (hb. M. Sohrabi) with some duplicates in IRAN and H.

Preparation of examined specimens and mapping

Fresh material collected by the author, as well as herbarium material, was used in this study. As a rule
more than one specimen for each locality has been cited, except in study V for which only a single
collection is cited for each state/province of USA and Canada (Note: dot map in the study V was based
on the complete set of examind specimens, however only selected specimens was listed therein
following the journal recommendation). The last updated online map is presented at www.myco-
lich.com). Records of specimens were mapped and presented as dot-maps in 1V, V and VII and as
distribution maps in the online catalogue of the lichen family Megasporaceae by Sohrabi et al. (2010).
The label data and given localities of examined specimens were first recognized in an approximate area
size (~10-30 km) using Google maps and Earth programmes (http://maps.google.com). For each
species a KML file was provided, after which each species was exported into free software GPShabel
(http://www.gpsbabel.org/) and transformed into the text file. Lastly, the distribution maps (dot maps)
were drawn using the freeware PanMap (M. Diepenbroek, H. Grobe & R. Sieger — PanMap 2000;
http://www.pangaea.de/Software/PanMap). An improved map from the MSN Maps was used for the
distribution map of Aspicilia tibetica and marked spots were approximate locations as well. But based
on GPS information of label data an online distribution map for Aspicilia tibetica is also presented at
the MYCO-LICH website.

Microscopy and measurements

For characterizing and comparing species, a set of characters was used in papers 11, 1V, V, VI and VII.
General observations of external morphology (e.g., thallus shape, branches, subsquamules apothecia,
pycnidia, pseudocyphellae, and presence or absence of black tips) were carried out under the dissecting
microscope. Hand-cut sections of thalli and apothecia were mounted in water and slightly squashed.
The preparations were examined using Leica DM 2500 compact light microscope and interference
contrast in few cases for Aspicilia tibetica, Circinaria rogeri and C. gyrosa. For preparations of
anatomical sections, a crystal freezing microtome Leica Cryocut was used and sections 10—20 um thick
were prepared. All slices were mounted in lactophenol cotton blue (LCB) and examined with a light
microscope. For most species, specimens from several different geographical regions were studied
excluding species such as C. aschabadensis and C. tominii that have been collected from a very
restricted geographical area. The size measurements of external morphology were made with digital
caliper micrometers. The estimated values were based on 10—15 samples. Except for the thickness of
the cortex, hymenium, subhymenium, exciple, epihymenium, ascus and cell size of the photobiont,
measurements of ascospores and conidia were made under a dissecting microscope and the estimated
sizes of the ascospores and conidia are given in the study I1.
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Chemical analyses

The detection of secondary metabolites in lichens is necessary for accurate identification in numerous
groups, and the presence of substances is often mentioned in taxonomic keys (Lumbsch 2002).
Diversification of chemical compounds among the vagrant Circinaria is very poor and many of the
vagrant sphaerothallioid species (except C. jussuffii) do not produce any characteristic secondary
metabolites. In order to collect more informative characters, nearly 200 selected specimens were
examined using thin layer chromatography (TLC), the methods in I, 1V, V, VI, and VII following
Orange et al. (2001). Solvents A, B and C were used. For detection of lichen substances in trace
amounts High Pressure Liquid Chromatography (HPLC) was used. Among the examined selected
material specimens were analysed. HPLC analysis was performed using methods standardized for
lichen products (Sgchting 1997). The pigments occuring as a black tip on top of the branches of the
thallus (mainly in C. hispida) were examined independently by TLC and no lichen substances were
detected. Many of the specimens were tested under UV light, but none of specimens reacted positively
to UV-A and UV-B. For spot tests following reagents were used: K, C, P, KC, and N. Calcium oxalate
was detected using 10% H,SO,.

DNA markers (DNA extractions, PCR ampification and sequencing)

Although it is easier to obtain high-quality DNA from fresh specimens, DNA extractions from rather
old material (up to 75 years) proved to be successful. In study 111 the list of voucher specimens with
their age is provided. The details and techniques of DNA extraction, PCR amplifications and
sequencing were explained in the studies 111-V1I.

The phylogenetic analyses presented in this thesis are based exclusively on DNA sequence data.
In studies I11-VII genetic diversity and phylogenetic relationships of the taxa were studied using
ribosomal nrDNA. A combination of ribosomal nrDNA and mitochondrial SSU was used in VI1I.

The ribosomal DNA consists of the small subunit (SSU/18S), the 5.8S, and the large subunit
(LSU/28S). These genes are interrupted by two internal transcribed spacers (ITS1 and ITS2; Fig. 1).
Nuclear ribosomal DNA cluster is the most widely used gene region in fungal phylogenetic analyses
(see Lutzoni et al. 2004, Hibbett et al. 2007, Schoch et al. 2009). It is also the most commonly studied
in lichen phylogenetics, including studies on the family Megasporaceae (lvanova & Hafellner 2002,
Miadlikowska et al. 2006, and Nordin et al. 2007, 2008, and 2010). A large number of primers are
available for the different loci which are relatively easy to amplify; consequently there is a large
number of sequences available in the GenBank (http://www.ncbi.nlm.nih.gov/genbank/). The ITS
regions are recognised as the most variable regions within the entire cluster and therefore they are
appropriate for phylogenetic analyses at infrageneric and even infraspecific levels (see also Hognabba
2007, and Kelly et al. 2011). The small and large subunits (nrSSU and nrLSU) are less variable and
provide useful phylogenetic information at higher taxonomic levels (orders, families, genera).

To amplify the ITS1-5.85-ITS2 region, the primers_ITS1—+ (Gardes & Bruns 1993) combined
with 1TS4 (White et al. 1990), or ITS1-LM (Myllys et al. 1999) combined with ITS2—KL (Lohtander
et al. 1998) were used. For nrLSU we used LROR, LR7 and LR5 (Vilgalys and Hester 1990).

