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Abstract

Cladoniaceae is a family of lichenized fungi that belongs to the Lecanorales, Ascomycota. The family is distributed widely,
although several genera are restricted to the Southern Hemisphere. The circumscriptions of the genera and species in the family
have traditionally been based on thallus morphology, the type of vegetative propagules and the secondary metabolites. However,
numerous species are highly variable phenotypically, making their delimitation problematic. In the present study a new phy-
logeny of Cladoniaceae is constructed using five loci (ITS rDNA, IGS rDNA, RPB2, RPBI, EF-la) from a worldwide sample
of 643 specimens representing 304 species. Cladoniaceae was resolved as a monophyletic group. The circumscription of the gen-
era and the relationships among them are discussed. Pycnothelia, Carassea and Metus are closely related, forming a sister clade
to the larger genus Cladonia. Cladia in its recent wide sense turned out to be paraphyletic, including species that have been rec-
ognized in Thysanothecium and Notocladonia. Cladonia was resolved as monophyletic, with C. wainioi as the earliest diverging
lineage. Eleven major clades were resolved in Cladonia. No synapomorphies were found for most of them. We propose the new
genera Pulchrocladia and Rexia, as segregates of Cladia, five new combinations, and the resurrection of the genus Heterodea.

© The Willi Hennig Society 2018.

Introduction

Cladoniaceae (Lecanorales, Ascomycota) is one of
the largest families of lichen-forming fungi (Liicking
et al., 2016), with almost 500 accepted species in 15 gen-
era (Wijayawardene et al., 2018). Numerous phyloge-
netic studies have shown that Cladoniaceae belongs to
the Lecanorales, and is closely related to Stereo-
caulaceae (Wedin et al., 2000; Stenroos et al., 2002b;
Miadlikowska et al., 2006; Arup et al., 2007, Ekman
et al., 2008; Miadlikowska et al., 2014). In a recent clas-
sification based on a temporal approach,
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Stereocaulaceae was included in an enlarged concept of
Cladoniaceae (Kraichak et al., 2018). Cladoniaceae was
formally introduced by Zenker in Goebel (1827-1829),
but its delimitation has varied over time. The number of
species assigned to the family has increased notably
since the monographer of the family, E. A. Vainio
(Wainio), published his three-volume opus (Vainio,
1887, 1897) with 134 species and subspecies. The
family’s taxonomic landmarks have shifted over time.
The genus Cladia was accepted as distinct from
Cladonia after Filson’s (1981) monograph; Neophyllis
was moved to Sphaerophoraceae (Wedin and Doring,
1999); and Heterodea, at first placed in Parmeliaceae
(Reinke, 1895; Zahlbrucker, 1926) and later in its own
monotypic family Heterodeaceae (Filson, 1978), was
shown to belong to Cladoniaceae using molecular data
(Wedin et al., 2000). Similarly, Pilophorus, placed for a
long time in Stereocaulaceae (Reinke, 1895; Jahns,
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1970a, 1981; Henssen and Jahns, 1973; Tehler, 1996),
was later included in Cladoniaceae (Stenroos and
DePriest, 1998; Wedin et al., 2000). Cladonia connexa
was separated into its own genus Carassea by Stenroos
et al. (2002b). The status of the so-called reindeer
lichens has varied from a separate genus Cladina, to a
subgenus of Cladonia (Ruoss and Ahti, 1989; Stenroos
et al., 1997; Ahti, 2000). Currently, Cladina species are
included in Cladonia without a formal taxonomic rank
(Stenroos et al., 2002a, 2015). Cetradoniaceac was
merged with Cladoniaceae (Zhou et al., 2006) and, most
recently, Heterodea and Ramalinora were included in
Cladia (Lumbsch et al., 2010a; Parnmen et al., 2010).
Many taxa of the Cladoniaceae are conspicuous fruti-
cose or foliose lichens, dominant in many habitats and
on a diversity of substrates (soil, rocks, tree trunks, rot-
ten wood), including the Arctic and Antarctic tundra,
boreal and antiboreal forests, bogs, temperate forests,
pioneer habitats (e.g. roadsides), tropical highlands, and
even the sandy tropical lowlands of Amazonia. How-
ever, they are absent from very arid regions. Species in
Cladoniaceae are commonly characterized by a dimor-
phic thallus, with a squamulose or crustose primary
thallus that can be permanent or evanescent, and a sec-
ondary fruticose thallus termed a podetium or pseu-
dopodetium according to their ontogenetic origin
(Jahns, 1970a; Hammer, 1995). The podetia or pseu-
dopodetia of different species range from a few millime-
tres high to conspicuous thalli 25-30 cm tall. Some
genera, however, lack either a primary thallus or fruti-
cose structures. Ascomata are biatorine apothecia, often
dark brown, sometimes pale brown, red, ochraceous or
black. Cladoniaceae asci represent a variant of the Por-
pidia type, with a contrasting tube-like amyloid reaction
pattern of the ascus apex almost all producing eight sim-
ple, hyaline, ellipsoidal spores per ascus. Unlike other
lichen groups, their hymenium has few features useful as
taxonomic characters. Exceptions are found in
Calathaspis, Pycnothelia and Pilophorus (Lamb et al.,
1972; Jahns, 1981; Galloway and James, 1987), which
can produce septate ascospores. However, not all hyme-
nial details are well studied. For example, Gymnoderma
has an entirely amyloid ascus tip structure (PerSoh
et al., 2004), so delimiting characteristics remain to be
discovered. Conversely, the ontogeny of the ascomata
has been studied in detail in most genera of Clado-
niaceae (Jahns, 1970a; Jahns and Beltman, 1973;
Hammer, 1993; Jahns et al, 1995; Grube and
Hawksworth, 2007), although the interpretation of some
structures has been controversial (Hammer, 1993, 1995).
Most members of Cladoniaceae form a bipartite sym-
biotic association with the green algae Asterochloris
(Tschermak-Woess, 1980; Piercey—Normore and
DePriest, 2001; Persoh et al., 2004; Moya et al., 2015), or
more rarely Chlorella (Persoh et al., 2004), both members
of Trebouxiophyceae. The genus Trebouxia s.s.,

commonly found in other lichens, has not been recorded
in Cladoniaceae (PerSoh et al., 2004; Moya et al., 2015).
However, the photobionts have not been examined in all
genera. Cyanobacteria (Nostoc and Stigonema) are pre-
sent only in the genus Pilophorus (Jahns, 1981), and are
located in separate structures called cephalodia.

Cladoniaceae is exceptionally rich in secondary
metabolites (Culberson, 1969, 1970; Culberson et al.,
1977; Huovinen and Ahti, 1982, 1986a,b, 1988;
Huovinen et al., 1989a,b, 1990; Ahti, 2000), with more
than 70 different substances reported. Most are dep-
sides and depsidones (polyphenolics), but terpenoids
and aliphatic acids also are common (Huovinen and
Ahti, 1986a,b, 1988; Huovinen et al., 1990; Huneck
and Yoshimura, 1996). The composition of secondary
metabolites varies among species, and numerous spe-
cies produce multiple chemotypes.

Traditionally, taxonomy in Cladoniaceae at the spe-
cies level has been based on the morphology of pode-
tia or pseudopodetia: overall shape, cup shape, tip
shape, branching type, presence/absence of squamules,
soredia or cortex, or anatomical characters (Ahti,
2000). Certain secondary metabolites were also consid-
ered useful in species identification (Dahl, 1952;
Huovinen and Ahti, 1982; Culberson, 1986). Extensive
taxonomic background data for the classification and
characteristics of the family or its genera can be found
in Thomson (1968), Filson (1981), Jahns (1981), Ahti
(2000), Burgaz and Ahti (2009), Galloway (2007), and
Ahti and Stenroos (2013), among others.

Cladonia is by far the largest and most diverse genus
of Cladoniaceae, currently with about 475 accepted
species. New species continue to be described, even
though the genus is among the most thoroughly stud-
ied large lichen groups globally. Unlike the other gen-
era, which have more restricted distributions, Cladonia
is practically cosmopolitan (Ahti, 2000). Cladonia has
been divided over time into numerous formally named
subdivisions, such as subgenera, sections and subsec-
tions, which have been applied in various ways at dif-
ferent times (Vainio, 1897; Sandstede, 1931; Mattick,
1938, 1940; Dahl, 1952; Thomson, 1968). Ahti (2000)
classified species into seven sections, Ascyphiferae, Coc-
ciferae, Cladonia, Helopodium, Perviae, Strepsiles and
Unciales, while the sections Cladina, Impexae and
Tenues were placed in Cladina. These sections were cir-
cumscribed using a combination of morphological and/
or chemical characteristics, such as red apothecia con-
taining rhodocladonic acid, funnel-like branch axils, or
various branching podetial patterns. Although this
classification treated primarily the Latin American spe-
cies, Ahti (2000) assumed that most Cladonia species
could be placed within these sections. However,
Stenroos et al. (2002a) demonstrated using two DNA
markers that most sections were not monophyletic.
Furthermore, only a few clades could be delimited
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accurately based on phenotypic characteristics. Antici-
pating more robust data in the future, Stenroos et al.
(2002a) applied informal names for the major clades
(three divisions, four supergroups and six groups).

Cladia is the second largest genus of the family with
23 species according to recent revisions (Parnmen et al.,
2012, 2013). It is distributed mainly in the Southern
Hemisphere but extends into South-East Asia and the
Neotropics towards the Northern Hemisphere. It has
been circumscribed by variably branched, perforated
pseudopodetia (Filson, 1981). The phylogenetic studies
of Parnmen et al. (2010) and Lumbsch et al. (2010a)
showed three well-supported clades. Parnmen et al.
(2012) tested species delimitation of the phenotypically
variable Cladia aggregata complex and found several
distinct lineages. Similarly to Cladonia, morphological
and chemical characteristics often did not delimit the
lineages, with many apparently cryptic species (i.e. not
recognizable without DNA analyses). However, several
new species could be distinguished with a combination
of phenotypic characters and patterns of geographical
distribution (Parnmen et al., 2013). The group needs
further, thorough treatment using material from across
its entire geographical range.

While Cladoniaceae is among the best studied lichen
families, and amongst the first with a molecular phy-
logeny, the taxonomy and phylogenetic placement of
many genera and species (DePriest, 1993, 1994;
Stenroos and DePriest, 1998; DePriest et al., 2000;
Wedin et al.,, 2000) remain poorly known. The most
extensive phylogeny by Stenroos et al. (2002a) included
153 species, representing 32.2% of all accepted species
in Cladoniaceae at the time. They used two markers,
ITS rDNA and B-tubulin, along with chemical and
morphological characters to estimate their phylogeny.
A further phylogenetic analysis with more extensive
taxon sampling and additional markers is necessary to
study the relationships within this family.

Our principal aim was to examine the phylogenetic
relationships of Cladoniaceae, and in particular to
explore the generic delimitation and the relationships
among the species of the largest genus Cladonia. Com-
pared to the carlier analyses of Cladonia, we increased
taxon sampling to be more globally representative,
and we added a number of markers that are frequently
used in the systematics of Ascomycota (Reeb et al.,
2004; Hofstetter et al., 2007; Schoch et al., 2009;
Miadlikowska et al., 2014).

Material and methods

Taxon sampling

For the present study, we used sequence data and
available extractions remaining from the study by

Stenroos et al. (2002a). Additional samples were col-
lected from areas such as New Zealand, Scotland and
the Azores. The sampling was completed, with mate-
rial taken from the Helsinki herbarium (H), other her-
baria (CANB, F, KW, MACB), or provided by
colleagues. In total, we included 643 specimens from
304 species of Cladoniaceae, representing ten of the 15
known genera (Table S1). The sampling included 289
species (ca. 61%) of Cladonia representing all the
Cladonia sections (sensu Ahti, 2000). Unfortunately,
we were not able to obtain fresh material of the small
genera Calathaspis, Heteromyces, Sphaerophoropsis
and Squamella (Lumbsch and Huhndorf, 2010), and
for numerous species of Cladonia, mainly from tropical
areas. The missing genera are rare, most of them only
known from few localities, and most are monotypic.
Twelve ITS rDNA sequences of rare Cladonia species
were downloaded from GenBank. As outgroups, three
species of Lepraria (L. membranacea, L. incana and
L. jackii) and six species of Stereocaulon (S. alpinum,
S. nanodes, S. paschale, S. tomentosum, S. sasakii and
S. spathuliferum) were selected, based on the results of
Stenroos et al. (2002b), Myllys et al. (2005) and
Miadlikowska et al. (2006). Table S1 provides collec-
tion details and GenBank accession numbers of all the
samples.