IS4 or TS2KL. ~ LRSoOrlR7
~ primers ~ primers

ITSIF or rrsu_u Lm&nr I.R;l! S
prlmhm |

Fig. 1 — The diagram of the nuclear ribosomal DNA repeat. Boxes indicate genes and narrow lines (ITS1 and ITS2) are
internal spacers. Primer names and directions are marked with arrows.
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There are a huge number of mitochondria per cell, and each contains several mitochondrial genomes
(Turker 2009). The genes for the small (mtSSU) and the large subunit (mtLSU) do not form a cluster as
in the nuclear ribosomal DNA, and they exist in few copies only. In paper VII a small subunit of the
mitochondrial ribosomes (MtSSU; see Fig. 2) was studied in combination with the ribosomal nuclear
DNA (nrLSU). This region has also been used in Lumbsch et al. (2007) and Nordin et al. (2010).
Several sequences of these are available in GenBank. For amplification of the mtSSU region, primers
mtSSU1 and mtSSU3R (Zoller et al. 1999) were used.

mtSsu1

‘mtSSUIR

Fig. 2 — Mitochondrial ribosomal small subunit. Directions of primers are marked with arrows.

Phylogenetic Analyses

The alignment of sequences is a fundamental part of phylogenetic analyses (for a review, see
Rosenberg 2009), and necessary in studies that compare two or more biological sequences. Algorithms
produce a hypothesis by which we attempt to infer which positions (sites) within sequences are
homologous, that is, which sites share a common evolutionary history. A phylogenetic tree is a
hypothesis of evolutionary history (Rosenberg 2009).

In many lichen groups ITS1 and ITS2 are found to be very variable in their length and this
might result in ambiguous alignments (see also Liicking et al. 2011). In contrast to ITS1 and ITS2, the
5.8S, nrLSU and mtSSU are more conservative and appeared to be almost identical in length. In the
studies 111, 1V, VI, and VII sequence alignments were performed. All sequences used in studies 11, 1V
and VII were aligned using Muscle v4. web server (Edgar 2004) and then adjusted manually in
PhyDE® (Phylogenetic Data Editor). In study VI sequences were aligned using ClustalW (Larkin et al.
2007) and then adjusted manually in Bioedit software (http://www.mbio.ncsu.edu/bioedit/bioedit.html).
In study VII the web program Gblocks v. 0.91b (Castresana 2000) was used for removing ambiguously
aligned positions from the aligned ITS datasets and allowing for smaller final blocks, gap positions
within the final blocks and less strict flanking positions. According to Talavera & Castresana (2007),
Gblocks facilitates and provides an objective and repeatable alignment method to exclude poorly
aligned regions within a multiple sequence alignment, a method and procedure that have been shown to
improve accuracy of phylogenetic results in some cases. Manual alignment was performed only in the
study V. However, manual alignments are not repeatable exept in trivial cases (see also Giribet et al.
2002). Commonly, ambiguously aligned regions are removed from the aligned matrix; however,
theoretically valuable data is then lost and the exact delimitation of "unalignable™ regions is arbitrary.
In order to avoid these problems we used direct optimization (optimization alignment; Wheeler 1996)
as an alternative approach in study V.

Nowadays, most phylogenetic analyses are conducted using approaches based on parsimony,
maximum likelihood or Bayesian inference, all of which try to elucidate detected variation by
minimizing the number of character transformations (Frost et al. 2006). There are several different
approaches for inferring phylogenetic relationships and these are discussed in several publications i.e.,
Felsenstein (2004) and Lemey et al. (2010). For this thesis two approaches were used; parsimony
analyses in 111, V, VI and VII, and Bayesian inference in IV and VII.
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In parsimony analysis, equally weighting of characters is routinely applied to all types of
transformations with the aim to minimize the overall number of hypothesized transformations, and
these results in the most parsimonious solution(s) (Frost et al. 2006; Grant & Kluge 2003). In this
thesis the following three programs were used for parsimony analyses: PAUP* (v. 4.0b10; Swofford,
2002; mainly in the studies 111, IV and V1), POY (Wheeler et al. 1996; in the study V), and TNT
(Goloboff et al. 2008a, b; in the study VI1).

Numerous dternative methods and techniques for studying the “support” of different
monophyletic groups included in the phylogeny trees have been proposed. To discuss pros and cons of
these methods is beyond the scope of this study, for detailed discussion see, for example Muller (2005).
In studies 111, VI and VII support values were calculated using one of the most widely utilized method,
bootstrapping (Felsenstein 1985).

Bayesian inference (Rannala & Yang 1996, Huelsenbeck et al. 2001, Huelsenbeck & Ronquist
2001) is a mathematical and statistical formalization for inferring phylogenies based on an explicit
choice of a model for evolutionary change. Bayesian inference was applied in studies 1V and VII. The
settings for the tree and other parameters of the model were executed using the program MrBayes
version 3.0beta 4 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck 2003). The models for
nucleotide substitutions were selected prior to the Markov Chain Monte Carlo (MCMC). The model of
evolution was selected using MrModeltest Version 1.1b (Nylander 2002) in combination with PAUP*
(Swofford 2002). MrBayes (Huelsenbeck & Ronquist, 2003) uses Markov chain Monte Carlo to
approximate the posterior probabilities, and details of the technique to calculate posterior probabilities
are explained in their publication. Detailed information of the analyses and settings of the parameters
are presented in studies VI and VII.