Morphological and chemical studies

Each specimen was studied under a Leica DFC490
dissecting microscope. The secondary metabolites were
studied by a P spot test and thin layer chromatogra-
phy (TLC) according to standardized procedures
described by White and James (1985) and Orange
et al. (2001). TLC was performed using solvent sys-
tems A and C on each specimen included in the phy-
logeny before DNA extraction.

For the description of new genera, additional mate-
rial deposited in the Helsinki herbarium was examined.
The type specimens of most of the species included in
the phylogeny have been studied by T. Ahti. Discus-
sion of morphological characters and species distribu-
tions is based on the study of about 500 000
specimens in ca. 150 herbaria worldwide, as well as
fieldwork in ca. 50 countries in North, Middle and
South America, Europe, East and South-East Asia,
Australasia, and the Pacific. The chemical variation of
the species is based on TLC analyses of thousands of
specimens over many years by the authors.

Genetic marker selection

Five markers were selected to infer the Cladoniaceae
phylogeny. We included two nuclear ribosomal loci:
internal transcribed spacers (ITS rDNA) and inter-
genic spacers (IGS rDNA); and three protein-coding
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genes: the largest subunit of the RNA polymerase II
gene (RPBI) region A-F, the second largest subunit of
RNA polymerase II gene (RPB2) region 5-7 and the
elongation factor-lo. (EF-la). Many of the phyloge-
netic studies on Lecanoromycetes have shown that
RPBI, RPB2 and EF-la provide phylogenetic resolu-
tion at higher-level taxonomic relationships (Lutzoni
et al., 2004, Miadlikowska et al., 2006, 2014; Schoch
et al., 2009), whereas the ribosomal markers included
here provide information concerning the phylogenetic
relationships towards the tips of the phylogenetic tree.
ITS rDNA was used by Stenroos et al. (2002a), and
we had 235 sequences available from 168 taxa for this
marker. Therefore, we decided to use it as well. The B-
tubulin marker, although used by Stenroos et al.
(2002a), was discarded, because its PCR success was
low and problems associated with paralogy have been
found (Begerow et al., 2004). IGS rDNA was selected
because it has a large number of polymorphic sites in
the genus Cladonia (Pino-Bodas et al., 2013a).

In addition, the nuclear small subunit (nrSSU) was
amplified in a selection of samples representing differ-
ent genera, as this marker has been used in previous
phylogenetic studies of Cladoniaceae (Stenroos and
DePriest, 1998; Wedin et al.,, 2000; Stenroos et al.,
2002b; Wiklund and Wedin, 2003; Zhou et al., 2006)
and sequences from relevant taxa are available in Gen-
Bank, many of which were generated by the authors.
However, new sequences for the additional markers
could not be amplified for these samples, because the
extractions were exhausted.

Molecular work

From each sample, we took a small amount of thal-
lus (< 10 mg) for DNA isolation. Before DNA isola-
tion, secondary metabolites were extracted by soaking
the samples in acetone, and the resulting solution was
used for TLC. A DNeasy Plant Mini Kit (Qiagen, Hil-
den, Germany) or DNeasy Blood and Tissue Kit (Qia-
gen) were used to extract DNA, according to the
manufacturer’s instructions. The DNA was eluted in
150 uL. of elution buffer provided in the kit. The
amplifications of ITS rDNA, EF-la, RPBI and RPB2
were carried out with Ready-to-Go-PCR Beads (GE
Healthcare Life Sciences, Little Chalfont, UK) and the
amplifications of IGS rDNA were carried out with
Biotaq polymerase (Bioline, London, UK). The vol-
ume of each reaction was 25 pL, with 1 pL of each
primer (10 mm) and 1-5 pL of extracted DNA was
used, depending on the DNA concentration. The mas-
ter mix used for Biotaq reactions was the same as
described by Pino-Bodas et al. (2013b). The primers
used to amplify and sequence the different markers,
with their annealing temperature, are listed in Table 1.
The amplifications were performed in an Eppendorf

Mastercycler ep gradient S (Westbury, NY, USA).
PCR products were purified using the QIAquick gel
extraction kit (Qiagen), GFX PCR DNA and Gel
Band Purification Kit (GE Healthcare) or ExoSAP-IT
(USB Corporation, Cleveland, OH, USA). Sequencing
was performed by Macrogen service (macrogen.com),
with the same primers as used for the PCR.

Alignments and construction of matrices

The forward and reverse chromatograms were
assembled and edited with the program Sequencher
(Gene Codes Corp., Ann Arbor, MI, USA). Each
region was aligned separately in BIOEDIT 7.09 (Hall,
1999). IGS rDNA and ITS rDNA were previously
aligned in MAFFT (Katoh et al., 2005) using the algo-
rithm G-INS-i, IPAM/KO02 scoring matrix and 0.3 off-
set value. Subsequently, the alignments were manually
improved in BIOEDIT. The SSU rDNA alignment
contained numerous introns, which were removed, and
only the regions conserved and common for all the
sequences were used in the analyses.

For each single gene matrix, a maximum likelihood
(ML) analysis in RAxXxML (Stamatakis et al., 2008)
with 500 fast bootstrap replicas was run with the
GTRGAMMA model. To identify conflicts among the
markers, the clades with more than 75% bootstrap
support (Lutzoni et al., 2004) were examined, using
Compat3 (Kauff and Lutzoni, 2002). A few specimens
were incongruent among marker trees. Although sev-
eral biological causes are possible (hybridization, intro-
gression, incomplete lineage sorting, gene duplication),
we considered that incongruences were accidental
errors generated during laboratory procedures because:
(1) they appeared sporadically and they do not affect
the phylogeny resolution; (ii) amplifying specimens
from tropical areas was problematic (particularly from
Réunion); and (iii) rph2 was amplified by nested PCR
and most of the incongruent samples were in this mar-
ker. Therefore, we decided to remove these specimens
in order to avoid errors in GenBank. Following
removal, the ML single marker analyses were repeated
with 1000 bootstrap replicas. The final single gene
datasets contained the following numbers of sequences:
EF-1a 567, 1GS rDNA 588, ITS rDNA 610, RPBI
415, RPB2 490 (Figs S1-S5) and SSU rDNA 39.

The protein-coding genes did not contain ambiguous
positions, but they were numerous in ITS rDNA and
IGS rDNA. Different strategies were used to delimit
the ambiguous positions in these markers: (i) they were
delimited using Gblocks (Talavera and Castresana,
2007) with the less stringent option; (ii) they were
manually delimited; or (iii) no positions were removed.
ML analyses were run for each strategy and the tree
topologies compared among them. All IGS rDNA
analyses generated similar topologies with similar
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Table 1
Primers used in the PCR and sequencing of each loci with annealing temperature (7,)

Loci/primers Primer sequence (5'-3') T (°C) References

EF-la
CLEF3F GGCAAAGGCTCCTTCAAGT 55 Yahr et al. (2006)
CLEF3R GCCAATACCACCGATCTTGT 55 Yahr et al. (20006)

IGS rDNA
1GSt TAGTGGCCGWTRGCTATCATT 54 Wirtz et al. (2008)
IGSr TGCATGGCTTAATCTTTGAG 54 Wirtz et al. (2008)

ITS rDNA
ITS1F CTTGGTCATTTAGAGGAAGTAA 55-58 Gardes and Bruns (1993)
1TS4 TCCTCCGCTTATTGATATGC 55-58 White et al. (1990)
nr-SSU-1780 CTGCGGAAGGATCATTAATGAG 55 Piercey-Normore and DePriest (2001)
nr-LSU-0012 AGTTCAGCGGGTATCCCT 55 Piercey-Normore and DePriest (2001)
ITSILM GAACCTGCGGAAGGATCATT 55-58 Myllys et al. (1999)
ITS2KL TCCTCCGCTTATTGATATGC 55-58 Lohtander et al. (1998)

RPBI
RPBIAf GARTGYCCDGGDCAYTTYGG 54-52 Stiller and Hall (1997)
RPBICr CCNGCDATNTCRTTRTCCATRT 54-52 Stiller and Hall (1997)

RPB2
RPB2-5F GAYGAYNGWGATCAYTTYGG 52 Liu et al. (1999)
RPB2-7R CCCATRGCTTGYTTRCCCAT 52 Liu et al. (1999)
CLRPB25F CTGTTTCGAACGCTGTTTCA 52 Yahr et al. (2006)
CLRPB27R CGCATCCACGTATTCAACAA 52 Yahr et al. (20006)
RPB2dRaq GCTGCTAAGTCTACCAT 52 Pino-Bodas et al. (2010)
RPB2rRaq ATCATGCTTGGAATCTC 52 Pino-Bodas et al. (2010)

SSU rDNA 53-55
SSU0072 CATGTCTAAGTTTAAGCAA 53-55 Gargas and DePriest (1996)
SSU0852 CGTCCCTATTAATCATTACG 53-55 Gargas and DePriest (1996)
SSU0819 GAATAATAGAATAGGACG 53-55 Gargas and DePriest (1996)
SSU1750 TAAAAGTCGTAACAAGGTITCCGTAGG 53-55 Gargas and DePriest (1996)
SSU0402 CCGGAGAAGGAGCCTGAGAAAC 53-55 Gargas and DePriest (1996)
SSU1293 AATTAAGCAGACAAATCACT 53-55 Gargas and DePriest (1996)

support values. However, the topology of the ITS
rDNA tree from Gblocks was different from the other
ITS rDNA analyses and other marker analyses. For
instance, Metus conglometarus fell within Cladonia,
while in the analyses of other markers (EF-/o, RPBI
and RPB?2) this genus was distantly related to Clado-
nia. Based on these results we decided to delimit the
ambiguities manually for ITS rDNA and IGS rDNA
datasets. Only a few sequences were incongruent
among the single gene analyses (apparent contami-
nants or code errors). These sequences were removed
and the matrices were then concatenated.
SequenceMatrix 1.78 (Vaidya et al., 2011) was used
to concatenate the single gene matrices. Following the
supermatrix approach (Miadlikowska et al., 2000),
four concatenated datasets were generated: (i) 5 gene
dataset, containing only specimens with sequences
from 5 markers; (i) 5 + 4 gene dataset, containing
only specimens with sequences from at least 4 markers;
(iii) 5 + 4 + 3 gene dataset, containing only specimens
with sequences from at least 3 markers; and (iv)
5+ 4+ 3+ 2 gene dataset, containing only specimens
with sequences from at least 2 markers. Finally, we
built a concatenated matrix of all sequences

(5+4+3+2+1 gene) to maximize the number of
terminal taxa included.

Phylogenetic analyses

Maximum parsimony (MP), ML and Bayesian anal-
yses were conducted on each of the four concatenated
datasets (5 gene, 5+ 4 gene, 5+4+3 gene and
5+ 4 + 3+ 2 gene) and on the SSU rDNA dataset. In
addition, the two largest concatenated datasets
(5+4+3+2geneand 5+4+3+2+1 gene) were
analysed by MP using TNT (Goloboff et al., 2008;
Goloboff and Catalano, 2016). Currently this program
provides the most efficient algorithms for the analyses
of large datasets (> 200 terminal taxa). The inclusion
of terminals with only one sequence was intended to
determine their effect on the results. Although “patho-
logical behaviour” (Wheeler, 2012) of missing entries is
well known (e.g. Nixon and Davis, 1991; Platnick
et al., 1991) several studies (e.g. Wolsan and Sato,
2010; Lehtonen, 2011) suggest that despite the deleteri-
ous effect of missing information, analyses of even
sparse matrices is worthwhile. Other MP analyses (5
gene, 5+ 4 gene, 5+4+3 gene and 5+4+3+2
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gene) were performed using PAUP* version 4.0.b.10
(Swofford, 2003). Heuristic searches were performed
with 1000 random taxon-addition replicates using tree-
bisection-reconnection (TBR) branch swapping and
the MulTrees option, equally weighted characters, and
gaps treated as missing data. Branch support values
were calculated using bootstrap with 10 000 replicates
and the “fast option”.

Analyses (5 +4 +3+2geneand 5+4+3+2+1
gene) using TNT were performed with the search
settings used in Wheeler et al. (2017). Initially,
parsimony-uninformative characters were removed
from the matrix using the “mop uninformative charac-
ters” function of the program Winclada (Nixon, 1999).
This resulted in a matrix of 606 terminals and 1723
characters for the 5+ 4 + 3 + 2 dataset, and 657 ter-
minals and 1736 characters for the S+ 4+ 3+ 2 + 1
dataset. Searches were initiated with ten replicates of
RAS (random addition sequence) + TBR (tree-bisec-
tion-reconnection) branch swapping, and this was per-
formed 30 times to get a large pool of diverse trees
that were already optimized rather than a sample of
random trees possibly far from the optimal solution.
After this, each set of 10-30 trees (trees saved per
replicate 1, 2 or 3) obtained were subjected to the new
technology search composed of sectorial search (ran-
dom and mixed sectorial searches) plus tree-drifting
(Goloboff, 1999), with default settings. Finally, all
trees were combined and subjected to tree-fusing
(Goloboff, 1999), again using default settings of the
program. Parsimony jackknife (Farris et al., 1996) sup-
port values were calculated using TNT with default
settings of the traditional search with 1000 replicates.

Initially, the protein-coding gene datasets were anal-
ysed by ML analyses with two different partition
schemes: (i) each marker was considered as a single
partition; and (ii) each codon position was considered
as a separate partition. The results of the two strate-
gies were similar in all cases, so we decided to analyse
the four concatenated datasets considering each mar-
ker as a separate partition in ML and Bayesian analy-
ses, in order to reduce the computation time. ML
analyses were run using the same conditions as in the
ML single marker analyses with 1000 bootstrapped
replicates. The Akaike information criterion in
MrModeltest (Nylander, 2004) was used to determine
the best fit nucleotide substitution models for each
marker. The models selected were: GTR + 1+ G for
EF-1a, 1GS rDNA, ITS rDNA, SSU rDNA and
RPBI; and SYM + 1+ G for RPB2. These models
were used to run Bayesian analyses. The Bayesian
analyses were run using MrBayes 3.2 (Ronquist et al.,
2012) on the CIPRES Science Gateway website portal
(Miller et al., 2010). Posterior probabilities were
approximated by sampling trees using Markov chain
Monte Carlo (MCMC) analysis. The posterior

probability (pp) of each branch was calculated by
counting the frequency of trees visited during MCMC
analysis. We executed two simultancous runs with
30 000 000 generations, employing one cold and three
hot chains, with the temperature of the chains set to
0.05. Prior branch length was set to “brlenspr=uncon-
strained:exp(50)”. Default values were left for the
remaining priors. Every 1000th tree was saved into a
file. The convergence between the runs was assessed
with standard deviation of split frequencies < 0.01.
AWTY (Nylander et al., 2008) was used to determine
when the chains reached the stationary stage. The first
50% of generations were deleted as the “burn-in” of
the chain. The 50% majority-rule consensus tree was
calculated using the “sumt” command of MrBayes
from the post-burn-in trees.

Bootstrap and parsimony jackknife values > 70%,
and pp values > 0.95 were used as thresholds of “ade-
quate” support for the nodes according to previous
studies (Alfaro et al., 2003; Soltis and Soltis, 2003;
Simmons et al., 2004).

Results

Altogether we generated 2118 new sequences, 530 of
EF-1a, 407 of RPBI, 410 of RPB2, ten of SSU rDNA,
466 of IGS rDNA and 295 of ITS rDNA. The ML
analyses of single marker matrices are presented in
Figs S1-S5. The marker with the largest number of
informative characters was ITS rDNA (430) followed
by RPBI (399), RPB2 (351), IGS rDNA (290) and
EF-1o. (266). However, the marker with the highest
percentage of clades with bootstrap values > 70%, and
pp > 0.95 (54.12%) was RPBI followed by RPB2
(50.308%), ITS rDNA (43%), IGS rDNA (41.36%)
and EF-1ao (41.134%).

Table 2 summarizes the different values of the anal-
yses for the concatenated datasets and SSU rDNA.
MP (PAUP), ML and Bayesian analyses on the same
concatenated dataset (5 gene to 5+ 4+ 3+ 2 gene
datasets) all yielded the same tree topology with the
same main clades. MP (TNT) analyses also yielded the
same general tree topology (5+ 4 + 3 + 2 gene and
5S+4+3+2+1 gene datasets). MP (TNT) of the
5+ 4 + 3+ 2 gene dataset yielded a shorter and thus
more optimal tree comparable to PAUP analysis
(5+4+ 3+ 2 gene). Figure 1 shows a cartoon tree
with the main clades. Figure 2 shows the 50% major-
ity-rule compromise tree from the Bayesian analysis
for the 5 + 4 + 3 + 2 gene dataset.

The family Cladoniaceae was supported in all analy-
ses with bootstrap values > 70%, and pp > 0.95, or
Jackknife values > 70. Thysanothecium and Notoclado-
nia were nested within Cladia s.1. (Fig. 2). The following
four clades were recovered with bootstrap values > 70%
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Table 2
Features of the datasets used in this study and phylogenetic information from the analyses
Taxa N Char (bp) PI Length —Lnl Bayesian —Lnl ML
5 gene 193 346 3336 1555 12 269 69 399.15 74 168.35
5+ 4 gene 262 517 3369 1677 16 122 88 903.26 95 556.84
5+ 4+ 3 gene 285 572 3387 1701 17 054 94 149.94 101 016.45
S+4+3+2gene 302 606 3390 1723 17 624* 10 4690.5 103 910.03
17 600"

54+4+3+2+1 gene 304 657 1736 18 068" - -
nrSSU 28 40 1694 66 221 5322.64 5824.49

N, number of sequences included in each dataset; Char, total number of positions included in each dataset; PI, parsimony-informative posi-

tions; Length, number of steps of the most parsimonious trees.
*MP analysis run in PAUP.
"MP analysis run in TNT.

and pp > 0.95, or jackknife inside Cladia: (i) a clade
containing Cladia sullivanii and C. fuliginosa; (ii) a clade
containing Cladia muelleri, C. beaugleholei, Thysanothe-
cium scutellatum and Notocladonia cochleata; (iii) a
clade containing the Cladia aggregata complex with
morphologically similar species including C. aggregata,
C. cryptica, C. deformis, C. dumicola, C. gorgonea,
C. inflata, C. moniliformis, C. neocaledonica, C. tere-
brata and C. schizopora; and (iv) a clade containing
Cladia retipora and C. corallaizon. Pilophorus was the
sister group to Cladia s.I. in most of the analyses, but
this relationship was not as strongly supported, with
bootstrap values < 70% and pp < 0.95. In the TNT
analysis (5 + 4 + 3 + 2 gene) Pilophorus resolved as sis-
ter to the rest of the tree, namely Cladia s.I. plus Cla-
dia’s sister clade including Pycnothelia, Carassea,
Metus, and Cladonia, with the jackknife value > 70%.
Finally, in the 5+ 4 + 3 + 2 + 1 gene tree the place-
ment of Pilophorus could not be resolved because of the
absence of resolution in that part of the tree. The clade
comprising Pycnothelia, Carassea and Metus was mono-
phyletic, supported with bootstrap values > 70% and
pp > 0.95, or jackknife > 70%. The clade was sister to
Cladonia in all analyses, and C. wainioi was sister to the
latter. Finally, and importantly, Cladonia was supported
with bootstrap values > 70% and pp > 0.95, or jack-
knife value > 70% in all concatenated analyses.

In most of the analyses, 13 major groups inside
Cladonia, referred to as Clades, were resolved with
bootstrap values > 70% and pp > 0.95 (Fig. 1 and
Table 3). In the TNT 5 + 4 + 3 + 2 gene analysis only
Clade Unciales received jackknife support < 70% (the
value was 65%), while the 5+4+3+2+ 1 gene
analysis left C. steyermarkii in a large unresolved
“polytomy”; the rest of Clade Unciales received jack-
knife support < 70.

The Clades are reported in Fig. 1 using the follow-
ing names (many are the earliest names at the formal
sectional level, while some have never been used
nomenclaturally): Clade Cladonia, Clade Borya, Clade
Unciales, Clade Crustaceae, Clade Arbuscula, Clade

Amaurocraeae, Clade Ochroleucae, Clade Divaricatae,
Clade Perviae, Clade Erythrocarpae, Clade Delavaya,
Clade Impexae and Clade Wainioa.

Subclades were defined in some of the larger
Clades: Clade Erythrocarpae (three Subclades), and
Clade Cladonia, which contains most of the species,
was divided into 11 Subclades (Figs 1 and 2). The
bootstrap, posterior probability, and jackknife values
of the Subclades in the different analyses are sum-
marized in Table 3. However, only in the five gene
dataset analyses did the relationships between the
Subclades inside Cladonia receive bootstrap support
>70% and pp > 0.95 (Fig. 1). Those recognized are
as follows: Subclades Miniatae, Incrassatae and Sub-
claucescentes in Clade Erythrocarpae, and Subclades
Firmae, Rangiformes, Macropus, Graciles, Foliaceae,
Vesculae, Cladonia, Helopodium, Apodocarpae, Ascy-
phiferae and Callosae in Clade Cladonia. The Clades,
Subclades, and their relationships can be seen in
Fig. 1.

The consensus tree obtained from the TNT
5+4+3+2+1 gene analysis has a similar topology
to the other analyses but it lost resolution in the back-
bone of the tree and within some of the Clades
(Fig. S6). Several relationships at the species level were
also poorly resolved, particularly within the Clades
Cladonia and Perviae.

Figure 3 shows the 50% majority-rule tree from the
Bayesian analysis for the nrSSU dataset. Cladoniaceae
was found to be monophyletic as a family (bootstrap
support < 70% and pp < 0.95). One recovered clade
contained Cetradonia, Gymnoderma, Pycnothelia and
Carassea (81% ML bootstrap support, 76% MP boot-
strap and pp of 1.0); this clade was sister to Cladonia,
but with a lower support value. Cetradonia and Gymno-
derma together appeared as the sister group, with boot-
strap support values of 93% (ML) and 91% (MP), and
pp of 0.96. Carassea was sister to Pycnothelia. Cladonia
was monophyletic, with C. wainioi as the earliest diverg-
ing lineage in the genus. Pilophorus was monophyletic
only in the ML analysis, but P. strumaticus joined the
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Subclade Helopodium
Subclade Apodocarpae
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Il BP 270%; PP20.95; JF270%

[ BP <70%; PP<0.95; J F<70%/missing node

Subclade Ascyphiferae
|:| Node supported in at least one analysis

Subclade Callosae

Subclade Cladonia

Clade Cladonia

Subclade Graciles

Subclade Foliaceae

Subclade Vesculae
Subclade Firmae

Subclade Rangiformes

hy

Subclade Macropus

Clade Borya

Clade Unciales

Clade Crustaceae
Clade Arbuscula
5 Clade Amaurocraeae
k Clade Ochroleucae

Clade Divaricatae

Clade Perviae

ﬂ

riq Subclade Miniateae
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]

Clade Erythrocarpae
Subclade Subglaucescentes

Clade Impexae

—} Clade Wainioa, Clade Delavaya

ﬁycr_rothelia, Carassea, Metus
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[

Xia
Heterodea, Thysanothecium, Notocladonia
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PulchAaSs s

Fig. 1. Cartoon tree (5 + 4 + 3 + 2 gene) representing the phylogenetic relationships within Cladoniaceae. It is based on a five-locus 50% major-
ity-rule consensus tree from the Bayesian analysis. Boxes associated with each node indicate support in the analyses of the different datasets:
black, bootstrap values > 70%, pp > 0.95 and jackknife value > 70%; white, absence of node or bootstrap value < 70% or pp < 0.95% or jack-
knife value < 70%; grey, node supported only in some of the analyses of the dataset.
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A A A A
(a)

Cladonia portentosa 1AZOR (The Azores)
Cladonia portentosa CL158 (USA: AK)
Cladonia portentosa CL308 (Scotland)
Cladonia portentosa CL340 (USA: AK)
Cladonia portentosa CL97 (Scotland)

Cladonia terrae-novae AT572 (Canada: NL)
Cladonia portentosa CL92 (Scotland)

17973 Cladonia cf. cinereorubens CL241 (Réunion)
”9%’,“10%’7"3 skottsbergii CL181 (USA: HI)
Cladonia skottsbergii CL232 (USA: HI)
Cladonia skottsbergii CL225 (USA: HI)
Cladonia leptoclada CL238 (Réunion)
Cladonia confusa CL100 (South Africa)
7/7C/Vadonia pycnoclada AT509 (Chile: Osorno) Clade Impexae
Csadonia pycnoclada AT510 (Chile: Osorno)