Morphological Characters

Sphaerothallioid species are mainly included in the studies I, 111-VII, and comparatively in Il. In
general, for a description of each species 16—20 morphological characters were evaluated from each
specimen and studied in detail. The character sets were incorporated into small Access-based
(Microsoft Corporation) databases, which made their conventional comparison, and construction of
identification keys simple. In the following only morphological features of the sphaerothallioid species
are discussed. According to Lumbsch & Kothe (1988) the subfoliose vagrant species can be divided
into two groups: non-obligatory unattached species, normally attached to their substratum, and
obligatory unattached species which are exclusively terricolous. According to Bidel & Wessels (1986),
the facultatively unattached lichen species should be termed ‘erratic’, while the word for the obligatory
unattached lichens should be ‘vagrant’. In studies V, VI and VII the ‘erratic’ term is used for
Circinaria alpicola, C. aschabadensis and C. hispida s.lat., that appeared either in crustose or vagrant
morphotype. The vagrant (obligatory unattached) growth form is known in several species, e.g., C,
cerebroides, C. fruticulosa, C. gyrosa, C. lacunosa and C. rostamii. Some specimens of C. emiliae, C.
esculenta, C. jussuffii and C. vagans are nested in the erratic-vagrant group in study VII. In order to
understand thallus placticity of certain species more data are clearly needed. Some of the vagrant
species mentioned above are also found on pebbles, but the vagrant habit does not really change due to
the movement of pebbles. This is because the thallus covers the whole pebble, forming a subglobose
lumpy sphere with the hard and invisible substrate inside. Therefore, they can still move from place to
place by wind and maintain their mobility in the habitat. In study VII saxicolous species were not the
main target, therefore descriptions and other information on them are not provided. These species will
be treated in another study and published elsewhere. However some of the saxicolous sphaerothallioid
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species (e.g., C. aspera, C. elmorei (E.D. Rudolph) Owe-Larss., A. Nordin & Sohrabi and C.
sphaerothallina) have been included in the phylogenetic analyses and all of them are nested within a
large sphaerothallioid group in the genus Circinaria.

Only few identification keys based on thallus morphology have been published for
sphaerothallioid species, including ‘manna lichens’ (Poelt 1969, Oxner 1971, Esnault 1985, Andreeva
1987). In study V11 the first worldwide identification key for ‘manna lichens’ is provided. This key is
mainly based on morphological and anatomical characters as described below.

Fig. 3 — Erratic thalli of Circinaria alpicola (Ringel & Jaschhof 5183, H); scale= 3 mm. C. crustose morphotype (DNA
MS175, growing on a pebble) and V. vagrant morphotype (DNA US2123).

Thallus growth form, thickness and surface type (Fig. 4)

Sometimes the formation of thalli in vagrant sphaerothallioid species results in peculiar phenotypes,
which are rather difficult to categorize within the commonly recognized thallus types described in
Grube and Hawksworth (2007). In Bldel & Scheidegger (2008) the vagrant growth form has been
classified under foliose lichens. In studies I-V11 they are treated as subfruticose lichens.

The surface of vagrant sphaerothallioid species (with subfoliose and subfruticose thalli) is
formed by variously shaped, uneven and irregular projections. A digital vernier calliper to measure the
size and describe the surface projections has been used and the following types distinguished: 1)
smooth, with no projections (e.g., Circinaria emiliae), 2) wrinkled subsquamulose (e.g., C. esculenta),
3) gyroid warted, tuberculate, verrucose to verruculose (e.g., C. gyrosa and C. vagans), 4) long to
narrow cylindrical branches, dichotomous (e.g., C. fruticulosa, C. hispida s. str.). Based on the external
appearance of the thallus, an artificial grouping of species can be made (Fig. 4). Four different thallus
forms were observed among the vagrant species, as follows:

C. esculenta thallus form (Fig. 4 G-H). These species are vagrant, free, with prominent to sessile
subsquamules, large to medium size, compact, subsquamules or lobes entirely overlapping, forming
spherical to subspherical, and sometimes irregular shapes. There are many intermediate forms. C.
esculenta, C. jussuffii and C. tominii have intermediate forms and they are variable in size and
sometimes resembling each other. C. jussuffii sometimes colonizes pebbles and then the substrate is
completely covered by the thallus.

C. fruticulosa thallus form (Fig. 4 C-D). Thalli of this group are unlike the previous form since they
are extremely ramified, producing many short or long branches; branching is dichotomous or irregular,
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with radiation from the central axial body. Thalli are free or attached to soil. Species having this kind of
a thallus are C. digitata, C. fruticulosa, C. hispida s. str. and C. rogeri.

C. lacunosa thallus form (Fig. 4 E-F). This is the most distinctive form and species having this kind
of a thallus are easily distinguished. The thalli are entirely free, subspherical to irregular, amorphous,
without any clear shape. Lobes vary in size, and the external appearance is very variable, truffle-like
(tuber-like) and their surface is cracked and often deeply fissured, with pits occurring in some parts. C.
cerebroides, C. lacunosa, C. rostamii, and some specimens of subfoliate C. emiliae represent this kind
of morphology.

C. vagans thallus form (Fig. 4 A-B). This type is somewhat intermediate between the C. esculenta and
C. fruticulosa forms. It is characterized by vagrant to crustose growth forms (saxicolous specimens are
rare, then mainly on pebbles totally covered by thalli), with short, dumpy branches, tuberculate,
verrucose to verruculose and even with more or less areolate thalli, pseudocyphellae common,
conspicuous. Species with this kind of a thallus are C. alpicola, C. aschabadensis, C. gyrosa and C.
vagans. This thallus form is morphologically very similar to saxicolous C. elmorei s.lat. (see paper VI)
and to Circinaria sp. 1 and sp. 2, that are two undescribed species (see paper VII).

Isidia, soredia and prothallus

All species of Aspicilia and Circinaria treated in this thesis lack an isidia and soredia. The prothallus is
rarely present in some saxicolous species, for example C. arida Owe.-Larss., A. Nordin & Tibell (see
the study VI). This character will be discussed in detail in the forthcoming study of saxicolous
sphaerothallioid species by Sohrabi et al.

Pseudocyphellae (Fig. 5 A-C).

All sphaerothallioid species in the genus Circinaria have pseudocyphellae and their size varies between
species. This character is lacking in some crustose species of the genus, such as C. arida, C.
caesiocinerea, C. calcarea, C. contorta, C. gibbosa and C. leprosescens.

Apothecial size, position and abundance (Fig. 5 D-F).