Cladonia confusa CL271 (Bolivia)
Cladonia confusa LK46 (Brazil: MG)

Cladonia confusa CL171 (New Caledonia)
Cladonia confusa CL45 (New Zealand)
Cladonia confusa CL49 (New Zealand)
Cladonia confusa CL51 (New Zealand)
L— Cladonia mediterranea 1MEDIT (Spain)
Cladonia evansii LK80 (USA: GA)

Cladonia stellaris SATU12 (Finland)
Cladonia delavayi LK30 (Bhutan) Clade DelaVaya

Cladonia wainioi LK93 (Canada: NL) Clade Wainioa

1/100/96. Carassea connexa LK13 (Brazil: MG)
m Pycnothelia papillaria CL264 (Canada: NS)
Pycnothelia papillaria CL329 (Finland)
Metus conglomeratus 3518 (Australia: TAS)
Cladia sullivanii CL50 (New Zealand)
Cladia fuliginosa HTL1998%h (Australia: TAS)
Cladia sullivanii CL64 (New Zealand)

Ogéﬁg/:a sullivanii CL56 (New Zealand)
Cla

1/94/92]

1/100/82 1/9p/6¢

dia sullivanii CL61 (New Zealand) Rexia
Cladia sullivanii CL69 (New Zealand)
1/100/76 Cladia sullivanii HTL19989c¢ (Australia: TAS) A

Cladia beaugleholei Elix39644 (Australia: ACT)

Cladia muelleri CL298 (Australia: WA)

Cladia muelleri Elix39643 (Australia: ACT) HeterOdea
1/97/100 Notocladonia cochleata AT681 (New Caledonia)
Thysanothecium scutellatum CL78 (Indonesia)
Cladia aggregata CL82 (Indonesia)

Cladia aggregata SP622 (Thailand)

Cladia cryptica CL26 (New Zealand)

Cladia deformis HTL19994j (Australia: TAS)

Cladia gorgonea CL168 (New Caledonia)

Cladia gorgonea CL170 (New Caledonia)

Cladia gorgonea CL46 (New Zealand)

Cladia inflata Elix39098 (Australia: NSW)

Cladia gorgonea CL169 (New Caledonia)

Cladia moniliformis HTL19993c Australia: TAS)

Cladia dumicola HTL19976d (Australia: TAS) .

Cladia terebrata CL57 (New Zealand) Cladia s.s.
Cladia neocaledonica CL182 (Australia: NSW) B
Cladia schizopora HTL19974c (Australia: TAS)

1/100/8 Cladia corallaizon 1CLADIA (Australia: NSW)

Cladia corallaizon Elix36942 (Australia: VIC)

Cladia retipora CL55 (New Zealand) Pulchrocladia
Cladia retipora CL60 (New Zealand) C
Cladia retipora s. lat. CL163 (New Caledonia)

1/100/100 Pilophorus cereolus L124b (Finland)
—:%Pﬂophoms cereolus L125 (Finland)
Stereocaulon alpinum AT1036 (ltaly)
Stereocaulon alpinum AT1194 (Austria)
Stereocaulon sasakii AT1186 (Japan)

Stereocaulon sasakii AT1187 (Japan)
Stereocaulon nanodes FH15 (Finland)
Stereocaulon nanodes FH71 (Norway)
Stereocaulon tomentosum AT1061 (Argentina: TF)
Stereocaulon tomentosum AT1084 (Finland)
Stereocaulon spathuliferum FH352 (Finland)
Stereocaulon spathuliferum FH75 (Finland)
Lepraria incana 229 (Finland)

Lepraria incana 28S (Finland)

Lepraria jackii L273 (Finland)

Lepraria membranacea 2H65 (Finland)

Fig. 2. Phylogeny of Cladoniaceae estimated with five loci (ITS rDNA, IGS rDNA, EF-Io, RPBI and RPB2). This is the 50% majority-rule
consensus tree of Bayesian analysis based on the 5+ 4 + 3 + 2 dataset. Branches supported with posterior probability > 0.95 and bootstrap
> 70% are indicated in bold. Numbers on the branches are the posterior probability values from Bayesian analysis/bootstrap values from ML/

bootstrap values from MP analysis. After taxon name and DNA code, the geographical origin of specimens is indicated. Abbreviations corre-
spond to states/provinces of the US, Canada, Mexico, Brazil, Argentina and Australia; RS = Russia.

1/100/91

1/100/-

1/100/100
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" K

@ 099/
ladonia polydactyla CL95 (Scotland)

j Cladonia umbricola CL143 (USA: AK)
Vo6 L Cladonia ustulata AT726 (Argentina: TF)
Cladonia ustulata CL23 (New Zealand)
Cladonia ustulata CL257 (New Zealand)
e Cladonia ustulata CL68 (New Zealand)
! 8Cladonia digitata AT660 (Finland)
é/adonia digitata FH348 (Japan: Hokkaido)
Cladonia yunnana LK92 (Bhutan)

Cladonia granulans CL120 (RS: Kamchatka)

1/83/88 Cladonia camerunensis CL102 (Cameroon)
Cladonia cristatella LK17 (Canada: NS)

Cladonia corallifera AT576 (Guyana)

Cladonia prancei AT585 (Peru)

Cladonia leporina CL199 (USA: GA)

Cladonia leporina CL202 (USA: GA)

Cladonia leporina LK84 (USA: GA)

110000 Cladonia ravenelii CL200 (USA: FL)

Cladonia ravenelii LK87 (USA: GA)

Cladonia ravenelii CL201 (USA: GA)

Cladonia hypoxantha CL203 (USA: SC)

Cladonia hypoxantha CL235 (USA: SC)

Lo Cladonia longisquama CL154 (Seychelles)

Cladonia weymouthii CL54 (New Zealand)

Cladonia macilenta s. lat. CL165 (New Caledonia)

7T Cladonia weymouthii AT683 (New Caledonia)

Cladonia vulcani CL137 (RS: Kamchatka)

o9se3 Cladonia floerkeana AT728 (Taiwan)

Cladonia macilenta s. lat. CL17 (New Zealand)

Cladonia floerkeana CL85 (USA: NY)

Cladonia macilenta 1GLAU (Spain)

Cladonia macilenta LK54 (Canada: NS)

Cladonia ahtii AT727 (Brazil: PR)
Cladonia ahtii SATU15 (Brazil: MG)
Cladonia lopezii AT561 (Brazil: MG)

193197 Cladonia lopezii AT578 (Brazil: MG)

Cladonia miniata SATU14 (Brazil: MG)
Cladonia parvipes 5074b (Brazil: MG)
Cladonia salmonea LK27 (Brazil: MG)
Cladonia salmonea SATU22 (Brazil: MG)
Cladonia parvipes LK86 (Brazil: MG)
Cladonia anaemica SATU4 (Brazil: MG)
Cladonia secundana LK74 (Guyana)
Cladonia hypomelaena SATU18 (Brazil: MG)
Cladonia incrassata LK20 (Canada: NS) su bcla de Incrassa tae
Cladonia incrassata LK39 (USA: MA)
1192/81; Cladonia bellidiflora CL96 (Scotland)
Cladonia bellidiflora LK1 (Finland)
Cladonia polydactyla CL139 (Denmark)

Subclade Miniatae
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Cladonia straminea LK3 (Finland)
11— Cladonia didyma s. lat. CL79 (Indonesia)
Cladonia meridensis CL295 (Bolivia)
Cladonia meridensis CL265 (Bolivia)
"Elfédonia meridensis CL332 (Bolivia)
Cladonia microscypha CL320 (Bolivia)
Cladonia microscypha CL348 (Costa Rica)
sr Cladonia leprocephala CL266 (Bolivia)
Cladonia leprocephala CL267 (Bolivia)
Cladonia leprocephala CL289 (Bolivia)
Cladonia didyma AT565 (USA: NC)
Cladonia didyma CL176 (USA: HI)
Cladonia macilentoides LK24 (Brazil: MG)
Cladonia macilentoides LK43 (Brazil: MG)
111001001 Cladonia coccifera LK28 (Bhutan)

Cladonia coccifera LK26 (Bhutan)

Cladonia coccifera LK55 (Canada: NL)
Cladonia diversa CL231 (Greece)
119996, Cladonia coccifera s. lat. SATU11 (Iceland)
Cladonia coccifera LK2 (Finland)
Cladonia insignis CL152 (Réunion)
Cladonia sulphurina LK77 (Greenland)
Cladonia lepidophora AT504 (Chile: Valdivia)
Cladonia lepidophora AT507 (Chile: Osorno)
Cladonia lepidophora CL89 (Chile: Magallanes)
Cladonia diversa CL290 (Bolivia)
Cladonia borealis LK4 (Finland)
Cladonia borealis LK53 (Iceland)
Cladonia pleurota CL27 (New Zealand)
Cladonia pleurota CL303 (RS: Leningrad)
Cladonia pleurota AT639 (USA: GA)
Cladonia pleurota AT705 (Australia)
Cladonia pleurota AT536 (Canada: NS)
Cladonia pleurota AT587 (Mexico: VC)
Cladonia coccifera s. lat. CL189 (Réunion)
Cladonia deformis 1905 (USA: NH)
Cladonia deformis CL305 (RS: Murmansk)
1n00/99} Cladonia deformis CL337 (Finland)
Cladonia deformis CL258 (Finland)
v v v w396t Cladonia deformis CL260 (Finland)

/81

Subclade Subglaucescentes

0.9p/9)

1/100/100

Fig. 2. Continued

Clade Erythrocarpae
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1/92/- |

0.97/-/-|

1/99/9 — Cladonia albofuscescens SATUS (Brazil: MG)
Cladonia albofuscescens SATU9 (Brazil: MG)
Cladonia minarum SATU7 (Brazil: MG)
Cladonia divaricata SATU10 (Brazil: MG)
Cladonia variegata AT601 (Guyana)
Cladonia consimilis SATU1 (Brazil: MG)
Cladonia consimilis SATU2 (Brazil: MG)
Cladonia fleigiae AT710 (Brazil: MG)
Cladonia bahiana AT715 (Brazil: BA)
Cladonia bahiana AT716 (Brazil: MG)

(Canada: NL)

1/93/83— Cladonia atlantica LK10
W”;T; Cladonia atlantica LK42 (USA: MA)

Cladonia crispata s. lat. CL229 (Greece)

Cladonia granulosa CL355 (Costa Rica)
Cladonia granulosa CL346 (Costa Rica)
Cladonia granulosa CL292 (Bolivia)

— Cladonia granulosa CL293 (Bolivia)
Cladonia crispatula AT597 (Brazil: MG)
Cladonia hians AT583 (Guyana)
Cladonia polystomata AT595 (Guyana)

99/86

Cladonia subdelicatula CL136 (Réunion)

Cladonia subdelicatula CL352 (Costa Rica)
Cladonia dilleniana CL312 (Cuba)
Cladonia subsetacea CL141 (USA: FL)
00/100L— Cladonia subsetacea DW19 (USA: FL)
Cladonia beaumontii AT633 (USA: GA)
_/_Cladonia cenotea LK62 (Finland)

Cladonia cenotea LK81 (Argentina: TF)

11foeer Cladonia cenotea 1CENO (Denmark)

Cladonia glauca CL214 (Greece)

Cladonia cenotea LK9 (Canada: NL)

ladonia squamosa SATU16 (Sweden)

Cladonia varians CL144 (Réunion)

Cladonia rugulosa AT577 (Guyana)

Cladonia vareschii LK85 (Guyana)

Cladonia poroscypha CL105 (USA: OR)

175 Cladonia capitellata CL184 (Australia: WA)
Cladonia subsubulata CL19 (New Zealand)
Cladonia subsubulata 1AUERI (Chile: Chilog)

h/odidy Cladonia subsubulata AT725 (Argentina: TF)

Cladonia subsubulata AT744 (Falkland Is.)

Cladonia subsubulata AT745 (Falkland Is.)
.— Cladonia capitellata CL21 (New Zealand)
Cladonia capitellata CL66 (New Zealand)

Cladonia capitellata CL53 (New Zealand)

Cladonia capitellata CL73 (New Zealand)

Cladonia subsubulata CL62 (New Zealand)

17100/

1/73/

1172/

n

Cladonia subsubulata CL59 (New Zealand)

Cladonia subsubulata CL52 (New Zealand)

]/sﬁgsadonia subsubulata CL72 (New Zealand)

Cladonia subsubulata CL76 (New Zealand)

Cladonia subsubulata CL74 (New Zealand)

Cladonia subsubulata CL65 (New Zealand)

17 _r Cladonia capitellata CL39 (New Zealand)

Cladonia subsubulata CL35 (New Zealand)

L Cladonia pertricosa AT737 (Australia: NSW)
Cladonia crispata s. lat. CL81 (Indonesia)
Cladonia crispata AT648 (Finland)

[ Cladonia parasitica 1PARAS (Spain)
1/100/92— Cladonia parasitica 2PARA (Germany)

Cladonia candelabrum DW21 (Réunion)
Cladonia sp. CL215 (Réunion)
Cladonia hedbergii AT682 (Zimbabwe)
v Cladonia gigantea CL160 (Madagascar)
Cladonia pachyclados DW20 (Réunion)
Cladonia gigantea s. lat. CL240 (Réunion)
Cladonia medusina CL161 (New Zealand)
Cladonia medusina CL162 (New Zealand)
Cladonia sp. LK61 (Finland)
@:/Cladonia subfurcata LK21 (Finland)
Cladonia hondoensis CL103 (Japan: Hokkaido)
Cladonia rigida CL58 (New Zealand)
Cladonia rigida CL15 (New Zealand)
Cladonia rigida CL192 (Australia: WA)

1/100/99°

Cladonia rigida CL75 (New Zealand)

Cladonia sp. AT743 (Australia)
00700 Cladonia iniata LK14 (Brazil: MG)
Cladonia piedadensis SATU23 (Brazil: MG)

Cladonia santensis CL133 (USA: NJ)
Cladonia strepsilis AT537 (Finland)
Cladonia strepsilis LK18 (Canada: NS)
Cladonia strepsilis CL91 (Scotland)

Cladonia candelabrum s. lat. CL106 (Madagascar)

Clade Divaricatae

Clade Perviae
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Cladonia subcervicornis 1SUBCERVI (Portugal

Cladonia subcervicornis CL99 (Scotland)
Cladonia marionii AT591 (Kerguelen)

Cladonia firma 1FIRM (Spain)
)y Subclade
Cladonia subcervicornis CL135 (Faeroe Is.) Firmae

Fig. 2. Continued

1/99/76|
—

1/97/86

11757

1/89/

17

19895 Cladonia rangiformis 1RANG (Spain)
Cladonia rangiformis 2RANG (Spain)

s /VC/adonfa rangiformis CL107 (Canary Is.)
197/9] *Cladonia rangiformis CL108 (Canary Is.)
Cladonia thomsonii 1TTHOMS (RS: Chukotka)
Cladonia subturgida 3SUBT (Spain)
Cladonia turgida 1TURG (Canada: NL)
Cladonia turgida AT645 (Finland)

Cladonia asahinae LK82 (Iceland)

Cladonia asahinae CL326M (USA: AK)

Cladonia nashii CLCAL2 (USA: CA)
Cladonia brevis CL114 (USA: PA)

Cladonia macrophylla CL328 (Finland)

19808 Cladonia boryi DW6 (USA: NY)
oo d Cladonia boryi LK50 (Canada: NL)
Cladonia boryi LK6 (Canada: NS)
‘/Clagonia zopfii FH344 (Portugal)

EYadonia zopfii SATU37 (The Netherlands)
Cladonia nipponica CL213 (USA: AK)
hnoonoot Cladonia nipponica FH338 (RS: Primorye)
19092~ Cladonia caroliniana AT636 (USA: NS)

Cladonia caroliniana CL226 (USA: NC)

Cladonia dimorphoclada AT635 (USA: SC)
Cladonia pachycladodes DW18 (USA: FL)
Cladonia kanewskii CL244 (RS: Kamchatka)
*“€l4donia kanewskii LK52 (USA: AK)

Cladonia kanewskii CL245 (RS: Kamchatka)
Cladonia labradorica CL167 (Canada: QC)

Cladonia kanewskii s. lat. DW22 (RS: Buryatia)
Cladonia stenroosiae LK25 (Brazil: MG)

Cladonia substellata SATU21 (Brazil: MG)
YEladonia substellata SATU6 (Brazil: MG)
Cladonia subreticulata SATU3 (Brazil: MG)
sy Cladonia uncialis subsp. biuncialis CL210 (Greece)
Cladonia uncialis subsp. biuncialis DW12 (Iceland)
Cladonia uncialis subsp. biuncialis DW1 (France)
Cladonia uncialis subsp. biuncialis DW10 (Finland)
Cladonia uncialis subsp. biuncialis FH233 (Canada: NL)
VHCIadonia uncialis subsp. uncialis FH328 (Japan: Honshu)

Gladonia uncialis subsp. uncialis CL204 (Finland)

5 (glsadonia uncialis subsp. uncialis CL246 (Canada: NS)
Ei5donia uncialis subsp. uncialis FH234 (Canada: NL)
Cladonia uncialis subsp. uncialis FH332 (RS: Kamchatka)
Cladonia uncialis subsp. uncialis CL233 (Japan: Honshu)
Cladonia steyermarkii LK89 (Guyana)

Cladonia arcuata CL353 (Costa Rica)

Cladonia subtenuis AT571 (Canada: NS)

Cladonia subtenuis AT637 (USA: GA)

Cladonia ciliata var. tenuis AT842 (Portugal)
Cladonia ciliata var. ciliata AT843 (Ireland)

Cladonia ciliata var. ciliata CL93 (Scotland)
Cladonia argentea LK66 (Guyana)

Cladonia rotundata AT603 (Guyana)

Cladonia sprucei AT599 (Guyana)

Cladonia rangiferina subsp. abbayesii AT594 (Guyana)
Cladonia conspicuas. lat. CL224 (USA: NC)

Cladonia stygia AT647 (Finland)

Cladonia rangiferina subsp. rangiferina FH382 (China: Jilin)
Cladonia rangiferina subsp. rangiferina AT542 (Finland)
1/87/8) Cladonia arbuscula subsp. arbuscula AT646 (Finland)
Cladonia arbuscula subsp. arbuscula LK36 (Canada: NS)
Cladonia arbuscula subsp. boliviana CL284 (Bolivia)
Cladonia kriegeri CL274 (Bolivia)

Cladonia densissima LK65 (Guyana)

Cladonia submitis CL223 (USA: NY)

Cladonia mitis AT632 (Sweden)

Cladonia mitis CL333 (The Netherlands)

Cladonia mitis AT651 (Finland)

Cladonia mitis FH336 (RS: Kamchatka)

os7n00. Cladonia amaurocraea CL251 (USA: AK)

Cladonia amaurocraea CL252 (USA: AK)
Cladonia amaurocraea LK23 (Finland)

192991 Cladonia amaurocraea LK7 (Finland)
Cladonia bacilliformis CL125 (RS: Dagestan)
Cladonia bacilliformis LK5 (Finland)
Cladonia laii LK32 (Bhutan)

Cladonia carneola CL304 (RS: Murmansk)
Cladonia botrytes AT538 (Finland)
Cladonia botrytes CL261 (Finland)

Cladonia botrytes CL306 (RS: Murmansk)
Cladonia botrytes LK16 (Finland)

Cladonia elixii AT589 (New Zealand)
Cladonia sp. CL18 (New Zealand)
Cladonia peltasta s. lat. CL177 (Réunion)
Cladonia peltasta CL104 (Réunion)
Cladonia pachyclados CL190 (Réunion)

1/100/100)

Cladonia neozelandica CL32 (New Zealand)
Cladonia neozelandica CL33 (New Zealand)
Cladonia neozelandica CL34 (New Zealand)
Gladonia neozelandica CL29 (New Zealand)

¢l&donia neozelandica CL43 (New Zealand)
Cladonia neozelandica CL37 (New Zealand)
Cladonia neozelandica CL38 (New Zealand)
Cladonia sulcata AT739 (Australia: NSW)

Subclade Rangiformes

Cladonia nashii SHAMMER (USA: CA) Subclade Macropus

Clade Cladonia

Clade Borya

Clade Unciales

Clade Crustaceae

Clade Arbuscula

Clade Amaurocraeae

Clade Ochroleucae
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— Cladonia alinii CL111 (RS: Primorye)
1/100/100 Cladonia pyxidata s. lat. 1ASHI (USA: CA)
Cladonia subfimbriata CLCAL6 (USA: CA)
Cladonia chlorophaea CL307 (RS: Murmansk)
Cladonia fimbriata AT508 (Chile: Magallanes)
Cladonia fimbriata CL259 (Finland)
Cladonia magyarica 2MAGY (Hungary)
Cladonia magyarica 4AMAGY (Ukraine)
Cladonia magyarica CL122 (RS: Dagestan)
Cladonia imbricata CL41 (New Zealand)
Cladonia imbricata CL5 (New Zealand)
Cladonia imbricata CL6 (New Zealand)
Cladonia imbricata CL14 (New Zealand)
Cladonia fragosa CL300B (China: Jilin)
Cladonia fragosa CL301 (China: Jilin)
Cladonia rei 8REI (Spain)
Cladonia rei AT573 (Canada: NS)
Cladonia rei CL334 (Finland)

1/99/86|

1/99/9|
—

Cladonia ramulosa s. lat. FH378 (China: Jilin)
Cladonia ramulosa s. lat. CL178 (USA: HI)
Cladonia pyxidata s. lat. 3PYXI (Spain)
Cladonia sp. LK51 (China: Hunan)
Cladonia mongolica FH380 (China: Jilin)
Cladonia pyxidata s. lat. CL40 (New Zealand)
Cladonia pyxidatas. lat. CL8 (New Zealand)
Cladonia subsquamosa CL296 (Bolivia)
Cladonia subsquamosa CL297 (Bolivia)
Cladonia sp. CL316 (Bolivia)
Cladonia monomorpha CL315 (The Netherlands)
Cladonia monomorpha 5SMONO (The Netherlands)
Cladonia monomorpha CL313 (Finland)
Cladonia pocillum s. |lat. CL294 (Bolivia)
Cladonia asperula CL22 (New Zealand)
Cladonia darwinii CL24 (New Zealand)
 Gladonia darwinii CLA7 (New Zealand)
177 5Iad0nia darwinii CL13 (New Zealand)
Cladonia darwinii CL44 (New Zealand)
Cladonia cf. glebosa CL16 (New Zealand)
Cladonia cf. glebosa CL10 (New Zealand)
Cladonia tenerrima CL67 (New Zealand)
Cladonia tenerrima CL70 (New Zealand)
1nogea— Cladonia coniocraea 19CONI (USA: NH)
Cladonia groenlandica CL263 (USA: AK)
Cladonia groenlandica 8CORN (USA: AK)
Cladonia ochrochlora SATU19 (Sweden)
Cladonia ochrochlora 4OCHRO (Spain)
Cladonia ochrochlora CL286 (Bolivia)
Cladonia cornuta 10CORN (Finland)
Cladonia cornuta AT552 (Chile: Magallanes)
”Clasdonia gracilis subsp. vulnerata 28GRAC (USA: AK)
Eladonia gracilis subsp. vulnerata CL256 (USA: AK)
Cladonia maxima AT570 (Canada: NS)
Cladonia gracilis subsp. turbinata 23GRAC (RS: Leningrad)
Cladonia gracilis subsp. elongata 31GRAC (RS: Murmansk)
Cladonia gracilis subsp. turbinata AT541 (Finland)
Cladonia gracilis subsp. elongata 15GRAC (Sweden)
Cladonia macroceras 2MACRO (Andorra)
Cladonia macroceras AT567 (Iceland)
Cladonia gracilis subsp. gracilis 1GRAC (Spain)
0.98/-/- Cladonia gracilis subsp. gracilis LK63 (Sweden)
Cladonia dactylota CL118 (Bolivia)
Cladonia dactylota CL283 (Bolivia)
Cladonia dactylota CL351 (Costa Rica)
1/98/959 Cladonia fruticulosa AT685 (N Caledonia)
Cladonia fruticulosa LK33 (Bhutan)
Cladonia fruticulosa CL11 (New Zealand)

177/

1/98/89]