The great majority of vagrant species have a sterile thallus. In some species apothecia appear in older
parts, but they are often poorly developed. In some species, such as Circinaria esculenta, C. tominii
and C. vagans, apothecia are immersed, urceolate or aspicilioid. In a few species they are elevated at
the surface and fairly large, up to 2 mm in diameter, often appearing (crypto)lecanorine with a
conspicuous thalline margin; for example, C. fruticulosa, C. hispida s.str. and C. rogeri have apothecia
with a distinct thalline margin (Fig. 5 E-F). In some vagrant species (e.g., C. cerebroides, C. digitata,
C. emiliae and C. lacunosa) only a single apothecium or no apothecia were found. All Eurasian C.
hispida s.str., examined in study V11, were sterile. However, a few N American specimens were found
fertile (see also study V).
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Fig. 4 — A-H. Variation of thallus morphology among the vagrant Circinaria, ‘mannalichens.” A: C. gyrosa (Radde s.n.,
LE); B: C. vagans (Kulakov s.n., LE); C: C. fruticulosa (Mereschkowsky s.n., H); D: C. hispida s.str. (Ochirova s.n., LE);
E: C. emiliae (Savicz, Lichenoth. Ross. No. 115, H); F: C. lacunosa (Piregoudov s.n., LE); G: C. esculenta (Tomin s.n., H);
H: C. jussuffii (Reboud s.n., H). Scale =5 mm.
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Fig. 5 — A—C. Pseudocyphellae. A: Circinaria alpicola (Litterski 4848, H); B: C. fruticulosa (Mereschkowsky s.n., H); C:
C. vagans (Choy 5224, LE); D-F. Apothecia. D: C. fruticulosa (Wagner L-0070, GZU, Photo by: W. Obermeyer), scale =
1.5 mm; E: C. rogeri (Rosentreter 4874, SRP; see study V); F: C. hispida s.str. (Spribille & Wagner 25348, GZU, see study
V). A-C & E-F, scale =1 mm.

Apothecial disc, margin and thalline exciple (Fig. 6)

Disc colour of the mature apothecia is often brownish-black, and frequently becomes white pruinose.
Apothecial discs are sometimes not visible, especially when the apothecia are immersed within the
thallus. White rim appears in the thalline exciple (thalline margin) of some species (e.g., Circinaria
alpicola, C. esculenta, C. rogeri, C. tominii and C. vagans). In C. fruticulosa, C. rogeri and C. hispida
s.str. apothecia are usually found in older parts of the thallus, and are more or less elevated from the
surface of branches. Thalline exciples in C. fruticulosa, C. rogeri and C. hispida s.str. are well
developed and distinctive as compared to other species of the group.
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Hymenium, paraphysoids, ascus
Thalline exciple and ascospores Cortex layer

Hypothecium and
subhymenium
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Fig. 6 — Detailed schematic presentation of the structures in the apothecium of Circinaria fruticulosa as seen in cross
section.

Cortex and epinecral layer (Fig. 7 A-B)

The cortex in sphaerothallioid species of Circinaria has two different forms. In some species the cortex
layer often appears without a distinct delimiting border between exterior and interior parts, and it is
difficult to distinguish true paraplectenchymatous cortex layer from the prosoplectenchymatous tissue
of medulla. Personal observations confirm that in some vagrant sphaerothallioid species the algal layer
is compartmentalized into small groups which form a discontinuous layer, and subsequently it is
interrupted by prosoplectenchymatous tissue of medulla. This kind of cortex formation is here referred
to as an unevenly thickened cortex in which prosoplectenchymatous tissue, originating from anticlinal
hyphae of the medulla, is included; for instance C. alpicola, C. aschabadensis, C. cerebroides, C.
emiliae, C. esculenta, C. gyrosa, C. jussuffii, C. lacunosa, C. rostamii, C. tominii and C. vagans have
this kind of a cortex (see Fig. 7 B). C. digitata (see the study 1V), C. fruticulosa (see Fig. 7 A), C.
hispida s.str. and C. rogeri (see the study V) have two distinct cortical layers.

Algal cells (Fig. 7 C-D)

A discontinuous algal layer was observed in subfruticose vagrant sphaerothallioid species, particularly
those with a thick medulla and cortex layers. It seems that discontinuous algal layer is characteristic
structure in some arid region lichens. For example such algal layer is also observed in the foliose
vagrant species Xanthoparmelia hueana (Gyeln.) O. Blanco et al. and X. semiviridis (Nyl.) O. Blanco et
al. therein algal cells packed into small clusters. Algal layer in sphaerothallioid species are forming
group of small clusters with c. 100—200 x 150-250 um broad. However, this kind of an algal layer was
not found in Circinaria arida, C. caesiocinerea, C. calcarea, C. contorta, C. gibbosa and C.
leprosescens which have a much thinner medulla layer (see paper I1).
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Fig. 7 — A: Cortex with prosoplectenchymatous tissue in Circinaria fruticulosa (Sohrabi 10405A, H); B: Cortex with
paraplectenchymatous tissue in C. alpicola (Litterski 4848, H), stained by lactophenol cotton blue (LCB); A-B, scale = 50
um. C-D: Photobiont chlorococcal (Asterochloris or Trebouxia) in C. gyrosa (Sohrabi 10085, IRAN), scale = 20 um.

Medulla (Fig. 7 A)

The medulla is a well developed layer in most vagrant sphaerothallioid species, forming with
prosoplectenchymatous tissue, irregularly to anticlinally oriented hyphae. Since vagrant Circinaria are
substrate-free with more or less spherical in external morphology, the medulla layer is somewhat
thicker than in crustose sphaerothallioid lichens species. For example, in C. cerebroides with a truffle-
like thallus morphology (c. 25 mm wide) the medulla layer is well developed and thick, reaching to c.
20 mm in microtome sections, and in well-developed thalli 34 cm wide, the medulla layer is still
thicker. The medulla in the strict sense is a fungal layer between the algal layer and the surface of the
substrate (see also Henssen & Jahns 1974, Budel & Scheidegger 2008).