177

Subclade Graciles

1

17

Cladonia fenestralis CL234 (Taiwan)
Cladonia ecmocyna subsp. ecmocyna 1ECMO (Norway)
Cladonia ecmocyna subsp. ecmocyna LK76 (Greenland)
Cladonia cryptochlorophaea CL228 (Greece)
Cladonia cylindrica LK78 (USA: NS)
Cladonia grayi CL87 (USA: NY)
Cladonia merochlorophaea CL331 (The Netherlands)
Cladonia novochlorophaea CL94 (Spain)
Cladonia grayi LK22 (Finland)
Cladonia foliacea CL112 (The Azores)
Vgg%adonia foliacea SATU17 (Sweden)
Cladonia foliacea AT684 (Corsica)
Cladonia foliacea 16FOL (Portugal)
Cladonia sp. CL31 (New Zealand)
Cladonia prolifica CL130 (USA: OR)
Cladonia ramulosa s. lat. 1PROLIF (Portugal)
Cladonia ramulosa . lat. CL344 (Denmark)
Cladonia ramulosa s. lat. CL345 (Denmark)
Cladonia ramulosa s. lat. CL131 (Turkey)
Cladonia ramulosa s. lat.1IRAMU (Spain)
Cladonia ramulosa s. lat. CL195 (Greece)
Cladonia ramulosa s. lat. CL196 (Spain)
Cladonia ramulosa s. lat. CL209 (Greece)
111001100~ Cladonia piedmontensis CL126 (USA: PA)
Cladonia piedmontensis CL314 (USA: PA)
Cladonia krogiana CL121 (Norway)
Cladonia robbinsii LK41 (USA: NC)
Cladonia phyllophora LK15 (Finland)
Cladonia phyllophora CL142 (France)
Cladonia vescula CL275 (Bolivia)
Cladonia vescula CL319 (Bolivia)
Cladonia vescula CL291 (Bolivia)
Cladonia signata AT562 (Brazil: MG)

1/97/89)]
1/100/100)

097/-1

Subclade Foliaceae

Subclade Vesculae

Cladonia signata LK71 (Guyana)

Clade Cladonia

(o8]

w
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Cladonia albonigra CL335 (RS: Primorye)
Cladonia sp. SATU13 (Finland)

Cladonia graeca CL211 (Greece)

Cladonia rappiis. lat. AT706 (Australia: ACT)
febricd 0_91/760/11%0donia mawsonii CL30 (New Zealand)
Cladonia staufferi AT738 (Australia: VIC)
s Cladonia rappii CL183 (Australia: WA)
Cladonia krempelhuberi CL71 (New Zealand)
Cladonia rappii's. lat. CL174 (Australia: WA)
Cladonia islandica CL255 (USA: AK)

1/100/100! Cladonia islandica CL262 (USA: AK)

Cladonia aleuropoda CL272 (Bolivia)

Cladonia isabellina CL269 (Bolivia)

Cladonia isabellina CL282 (Bolivia)

Cladonia isabellina 11SABEL (Ecuador)

Cladonia isabellina CL347 (Costa Rica)

Cladonia aleuropoda CL287 (Bolivia)

1/84/-

0.98/76/10

1/

09 Cladonia isabellina s. lat. CL278 (Bolivia)
81/ Cladonia mawsonii s. lat. LK12 (Kerguelen)
[ Cladonia calycantha CL279 (Bolivia)
1/99/100 Cladonia calycantha CL273 (Bolivia)
d 9;/7/ Cladonia calycantha CL280 (Bolivia)

Cladonia rappii s. lat. CL350 (Costa Rica)
Cladonia melanopoda CL277 (USA: NC)
Cladonia melanopoda CL288 (Bolivia)
— Cladonia cineracea CL117 (RS: Sakha)
Cladonia andesita s. lat. AT679 (Kenya)
Cladonia centrophora CL222 (Réunion)
Cladonia ceratophyllina CL115 (Réunion)
Cladonia ceratophyllina CL159 (Madagascar)
Cladonia ceratophyllina CL172 (Réunion)
Cladonia nitens FH346 (RS: Sakha)
Cladonia rappiis. lat. AT707 (Australia: NSW)
h/100/100r Cladonia subchordalis AT512 (Chile: Magallanes)
Cladonia subchordalis LK90 (Chile: Osorno)
Cladonia rappii LK29 (Bhutan)

Cladonia cervicornis 1CER (Spain)

Cladonia cervicornis 5CER (Spain)
Cladonia cervicornis CL193 (Spain)
Cladonia cervicornis CL198 (Greece)
Cladonia cervicornis CL230 (Greece)
Cladonia cervicornis s. lat. CL129 (Sweden)
Cladonia jacutica FH335 (RS: Sakha)
Cladonia macrophyllodes LK79 (Greenland)
1/100/100— Cladonia pulvinata 4PUL (Spain)
Cladonia pulvinata CL132 (New Zealand)
Cladonia verticillata CL311 (The Netherlands)
Cladonia subulata 1SUBU (Spain)

Cladonia subulata CL336 (Finland)
1/99/72' Cladonia subulata LK64 (Germany)
Cladonia uliginosa CL327 (Finland)
Cladonia caespiticia LK72 (Canada: NS)
Cladonia latiloba 1LATILOB (Brazil: SC)
Cladonia subcariosa 2SUBCARI (USA: NC)
Cladonia polycarpia CL127 (USA: GA)
Vgg/%/gdonia polycarpoides s. lat. CL128 (Denmark)
Cladonia sobolescens 1SUBCARI (USA: NJ)
Cladonia polycarpoides s. lat. FH354 (RS: Leningrad)
Cladonia sp. CL323 (Bolivia)
0,99/ Cladonia furfuraceoides LK60 (Guyana)
Cladonia polyscypha LK73 (Guyana)
Cladonia itatiaiae AT563 (Brazil: MG)
Cladonia mauritiana AT584 (Seychelles)
Cladonia mauritiana CL101 (Cameroon)
Cladonia mauritiana CL113 (Réunion)
Cladonia mauritiana CL191 (Réunion)
Cladonia subradiata CL140 (USA: FL)
Cladonia clathrata LK83 (Brazil: MG)

Cladonia perfoliata LK44 (Brazil: MG)

Cladonia fissidens AT598 (Brazil: MG)

Cladonia mateocyatha CL123 (USA: PA)
Cladonia verticillata LK49 (Canada: NL)

/-1

.94/77/10

Subclade Cladonia

Clade Cladonia
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Cladonia acuminata 1ACUMI (USA: AK)
Cladonia decorticata CL150 (USA: AK)
Cladonia cariosa 6CARI (Spain)
Cladonia symphycarpa 14SYMP (Bosnia & Herzegovina)
Cladonia symphycarpa LK75 (Canada: BC)
Cladonia cariosa 8CARI (USA: MI)
Cladonia cariosa AT634 (Finland)
Cladonia scotteri CL249 (RS: Sakha)
Cladonia apodocarpa 1APODO (USA: PA)
Cladonia apodocarpa CL86 (USA: NY)

1/80/-1

Cladonia petrophila CL227 (USA: NC)
Cladonia petrophila LK68 (USA: NC)
AT [ Cladonia borbonica AT686 (New Caledonia)
Cladonia borbonica CL164 (New Caledonia)
Cladonia cartilaginea CL317 (Bolivia)

Cladonia cartilaginea s. lat. CL354 (Costa Rica)
Cladonia cartilaginea LK45 (Brazil: MG)
1100n00; Cladonia corniculata CL3 (New Zealand)
1/99/83 Cladonia corniculata CL4 (New Zealand)
Cladonia corniculata CL88 (Chile: Chubut)
Cladonia intermediella CL187 (Réunion)
Cladonia peziziformis AT631 (USA: DC)
Cladonia peziziformis LK38 (USA: NC)
097/95/79; Cladonia compressa CL268 (Bolivia)
Cladonia compressa CL281 (Bolivia)
Cladonia nana LK34 (Brazil: MG)
Cladonia farinophylla CL325 (Bolivia)
Cladonia farinophylla CL324 (Bolivia)
Cladonia solida CL318 (Bolivia)

1/87/84— Cladonia scabriuscula CL12 (New Zealand)

1871747 Cladonia scabriuscula LK58 (China: Hunan)
196/ — Cladonia scabriuscula LK11 (Canada: NL)
Cladonia furcata 1FURC (Spain)

Cladonia stereoclada CL138 (Canary Is.)

Cladonia stereoclada 3STEREO (Canary Is.)

111001100 Cladonia farinacea 4FARIN (Chile: Magallanes)
Cladonia scabriuscula LK88 (Chile: Magallanes)
Cladonia farinacea LK19 (Canada: NS)

N0 donia multiformis LK70 (Canada: NS)
Cladonia multiformis 1TMULTIF (Canada: NS)
Cladonia furcata AT638 (USA: GA)

Cladonia sp. THAMMER (Spain)

Cladonia sp. CL173 (Greece)

Cladonia humilis 7HUMIL (Portugal)
Cladonia humilis 2LAEVI (Spain)
Cladonia humilis s. lat. CL109 (Canary Is.)
0.957100/100 sy

Cladonia humilis s. lat. 1PULVI (Spain)
Cladonia humilis s. lat. 2POCI (Spain)
Cladonia humilis s. lat. CL175 (Greece)
Cladonia furcata CL197 (Spain)

Cladonia corsicana CL110 (Canary Is.)

Cladonia corsicana COR1 (Spain)
Cladonia cyathomorpha 1CYATH (Spain)
Cladonia pulvinella 6NASHI (USA: CA)
Cladonia pulvinella CLCAL4 (USA: CA)
Cladonia pulvinella CLCAL1 (USA: CA)
Cladonia conista THUMIL (Spain)

Cladonia conista FH398 (Lithuania)

Cladonia conista CL2 (New Zealand)
Cladonia conista LK56 (China: Hunan)
Cladonia dimorpha AT600 (Guyana)

Cladonia subconistea 1TKUROK (Japan: Kyushu)
Cladonia subconistea LK48 (China: Hunan)

Cladonia subconistea 1SUBCONI (South Korea)
Cladonia subconistea LK57 (China: Hunan)
Cladonia sp. CL25 (New Zealand)

Cladonia pyxidata s. lat. CL42 (New Zealand)
Cladonia pyxidata AT586 (Mexico: VC)

Cladonia sp. AT574 (Guyana)
1100100~ Cladonia pseudofissa 1CORYMB (Thailand)
Cladonia pseudofissa LK35 (Bhutan)

Cladonia mexicana CL321 (Bolivia)

Cladonia corymbescens AT680 (New Caledonia)

Cladonia corymbescens CL166 (New Caledonia)
Cladonia ceratophylla CL188 (Réunion)

Cladonia ceratophylla LK37 (Brazil: MG)

Cladonia pityrophylla CL310 (Bolivia)
Cladonia pityrophylla LK40 (Brazil: MG)

1/75/100
-

1/75/-]

Subclade

Helopodium

Cladonia apodocarpa LK47 (USA: NC) Subclade Apodocarpae

Subclade Ascyphiferae

L Cladonia callosa CL330 (The Netherlands) Subclade Callosae

Clade Cladonia

365
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Table 3

Summary of support for the main clades in the different combined analyses of Cladoniaceae: posterior probability from Bayesian analysis/boot-
strap from ML analysis/bootstrap from MP analysis/Jackknife from MP analysis in TNT

Groups S gene 4 gene 3 gene 2 gene
Cladoniaceae 1/100/100 1/100/93 1/100/93 1/100/92/100
Genus Cladonia 1/100/99 1/100/96 1/100/94 1/100/82/100
Clade Impexae 1/100/99 1/100/99 1/100/100 1/100/99/100
Clade Crustaceae 1/100/100 1/100/100 1/100/100 1/100/100/100
Clade Borya 1/100/100 1/100/100 1/100/100 1/100/100/100
Clade Unciales 1/100/100 1/100/100 1/100/100 1/100/100/65
Clade Arbuscula 1/100/100 1/100/100 1/100/100 1/100/100/100
Clade Ochroleucae 1/99/97 1/99/98 1/99/96 1/99/97/100
Clade Amaurocraeae 1/100/100 1/100/100 1/100/100 1/100/100/100
Clade Divaricatae 1/100/100 1/100/100 1/100/100 1/100/100/100
Clade Perviae 1/100/95 1/100/93 1/100/93 1/100/99/99
Clade Erythrocarpae 0.96/99/85 1/99/78 1/100/76 1/100/65/100
Subclade Incrassatae 1/100/100 1/100/100 1/100/100 1/100/100/100
Subclade Miniatae 1/100/100 1/99/78 1/100/100 1/100/98/100
Subclade Subglaucescentes —/82/— 0.99/33/— 1/44/— 1/41/-/86
Clade Cladonia 1/100/71 1/100/83 1/99/78 1/99/76/98
Subclade Apodocarpae 1/100/100 1/100/100 1/100/100 1/100/88/99
Subclade Ascyphiferae 0.99/73/77 1/69/69 1/-/- 1/-/-/67
Subclade Cladonia 1/99/89 1/60/74 0.97/65/— 1/58/-/67
Subclade Foliosae 1/100/99 1/100/89 1/100/89 1/100/90/100
Subclade Firmae 1/100/93 1/100/92 1/100/90 1/100/91/100
Subclade Graciles 1/100/92 1/70/54 1/85/— 1/79/-/65
Subclade Helopodium 1/100/93 1/100/85 1/99/82 1/100/82/99
Subclade Macropus 1/100/96 1/100/99 1/100/96 1/100/96/100
Subclade Rangiformes 1/96/70 1/96/99 1/100/98 1/97/98/93
Subclade Vesculae 1/100/100 1/100/100 1/100/100 1/100/100/100
Clade Heterodea, Notocladonia, - - 1/100/68 1/97/53/73
Thysanothecium
Genus Heterodea - 1/100/100 1/97/99 1/100/99/73
Clade Notocladonia, - - - 1/100/69/100
Thysanothecium
Clade Filsonia, Heterodea, - 1/100/92 1/100/95 1/100/91/100
Notocladonia,
Thysanothecium
Clade Cladia, Heterodea, - 1/100/96 1/100/95 1/100/91/100
Notocladonia,
Thysanothecium, Rexia,
Pulchrocladia
Genus Cladia s.s. 1/100/100 1/100/100 1/100/100 1/100/99/100
Genus Rexia - 1/100/100 1/100/100 1/100/100/100
Genus Pulchrocladia - 1/100/100 1/100/100 1/100/72/90
Clade Cladia s.s., Pulchrocladia - 0.84/43/— 0.91/53/— 0.96/52/—/100

Clade Carassea, Metus, Pycnothelia —
Genus Pilophorus —

- - 0.98/95/79/98
_ 1/100/100/100

— Not applicable or bootstrap values < 50%.

other Pilophorus species with a bootstrap support value
of only 50%. In the Bayesian analysis Pilophorus acicu-
laris and P. cereolus formed a clade but the relationship
of P. strumaticus was not resolved. The phylogenetic
placement of Notocladonia was not resolved. Cladia
beaugleholei and C. muelleri were only distantly related
to the other species of Cladia. Cladia gorgonea, C. reti-
pora, C. corallaizon, C. aggregata and C. sullivanii
formed a clade with bootstrap values < 70% and
pp < 0.95. The two species of Myelorrhiza were closely
related and placed outside of Cladoniaceae, resolving as
relatives to Bacidia.

Discussion
Support values

The phylogeny presented here is the most comprehen-
sive for the Cladoniaceae to date with more species,
specimens and molecular markers analysed. While not
all species could be included, our sampling of Cladonia
was more comprehensive than in the other genera, and
the Clades were mostly supported. Therefore, we expect
that most of the Clades named within Cladonia will
remain stable in the future, even with more extensive
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0.96/-/-

0.96/93/91

Cladia aggregata CL82
Cladia sullivanii CL56

367

JN940198 Cladonia foliacea
JN940200 Cladonia cervicornis
JN940201 Cladonia firma
AY622845 Cladonia gracilis
AF241544 Cladonia sulphurina
U60900 Cladonia bellidiflora
AF085475 Cladonia subcervicornis
Cladonia wainioi LK93
DQ983481 Pycnothelia papillaria
AF491851 Carassea connexa
AF523362 Gymnoderma coccocarpum
AY648095 Cetradonia linearis
AF184755 Metus conglomeratus

— AF491864 Thysanothecium scutellatum
_[— Cladia gorgonea CL168
Cladia retipora CL60

Cladia corallaizon 1CLADIA

CladoniaceWO85469 Pilophorus acicularis

— AF184754 Cladia muelleri
— AF184758 Pilophorus strumaticus
— AF491847 Cladia beaugleholei

JN941179 Stereocaulon alpinum
0.98/90/80

1/90/96 JN941184 Stereocaulon nanodes

JN941186 Stereocaulon sasakii

AF515608 Lecanora allophana

1/100/100

Pilophorus cereolus L125

AF491849 Notocladonia cochleata

JN941181 Stereocaulon tomentosum

KJ766800 Squamarina cartilaginea

KJ766757 Parmelia saxatilis
AF491857 Myelorrhiza jenjiana

Myelorrhiza

AF491858 Myelorrhiza sp.

KJ766692 Baeomyces rufus
0.009

AF091585 Bacidia rosella

DQ986724 Tephromela atra
AF088240 Megalospora sulphurata
JQ301631 Teloschistes flavicans

Fig. 3. Phylogeny of Cladoniaceae based on SSU rDNA. This is the 50% majority-rule consensus tree of Bayesian analysis. Branches supported
with posterior probability > 0.95 and bootstrap > 70% are indicated in bold.

sampling. The names of the Clades have been carefully
chosen to follow the nomenclatural rules, so they could
be used as sectional epithets within Cladonia, if desired.
However, the position, or relationships, of the other
genera of the Cladoniaceae might change substantially
in the future if all genera can be analysed more compre-
hensively and the missing genera added.

The Clades delimited and discussed below are those
with bootstrap and jackknife support values > 70%,
and pp > 0.95 (Table 3), with one exception, Clade
Unciales (with 65% jackknife value in the 5 +4 + 3 + 2
gene dataset). Few Subclades (Ascyphiferae, Cladonia,
Graciles and Subglaucescentes) lacked the threshold sup-
port values in any of the analyses (Table 3). The deep
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relationships among the clades had the greatest support
in the 5 gene and 5 + 4 gene analyses (Fig. 1), which
had the most complete set of characters. The TNT
S+4+3+2+ 1 gene analysis was less well resolved,
possibly due to too many (almost 50) of terminals repre-
sented by only one marker.

In general, the support values from the MP analyses
in PAUP were lower than the bootstrap values from
ML and the pp from Bayesian analyses. This is proba-
bly due to using the “fast bootstrap” option in PAUP.
It has been shown that “fast bootstrap” underesti-
mates the support in comparison with the “heuristic”
option (Mort et al., 2000; Freudenstein et al., 2004).

The significance of support values has been debated
extensively (e.g. Carpenter, 1992; Hillis and Bull, 1993;
Kluge and Wolf, 1993; Mort et al., 2000; Freudenstein
et al., 2004). However, as discussed in detail by Grant
and Kluge (2003), it is the inverse, the lack of support,
which should be treated as the most valuable informa-
tion obtained from these analyses. As Grant and
Kluge emphasize, a lack of support represents part of
a study’s hypothesis that is ambiguous, as based on
the currently available evidence, and deserves particu-
lar attention in the future.

Circumscription of Cladoniaceae and relationships
among the genera

Our results based on five loci confirm the circum-
scription of Cladoniaceae as presented in previous
studies (Stenroos and DePriest, 1998; Stenroos et al.,
2002b; Guo and Kashiwadani, 2004; Zhou et al.,
2006). The genera Carassea, Cladia, Cladonia, Metus,
Notocladonia, Pilophorus, Pycnothelia and Thysanothe-
cium were supported as belonging to Cladoniaceae.
The early diverging clade Cladoniaceae is formed by
taxa that have been referred to Cladia (including Het-
erodea and tentatively also Ramalinora), Notocladonia,
Thysanothecium and Pilophorus (Fig. 2a). Pilophorus,
represented by P. cereolus, was basal to this clade but
its placement is unsettled. Its phylogenetic position in
part of the analyses is congruent with previous phylo-
genies, in all of which it was related to Cladia (Sten-
roos and DePriest, 1998; Wedin et al., 2000; Stenroos
et al., 2002b; Zhou et al., 2006; Parnmen et al., 2010;
Miadlikowska et al., 2014). However, the relationship
between these genera contrasts with their geographical
distribution: while Cladia essentially is restricted to the
Southern Hemisphere (Filson, 1981), Pilophorus only
occurs in the Northern Hemisphere (Jahns, 1981).

In the SSU phylogeny, Pilophorus was represented by
three species and was not monophyletic as P. strumati-
cus did not cluster with the other Pilophorus species.
Pilophorus includes 12 species and it is the only genus of
Cladoniaceae with cephalodia (Jahns, 1981). So far, the
phylogenetic relationships of this genus are insufficiently

known. Therefore, the monophyly of Pilophorus should
be investigated with additional sampling of species and
markers (R. Pino-Bodas, B. McCune, T. Ahti, in prep.).

The placement of Notocladonia in Cladoniaceae has
long been doubted (Miiller, 1896; Ahti, 1993, 2000),
but Stenroos et al. (2002b) and our study support that
this genus belongs to Cladoniaceae. Hammer (2003)
suggested that Notocladonia is closely related to
Thysanothecium. Notocladonia, with N. cochleata and
N. undulata, has a bullate or squamulose primary thal-
lus and unbranched or sparsely branched podetia.
Both species contain usnic and divaricatic acids, and
are confined to Australasia. Thysanothecium is con-
fined to tropical areas in Asia and Australasia
(Stenroos, 1988). Currently it includes four taxa,
namely 7. hookeri subsp. hookeri and subsp. xanthon-
icum, T. scutellatum and T. sorediatum. Hammer
(2003) suggested, based on morphological characters,
that Squamella is related to Thysanothecium and Noto-
cladonia. However, the phylogenetic placement of the
Australian endemic Squamella remains unknown.

Thysanothecium and Notocladonia diverge morpho-
logically from Cladia s.s. Cladia lacks a primary thal-
lus and has pseudopodetia with numerous small
perforations (Filson, 1981), whereas Thysanothecium
and Notocladonia have a dimorphic thallus, with a
squamulose primary thallus, and podetia (Jahns,
1970a).

As found previously (Stenroos et al., 2002b;
Miadlikowska et al., 2014), the sister clade to Cladonia
consists of three small genera, namely Carassea, Pyc-
nothelia and Metus. The latter two have morphological
and chemical similarities: dimorphic thalli (expected
but not observed in Carassea), with simple podetia or
podetia branched near the apex, and containing atra-
norin and substances from the lichesterinic acid group
(Galloway and James, 1987; Ahti, 2000). Carassea dif-
fers by having richly branched and highly anastomos-
ing podetia, but still contains atranorin. The three
genera have different geographical ranges. The mono-
typic Carassea is endemic to the mountains of south-
east Brazil (Stenroos et al., 2002b), while Metus has an
austral distribution with the Australasian M. conglom-
eratus and two Chilean species, M. efflorescens and
M. pileatus. Pycnothelia is bipolar as a genus, with
P. papillaria distributed in the Northern Hemisphere
and P. caliginosa in Australasia. Sequence data of only
one species of Metus, M. conglomeratus, and one of
Pycnothelia, P. papillaria, were analysed, so we cannot
confirm the monophyly of these genera.

As found by Zhou et al. (2006), Gymnoderma and
Cetradonia were closely related in the SSU phylogeny.
The relationship is supported by morphological char-
acters associated with the asci, namely the shared non-
amyloid axial body (Wei and Ahti, 2002; Persoh et al.,
2004).
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Mpyelorrhiza includes two  Australian species,
M. antrea and M. jenjiana. In the SSU analysis this
genus was placed outside Cladoniaceae. Similar results
were reported by Stenroos et al. (2002b). In their anal-
ysis Myelorrhiza was closely related to Bacidia. The
phylogenetic position of Myelorrhiza was not sup-
ported as some morphological similarities with Phyl-
lopsora (Ramalinaceae) were previously pointed out
(Verdon and Elix, 1986). However, the type species
M. antrea was not studied, and many authors continue
to place this genus in Cladoniaceae (Lumbsch and
Huhndorf, 2010; Kirk et al., 2013; Licking et al.,
2016; Wijayawardene et al., 2017, 2018). No new
sequences of Myelorrhiza were generated in the present
study, so new material will be necessary to clarify its
position.

Circumscription of Cladia

Cladia was recently the target of several multilocus
phylogenies (Lumbsch et al., 2010a; Parnmen et al.,
2010, 2013). Parnmen et al. (2010) and Lumbsch et al.
(2010a) confirmed that this genus and also Cladiaceae,
recognized by Filson (1981), belong to Cladoniaceae.
The authors also incorporated Heterodea and Ramali-
nora into Cladia. This was surprising, because Herero-
dea species are flat, foliose lichens, while Ramalinora is
crustose, both very different from the typical fruticose
Cladia. In fact, Filson (1981) placed Heterodea in a
separate family Heterodeaceae, while Ramalinora was
placed in various families (Ramalinaceae, Lumbsch
et al., 1995; Lecanoraceae, Lumbsch and Huhndorf,
2007). However, there are several examples of lichens
with different thallus growth forms that occur in the
same family, such as Ramalinaceae, Roccellaceae and
Stereocaulaceae (Myllys et al., 1999; Hognabba, 2006).
In addition, Parnmen et al. (2010) and Lumbsch et al.
(2010a) showed some morphological and anatomical
similarities among Cladia, Heterodea and Ramalinora,
supporting the close relationship of the three genera. It
was proposed and accepted to conserve the generic
name Cladia against the older name Heterodea to
avoid confusion (Lumbsch et al., 2010b).