True exciple or proper exciple (Fig. 6)

The true exciple of most sphaerothallioid species is fairly well-developed and composed of distinctly or
indistinctly radiating hyphae. The anatomy of the true exciple provides some of the best characters to
identify certain lichen species and genera (see Ekman 1996). In study VII, it is shown that in some
sphaerothallioid Circinaria the innermost part of the true exciple forms a more or less distinct layer
with an intricate texture. The thickness of this layer varies between closely related taxa; for example, it
is less developed in C. vagans but slightly more developed in C. gyrosa and C. rostamii. However, the
differences are too subtle and therefore not useful in the identification of species without support from
other characters.
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Hymenium and epihymenium (Fig. 6)

In this study mature apothecia of sphaerothallioid species were examined. The hymenium is hyaline
and often gives an amyloid reaction with iodine. The thickness of the hymenium shows some minor
variation among species, and it seems that it alone cannot be used in distinguishing species. The
thickest hymenium was observed in Circinaria fruticulosa and C. rogeri. The epihymenium is partly
pigmented with yellowish to greenish-brown crystals. This pigmentation is deposited in the apical part,
and often reacts K+ (fading in colour) and N+ (more or less changing to light green; Aspicilia-green
sensu Meyer & Printzen 2000).

Paraphysoids (Paraphyses) (Fig. 8)

The term paraphysoids (“paraphysoides’) was recently adopted by Roux et al. (2011). The term was
earlier used by Janex-Favre (1985) and Lumbsch (1997) in the same meaning for inter-ascal or pre-
ascal hyphae which are derived from an ascolocular development forming a plectenchyma that
resembles pseudoparaphyses (see also LIAS glossary contributors 2010, http://glossary.lias.net/). In the
present work (studies 11, V, 1V and VI) the term “paraphyses’ is used following previous studies by
Owe-Larsson et al. (2007), but the term paraphysoids is adopted later (see study VI1). Paraphysoids in
sphaerothallioid Circinaria are mostly branched except in their uppermost parts (see Fig. 8 E-G), they
differ in thickness, 2—4 x 5—7 um in the lower parts, and have globose to subglobose cells in the
uppermost parts, with cells up to 3-5 x 4—6 um, often moniliform to submoniliform (sensu Magnusson
1939, Owe-Larsson et al. 2007).

Hypothecium and subhymenium (Fig. 6)

In studies V, VI and VI the delimitation of the hypothecium and subhymenium follows Owe-Larson et
al. (2007). The hypothecium is typically hyaline, but in older specimens rather unclear and with a
muddy colour. A very thin subhymenium is always present between the hymenium and the
hypothecium. Both hypothecium and subhymenium are amyloid and I+ blue.

Asci and ascospores (Fig. 8)

The asci belong to the Aspicilia-type (Hafellner 1989, Lumbsch 1997, see also Malcolm & Galloway
1997). The shape of an ascospore in sphaerothallioid species ranges from globose to subglobose (see
Fig. 8 C and I). Only one type of ascospores was found. A rather large and globose to subglobose
shape is usually found in both sphaerothallioid species (e.g., Circinaria alpicola, C. aschabadensis, C.
aspera, C. elmorei s.lat., C. gyrosa, C. sphaerothallina and C. vagans, see the studies 1V, V, VI and
VII), and allied saxicolous species (e.g., C. arida, C. calcarea, C. contorta, C. gibbosa, see the studies
V1 and VII). The spore size has often been used as an important character for identifying species in all
lichen groups including Megasporaceae (see Smith et al. 2009 for review). However, in the present
study, it was shown that the ascospore size and the number of the spores per ascus are less variable and
therefore have less taxonomic value (see Fig. 9 B). In study VII it was shown that Aspicilia tibetica
does not belong to sphaerothallioid species. It has small ascospores in asci containing eight spores,
characterized by their thick wall and ellipsoid shape (see study Il for more detail).
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Fig. 8 — A-—I. Details of asci, ascospores and paraphysoids in Circinaria gyrosa (Sohrabi 10085, IRAN); scale = 20 um. A,
C, F: a = globose to subglobose ascospore; B & I: an ascus with its typical thickened apical cap, showing three ascospores
per ascus; H: an exceptional case with eight ascospores in an ascus; E: (sub) moniliform paraphysoids with 3—9 + globose
uppermost cells; G: lower part of paraphysoids, 1-2.5 um wide, simple to xbranched; D: epihymenium green to olive-
brown or brown. J-K. Conidiogenous cells and conidia in C. gyrosa (Sohrabi 10085, IRAN); scale in the photos. J: conidia
simple, bacilliform to filiform; K: conidiogenous cells with simple, bacilliform to filiform conidia cells in tip; M—N.
Conidiogenous cells and conidia in C. rogeri (Rosentreter 3516, B); scale in the photos.

Pycnidia, conidia and conidiogenous cells (Fig. 8, 10)

According to Hawksworth (1988), conidium shape and size, rather than the structure of the
conidiomata (pycnidia), or the method of conidiogenesis, are important characters in many genera
including Aspicilia A. Massal., Heterodea Nyl. (Cladoniaceae), Micarea Fr. (Pilocarpaceae) and
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Opegrapha Ach. (Opegraphaceae). In the present study many pycnidia among most of the examined
specimens were observed, and conidia size appeared to be a reasonably informative character among
the vagrant sphaerothallioid species. Pycnidia usually have a blackened ostiole and a hyaline wall (see
Fig. 10 A), and they are typically covered with a white rim. They are also conspicuous and located in
the thickened parts of the thallus, near the lobes or sometime in pseudocyphellae or beside the
apothecia. Conidia are elongated (Fig. 8), filiform and somewhat curved. Study VII showed that
conidia size is informative for species delimitation, but only in some cases. A graphic representation of
the measurements of conidia in the vagrant and erratic sphaerothallioid species is presented in Fig. 9 A.
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Fig. 9 — A. Variahility in conidia size among the ‘manna lichens' shown in boxplot. The measurements are expressed as
mean + SD (boxes) and extremes. Data obtained from measurements of conidia length in five pycnidia (= 30 conida) per
species. 1: Circinaria hispida s.lat. (on pebbles) and C. hispida s.str. (vagrant form) show different conidia size. In study
VIl (MS154 & MS159) the specimens turned out to belong to the same species. 2: C. elmorei s.lat. on pebbles and vagrant
C. gyrosa show similar conidia size. In study VII MS66 (vagrant) and HQ389201 (crustose) turned out to be different taxa.
3: Crustose and vagrant morphotypes of C. alpicola show slightly different conidium size. In study VII MS175 (crustose
morphotype) & US2123 (vagrant morphotype) turned out to belong to the same species (see Fig. 3 above). B. Ascospore
size in the ‘manna lichens’, with 95% confidence ellipses obtained from ascospore measurements of five specimens per
species (= 30 ascospore). Both graphs were implemented in R using boxplot and ellipse packages (see R Development Core
Team 2008).

Pycnidia have been found in all sphaerothallioid species treated in study VII, except Circinaria
digitata (see study 1V). In the study V, the pycnidia for Eurasian species C. fruticulosa (syn. A.
fruticulosa) was reported as “not found”, however after examination and study of additional material it
was found and described in the study VII. Pycnidia appear to be more or less similar to Roccella-type
(sensu Vobis 1980; Vobis & Hawksworth 1981). Otherwise they are not comparable with other types
proposed. Inside, the pycnidial cavity is lined by conidiogenous cells, which produce conidia
terminally, and the hollow consists of a short conidiophore, a sub-cylindrical to cylindrical cell 57 x
2—4 um, with one to three septa. Conidiophores might be particular to Circinaria and somewhat similar
to those in Arthonia galactites (DC.) Dufour sensu Vobis (1980).
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Fig. 10 — A. Pycnidia in Circinaria rogeri (Rosentreter 4874, SRP, see also Fig 2 B in study V), scale = 0.5 mm. B. Cross
section of pycnidia in C. tominii (Baranov s.n., H) stained by lactophenol cotton blue (LCB), scale =50 pm.

Ecology and distribution

All species studied are mainly from the temperate region of the Holarctic ecozone in the Northern
Hemisphere (sensu Takhtajan 1986). Circinaria species with a vagrant growth form are distributed in
the temperate zone between latitudes 30° to 60° (Fig. 11). They are found from the lowlands of the
Caspian Sea (Mereschkowsky 1911a, b, 1921) to the high latitudes of Tian-Shan Mountains (see
studies 1V and VII; Litterski 2002). The group is well diversified in the arid and semiarid areas of the
Eurasia (Fig. 12). The largest number of vagrant Circinaria species is found in the Central Asian
steppes (IV and VII), with only a few representatives in the western North America. Middle East
steppes and deserts, and South European forest steppes (Crespo & Barreno 1978, Hafellner et al. 2004)
are also areas showing high diversity. In the temperate zone with an arid climate (including xeric and
semi-xeric habitats), many species that belong to other groups with vagrant growth form may also
occur; for example vagrant growth forms have been reported for some species in Xanthoparmelia
(\Vain.) Hale (see Pérez 1997b, Litterski 2002, Blanco et al. 2005, Leavitt et al. 2011), Dermatocarpon
Eschw. and Rhizoplaca Zopf (Rosentreter & McCune 1992, Rosentreter 1993, Arup & Grube 2000).
Some deformed vagrant Circinaria emiliae and Dermatocarpon spp. somewhat resemble each other by
their external morphologicy even though they belong to unrelated lineages of lichenized fungi. Since
vagrancy can be assumed to be a response to drought stress (Honegger 2001), and the mentioned taxa
belong to evolutionarily distant lineages of lichenized fungi, this phenomenon obviously represents
morphological convergence.

In study VII it is shown that a number of species including Circinaria alpicola, C.
aschabadensis, C. cerebroides, C. digitata, C. esculenta, C. fruticulosa, C. lacunosa and C. vagans are
confined to the Irano-Turanian region, some with a very restricted distribution; for instance, C.
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aschabadensis from Kopet-Dag Mountain and C. alpicola and C. cerebroides from the high mountains
of Tian-Shan, C. tominii from Chuy Desert in Altai Republic in Russia can be regarded as endemic in
these particular areas. Some species, such as C. jussuffii and C. gyrosa, have a limited distribution in
the Mediterranean area. It must be noted that of all the Mediterranean climate zones in different parts of
the Old World, vagrant taxa have only been found in the North Sahara, Middle East and South Europe.
Circinaria hispida s.str. is the only widespread taxon among other sphaerothallioid species, as it is
known from both Eurasia (Old World) and North America (New World). No vagrant Circinaria
species have been reported from Australian deserts (Eldridge & Rosentreter 1997).
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Fig. 11 — Known world distribution of ‘manna lichens’ determined from examined specimens in papers V and VII. The
outline map was produced by PanMap software.
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Fig. 12 — A-B. Population of Circinaria esculenta near Lake Inder in Kazakhstan (Photo by O. Vondrakova & J.

Vondrak). C. Population of C. alpicola in Ak-Saj, Kyrgyzstan (photo by B. Litterski). D—F. Habitats of Circinaria in Iran.
D: C. gyrosa in open juniper forest in Shah kuh and Jahan Nama district in Golestan province; E: C. rostamii in dry steppe
with Astragalus spp. and Artemisia spp. in the Kiamaki Wildlife Refuge in East Azerbaijan province; F: C. fruticulosa

(Sohrabi 10405B) in Kaleybar district, 35 km S of Kaleybar along road to Ahar; scale =5 mm.
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Results and Discussion

Nomenclature

Type specimens are scientifically important and support the stabilization of nomenclature (see also
Daston 2004). Examination of type material is critical for determining correct circumscription of taxa
(Speers & Edwards 2008). ‘Manna lichens' is one the oldest known groups of lichens and it contains
several old names mostly described during past two centuries. In addition to pre-Linnean names by J.
Amman, J. J. Dillenius and others (see Elenkin 1910d, Savicz & Elenkin 1950) the oldest validly
published name in the group is Lichen esculentus Pall., introduced in 1776 by the German naturalist
Pallas. The name Lichen esculentus and its combinations (e.g., Aspicilia esculenta, Lecanora esculenta
and Sphaerothallia esculenta) are still used in many textbooks and popular publications. According to
ICBN, the application of names is determined by the identity of their type specimens (herbarium
specimens or illustrations). Therefore, the typification of such important and widely used names can
have a significant effect on their usage. Careful scrutiny of the protologue for each of the names used
for ‘manna lichens’, coupled with the study of herbarium specimens, allowed us to designate epitype
for Aspicilia esculenta and lectotypes for several species, variants and forms of ‘manna lichens (see
study ).

In the course of herbarium studies (I-VII) it was found that Lichen esculentus and its
combinations have been used in very wide sence, including several distinct species. The same was true
with Lecanora fruticulosa and its combinations. Occasionally even saxicolous specimens, sometimes
referred to Lecanora desertorum (nom. illeg.), were caled ‘manna lichens. Some infraspecific taxa
poposed by earlier authors (e.g., Berkeley 1849, Reichardt 1864, Steiner 1910 and Szatala 1957)
proved to be distinct species, while most of them turned out to be environmental modifications. The
tracing of original material and subsequent typification were laborious tasks. Still some of the original
material particularly that of K.S. Mereschkowsky could not be located.

In some studies, the names Aspicilia fruticulosa and A. fruticulosofoliacea have been given to
some vagrant, sphaerothallioid specimens (see Barreno et al. 1998; Sancho et al. 2000). Molecular
characters, as well as an evaluation of the type specimens, confirmed that the Spanish species represent
a distinct population, which belongs to a new species, C. gyrosa. In study V, the distinct morphology of
C. fruticulosa led to the resolution of a taxonomic problem between the North American and Eurasian
specimens of this species. Finally, both molecular and morphological characters confirmed that A.
fruticulosa sensu Rosentreter (1993) and Brodo et al. (2001) in North America is a new species, and it
was described as A. rogeri (syn. Circinaria rogeri)

Generic and species concepts

Since our current knowledge of the independent presence of genera in nature is in a state of flux, their
delimitations remain rather subjective. It is well accepted that a genus is a monophyletic assemblage, a
cluster of one or several distinctive species. Traditionally it is also an adopted concept in the biological
classification system. The generic concepts in lichenized fungi in general have been unsettled since the
late 1960s (e.g., Nimis 1998; DePriest 1999; Rambold & Triebel 1999; Lumbsch & Leavitt 2011). In
studies 1-V, the generic name Aspicilia was accepted, and three new species (A. tibetica, A. digatata,
and A. rogeri) were described. A phylogenetic analysis of the family Megasporaceae resulted in a new
generic classification in Nordin et al. (2010) and in study VI1. In study VI the new generic names were
adopted and the older name Circinaria was resurrected. Nordin et al. (2010) outlined a possible basis
for the future circumscription of Circinaria, characterized by a crustose, subfruticose and subfoliose
thallus, and the presence of aspicilin (in some species). A number of other important characters, such as
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the presence of pseudocyphellae, cortex with two layers, and conidia size, were taken into account in
study VII. It became clear in study VII that Circinaria might not be a good generic name for
sphaerothallioid species. The name Sphaerothallia Nees as an oldest name after Circinaria was another
alternative which has been used a few times for ‘manna lichens (see Nees von Esenbeck 1831,
Reichardt 1864, Szatala 1957, Follmann & Crespo 1974). The results in study VII show that
sphaerothallioid species (e.g., C. cerebroides, C. esculenta, C. emiliae, C. fruticulosa, C. gyrosa, C.
hispida s.str., C. lacunosa, C. rostamii, C. sphaerothallina and C. vagans) are nested in the same clade
together with the crustose species C. arida, C. calcarea, C. contorta, C. gibbosa and C. leprosescens.
Therefore, some necessary nomenclatural changes were proposed.

There is no general agreement among biologists about the unique “species concept”. The issue
is highly controversial and constantly debated, even between taxonomists. Species concept and species
delimitation have been recently reviewed in general by, for example, de Queiroz (2007), and in lichens
by (e.g., Purvis 1997; Grube & Kroken 2000; Crespo & Lumbsch 2010; Lumbsch & Leavitt 2011). The
species concept used in this study is a pragmatic one (see also McDade 1995), relying mostly on
morphological characters, or other recognizable patterns of discontinuity, and assuming that these
patterns reflect the essential genetic integrity of the species. In some publications on lichens the use of
this approach has been referred to as a so-called ‘taxonomic’ species concept (for review see Karnefelt
1979, Cronquist 1988).

Phylogeny

In a three-gene analysis (nrLSU, mtSSU, RPB1) by Lumbsch et al. (2007) the Megasporaceae,
including Megaspora, Lobothallia and Aspicilia, formed a monophyletic group with a high support
value. The family was accepted by Lumbsch & Huhndorf (2007) and in Index Fungorum (CABI
Bioscience, CBS & Landcare Research 2007). Based on extensive sampling and analysis of two
independent loci (nrLSU and mtSSU) the monophyly of Megasporaceae was also found by Nordin et
al. (2010). According to the new circumscription of the family it consists of five genera, Aspicilia,
Circinaria, Lobothallia, Megaspora, and Sagedia.

Compared to previous studies, sampling of the genera Circinaria, Lobothallia and Megaspora
was extended in study VII. The inclusion of the genus Circinaria in the family Megasporaceae was
confirmed. The genus Sphaerothallia is nested in Circinaria, and thus the necessary new combinations
for 15 sphaerothallioid species are proposed in study VII.

To conclude, a major revision of the family Megasporaceae is also required. The morphological
characters currently used to separate the genera within the family are apparently not sufficient if the
current classification is to reflect natural, phylogenetic relationships. Useful characters still remain to
be discovered, and therefore comprehensive studies of morphology will be necessary. Species concepts
need to be critically revised in Circinaria as well as in some other genera of Megasporaceae.
Circinaria hispida s.str. (vagrant morphotype = type specimen) with multiple samples included was
shown to be non-monophyletic. All groups that were studied include species that are vagrant. The
vagrancy was shown to have evolved repeatedly in the genus Circinaria and seems to be more stable in
some species such as C. cerebroides, C. digitata, C. esculenta, C. fruticulosa, C. gyrosa, C. lacunosa,
C. rostamii and C. vagans. The preliminary results show that some crustose species (e.g., C. aspera, C.
elmorei s.lat., C. sphaerothallina) and crustose morphotype of the erratic C. alpicola, C. aschabadensis
and C. hispida s.lat., are grouped with many subfruticose to subfoliose species. All of these, based on
sequence level data, seem to be correctly placed together with fruticose and subfoliose species in
Circinaria (see study VII).

In study VII phylogeny of some crustose and vagrant morphotypes of the erratic species (e.g.,
C. alpicola, C. aschabadensis and C. hipida) was verified. Their crustose and vagrant morphotypes
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were found to be identical based on sequence regions used. For example, nrITS sequences of vagrant
and crustose morphotypes in C. alpicola, C. aschabadensis, Circinaria sp.1 and Circinaria sp. 2 are
identical and belong to a single species. This result suggests that a detailed study of the genetic
similarity between vagrant and crustose species would be an exciting challenge; in particular between
‘manna lichens', in order to understand their different growth forms. For a clearer picture, more
intensive sampling of different species, including those which are truly vagrant and those with thalli on
pebbles will be desirable.

Interestingly, of the five genera of Megasporaceae, only Circinaria includes species with a
vagrant growth form, but this form is not found in Aspicilia, Lobothallia, Megaspora and Sagedia. The
genetic basis for the origin of this peculiar life-from is unknown. Many questions concerning the
evolution of vagrant sphaerothallioid species remain open for the future.

Additional remarks

Online catalogue of the lichen family Megasporaceae

As stated by Nimis & Vignes Lebbe (2010) “The correct identification of organismsis fundamental not
only for the assessment and the conservation of biodiversity, but also in agriculture, forestry, the food
and pharmaceutical industries, forensic biology, and in the broad field of formal and informal education
a al levels’. The identification of lichens is essential in severa applied fields, such as biomonitoring
(particularly air and soil pollution), biological soil crust studies, and biodeterioration of stone
monuments. Identification is often difficult for non-specialists and technicians who are consistently
dealing with lichen monitoring techniques (Nascimbene et al. 2010).

The fast development of the internet and wireless networks have created many possibilities for
prompt identification of lichens by using several tools such as LIAS 1996-2011 (http://lias.net/;
Rambold 1997), ITALIC (http://dbiodbs.univ.trieste.it/; Nimis & Martellos 2008), Consortium of North
American Lichen Herbaria (NALH; http://symbiota.org), KeyToNature (see Randlane et al. 2010 for
review, http:// www.keytonature.eu/) and EOL (http://www.eol.org). These databases contain useful
information, including descriptions, photos, and distribution maps for lichens. Recently, in order to
speed up cataloguing of an estimated 10,000 undescribed species of lichens, the Field Museum
lichenologists (including T. Lumbsch and R. Liicking) used a special monograph style in bringing
together 100 new species from all around the globe in a single publication (see Lumbsch et al. 2011).
The first set of species information (e.g., the Latin diagnoses and descriptions) was published in
accordance with ICBN and subsquently full data and many colour photographs from all new species
were presented in EOL.

Following rapid developments in cyber applications for taxonomy and biodiversity studies,
MYCO-LICH (www.myco-lich.com) was created during 2009 and 2010 (Sohrabi & Ghobad-Nejhad
2010). The website is still under development and comprises mainly biodiversity and taxonomic
information on Iranian lichenized, lichenicolous and other fungi. It provides support to the
identification process by offering online keys, medium to high-resolution pictures and ecological
information, and online geographical distribution maps for species. In this thesis two peer reviewed
publications (IV and V) and a manuscript (VII) include the cross-links to the MYCO-LICH and
facilitate the tracking of updated information on recently published species. Some minor changes can
be published i.e., range extensions, newly obtained photographs and other useful taxonomic
observations. These will be uploaded in the online catalogue of the lichen family Megasporaceae in the
following address: http://www.myco-lich.com/online-lichen-catalogue/megasporaceae.
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Taxonomists currently spend significant time and resources determining where existing types
are located and obtaining access to this material. Having an online index to type material including
where it is located would greatly increase the efficiency of the taxonomic process (Speers & Edwards
2008). For this reason, online photographs of some of the type specimens (Aspicilia tibetica, Circinaria
arida, C. digitata, C. elmorei and C. rogeri) of the publications I, I, IV, V and VI are available on the
MYCO-LICH website. After proper publication of the taxonomic novelties of paper VII, additional
photographs from the type material of new species will be uploaded.
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Errata
Paper page changes

Paper | Page 631 Change “ Syntype material” to “corresponding material”

Paper 11 Page 495 Add “(Fig. 4), " after “Distribution and ecology”

Paper 111 Page 628 Change “ Jamshid, F.” to “Fatehi, J.”

Paper IV Page 40 Change “SPR” to “SRP’

Paper IV Page 41 Change“ DQ41” to“ DQ40” in all following numbers:
(DQ411556-DQ411563, DQ411567-DQ411568, DQ411570—
DQ411571 replace wiith DQ401556-DQ401563, DQ401567—
DQ401568, DQ401570-DQ401571)

Paper VI Page 244 Remove “& M. Sohrabi” and changeto “& Sohrabi”