We have now discovered that Notocladonia and
Thysanothecium fall within the Clade Cladia s.I., form-
ing the sister group to Heterodea. Based on the tree
topologies, we have several options for reconciling the
taxonomy with the molecular phylogeny (see Fig. 2).
One option is lumping the three genera into one. This
treatment retains the taxonomic changes suggested by
Parnmen and Lumbsch (2012). However, this option
may be too drastic because Notocladonia and Thysan-
othecium are morphologically very disparate from Cla-
dia. In addition, the type species of Thysanothecium
(T. hookeri) was not available for analysis. Conse-
quently, Thysanothecium is retained until the

phylogenetic position of 7. hookeri is studied. If instead
Notocladonia and Thysanothecium are maintained as
genera distinct from Cladia, the genus Heterodea also
needs be maintained in order to reflect natural relation-
ships. This option makes the nomenclatural proposal of
Parnmen and Lumbsch (2012) superfluous. Based on
the monophyly of the clades and the distinctive mor-
phology of the two species of Heterodea, along with its
close relationship with Notocladonia and Thysanothe-
cium, we adopted the latter option for a revised classifi-
cation of the clade. Consequently, the residual Cladia
becomes paraphyletic and requires taxonomic revision.

Clade A of Cladia (Fig 2a), which is closely related to
the clade formed by Heterodea, Notocladonia and
Thysanothecium, includes two morphologically similar
species, C. sullivanii and C. fuliginosa (Fig. 4). We sug-
gest that this clade be considered as a genus separate
from Cladia, and propose the name Rexia (described
below). Clades B and C of Cladia (Fig. 2a) could be
classified into one or two genera. The fact that the clade
formed by A + B is supported with bootstrap values
< 70% and pp < 0.85 in most of the analyses (Table 3)
proves that the stability of the clade is low, and some of
the genera yet to be studied could be more closely
related to clades B and C than they are to each other.
Therefore, we keep clades B and C as separate genera in
our taxonomic proposal. Clade B corresponds to Cladia
s.s., while clade C corresponds to the new genus
Pulchrocladia (described below). In this way, the genera
that we recognize here constitute clades supported by
bootstrap and jackknife values > 70% and pp > 0.95
(Table 3) and are also supported by either morphologi-
cal or chemical characters, summarized in Table 4. Cla-
dia s.s. is presently anticipated to include 19 species,
among them the C. aggregata complex (Kantvilas and
Elix, 1999; but see below). The species included in Cla-
dia s.s. are characterized by hollow pseudopodetia, lack
of an inner medulla, perforations that vary in size and
abundance, and numerous chemotypes. All the species
included in this genus show the unique development of
the ascomata described in detail by Jahns (1970b): a sec-
ond hymenium develops on the primary hymenium, a
third develops on the second, and so on, in such a way
that the apothecia are arranged in tiers. The species of
Cladia s.s. were recently revised using molecular data
(Parnmen et al., 2012, 2013) and all the recently
described species belong to Cladia s.s. Nevertheless, not
all morphological variation (Kantvilas and Elix, 1999)
within this complex was included in the previous stud-
ies, and an increase in the number of Cladia s.s. species
is anticipated.

Overview of the phenotypic evolution of Cladonia

The current circumscription of Cladonia is congruent
with our results. Species of this genus are characterized
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Fig. 4. Diversity of Cladoniaceae, illustrated by species of selected genera and Clades. A, Rexia sullivanii; B, Pulchrocladia retipora; C, Cladonia
stellaris from Clade Impexae; D, Cladonia pleurota from Clade Erythrocarpae; E, Cladonia crispata var. crispata from Clade Perviae; F, Cladonia
botrytes from Clade Ochroleucae. Photographs: A, C and E by S. Stenroos; B by J. Haapala; D by M. Korhonen; and F by E. Timdal.

by dimorphic thalli, with a squamulose primary thallus
that is persistent or evanescent, and a secondary thal-
lus formed by podetia that are notoriously variable in
morphology (Figs. 4 and 5). The previous phylogenetic
studies of the genus (Stenroos et al., 2002a, 2015; Guo
and Kashiwadani, 2004; Beiggi and Piercey-Normore,
2007) showed that morphological similarities fre-
quently do not reflect phylogenetic relationships.
Therefore, it is important to examine a large number
of species in order to understand the evolution of
Cladonia. Our results support the same conclusion as
previous studies, namely that the major clades contain
enormous morphological and chemical variation. This
could indicate that most of the species retain the
genetic potential to vary into several different mor-
phologies and to activate several pathways to synthe-
size numerous secondary metabolites. The fact that
many morphologically and chemically variable species
exist supports this hypothesis. Very few phenotypic
characters are restricted to a unique clade, and instead

they appeared several times independently during the
evolution of the genus. Only in a few clades do species
share synapomorphic characters: (1) Clade Ochroleu-
cae, in which all species have ochraceous hymenial
discs; (2) Clade Erythrocarpae, in which all species
have red hymenial discs; and (3) Clade Borya, in which
species have needle-like terpenoid crystals on the tips
of podetia and a fibrous skeletal medullary tissue. Our
results seem to indicate that brown apothecia are ple-
siomorphic, while red and ochraceous apothecia are
apomorphic states. Both of the latter two states
appeared only once during the evolution of Cladonia.
However, our results do not support the long-held
hypothesis that the ochraceous apothecia derived from
the red ones by loss of rhodocladonic acid (Dahl,
1952; Ahti, 2000). Another character that restricts
itself to a single clade is the presence of funnels, i.e.
podetia with open axils and tips, often erroneously
described as scyphi (cups). This character only appears
in the Clade Perviae, although it is not shared by all
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species in the clade. Furthermore, the Cladina morpho-
type, characterized by densely branched, ecorticate
podetia, has appeared at least three times indepen-
dently. This type of podetium is shared by all species
within the Clades in which it appears (Impexae, Arbus-
cula and Crustaceae).

Several classifications have been proposed to divide
Cladonia into characterizable entities (see Vainio, 1897,
Mattick, 1940; Ahti, 2000; Stenroos et al., 2002a). Our
results do not support any of them as the characters
historically used to define the sections within Cladonia
(presence of scyphi, subulate podetia, branching pat-
terns, dominant primary thallus, open or close axils,
surface of podetia corticate, sorediate or covered with
microsquamules, secondary metabolites, etc.) are not
restricted to a single Clade of Cladonia.

The largest genus of the family: Cladonia

We distinguished 13 Clades in the genus Cladonia,
some of which are divided into Subclades. We have
clarified the nomenclature so that the most appropri-
ate, existing names are applied, but at the same time
we feel it is still too early to construct a formal sub-
generic classification. Below, Clades of Cladonia are

Table 4

described, indicating their morphological and chemical
variation, as well as the distribution patterns of the
species included. These data were collected over dec-
ades of study both in the field and in countless her-
baria around the world.

Clade Wainioa (Fig 2a) is sister to the remaining
species in the genus and only includes Cladonia wain-
ioi. This result is congruent with previous phylogenies
(Subdivision I in Stenroos et al., 2002a; Athukorala
et al., 2016). This species is distinct due to its cladinoid
branching pattern in combination with the presence of
merochlorophaeic acid. It is easily recognizable by
these peculiar characters and therefore the risk of
misidentification is probably low. It is distributed
across western and north-eastern North America and
in East Asia. Stenroos et al. (2002a) discussed the
potential segregation of C. wainioi as a new genus, but
ultimately they kept it in Cladonia and we follow their
proposal.

Clade Delavaya (Fig. 2a) includes only one species
and it is related to Clade Impexae. Similar results
were obtained by Stenroos et al. (2002a) and Athuko-
rala et al. (2016). Cladonia delavayi, the single species,
is morphologically very distinct from the species of
the Clade Impexae (Ahti, 1984). In fact, this species

Diagnostic characters used to distinguish the new genera segregated from Cladia in the present paper: data are primarily based on the Cladia

monograph by Filson (1981) and the treatment of Cladia in Galloway (1985), plus our own observations.

Characters Cladia s.s.

Pulchrocladia

Rexia

Slender to somewhat robust,
dichotomous to sympodial, dark
brown to green

Smooth, glossy to matt, not
clathrate but with scarce to
abundant fenestrations, rarely
with soredioid granules

Round to elliptical, irregularly
spaced

Cylindrical, flattened or inflated,
central canal hollow

Branching pattern

Pseudopodetia surface

Fenestration shape

Pseudopodetial section

Inner medulla structure No distinct inner medulla

Apothecia Aggregated, often forming tiers

Pycnidia At tips

Cylindrical

Very variable, incl. barbatic,
stictic, norstictic,
fumarprotocetraric,
homosekikaic, psoromic acids,
rarely protolichesterinic, ursolic;
barbatic complex common

Australasia, Africa, SE Asia,
Oceania, South and Central
America (to Mexico), Antarctic

Chemistry

Distribution

Robust, thick, coralloid, finger-
like, dichotomous to irregular,
whitish to yellowish-grey

Smooth, glossy, but clathrate,
with very abundant
fenestrations, resembling lace or
coral

Round to narrowly elliptical,
regularly spaced

Cylindrical, inflated, central canal
usually hollow

Absent or some loose, white
hyphae

Simple to crowded, no tiers
At tips or lower down
Ellipsoidal to short cylindrical

Atranorin, usnic,
protolichesterinic, ursolic acids

Australasia, New Caledonia

Slender to somewhat robust,
irregularly branched, dark brown
to green, in part blackening

Smooth or farinose (crystalline),
matt to glossy, with abundant
fenestrations, resembling lace or
coral

Narrowly elliptical to round,
irregularly spaced

Subcylindrical, central canal
usually filled with inner
medulla

Largely filled with some loosely
compacted white to black inner
medulla

Often aggregated, finally strongly
convex, no tiers

At tips

Short cylindrical

Usnic, divaricatic, ursolic,
protolichesterinic acids

Australia, South America
(Colombia, Ecuador, Peru)
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Fig. 5. Diversity of Cladonia, illustrated by species of selected Clades. A, C. amaurocraea from Clade Amaurocraeae; B, C. mitis from Clade
Arbuscula; C, C. rangiferina from Clade Crustaceae; D, C. uncialis subsp. uncialis from Clade Unciales; E, C. boryi from Clade Borya; F, C. sub-
ulata from Clade Cladonia. Photographs: A by E. Timdal; B, D, E and F by S. Stenroos; and C by K. Jaiskeldinen.

was earlier included in the section Unciales (des
Abbayes, 1958). Consequently, Athukorala et al.
(2016) suggested the creation of a new monotypic
section for this Himalayan species, which is not phe-
notypically related to other described species. Its
unique characters include the production of the dep-
side 4-O-methylcryptochlorophacic acid (Huovinen
and Ahti, 1986b) as well as its unusual anatomy
(depicted by des Abbayes, 1958).

Clade Impexae (Fig. 2a) includes species formerly of
the genus Cladina, the so-called reindeer lichens. The
non-monophyly of Cladina has been shown several
times (Choisy, 1928; Hyvonen et al., 1995; DePriest
et al., 2000; Stenroos et al., 2015; Athukorala et al.,
2016). Our results confirm Cladina as polyphyletic with
species spread over three separate clades, Clade Crus-
taceae, Clade Arbuscula and Clade Impexae. Impexae
represents the old section Impexae sensu Ahti (2000).
The members of [Impexae are characterized by

dichotomous or trichotomous branching patterns, and
the presence of perlatolic and usnic acids (Ahti, 1984).
Other phylogenetic studies have examined the relation-
ships and species delimitation of some species included
in this clade (Smith et al., 2012; Athukorala et al.,
2016; Pino-Bodas et al., 2016). The species of this
Clade have different geographical distributions: C. por-
tentosa and C. stellaris are distributed in the Northern
Hemisphere, mainly in boreal areas; C. mediterranea is
restricted to South Europe, North Africa and Mac-
aronesia; C. evansii is distributed in North and Central
America; C. skottsbergii is confined to Hawaii; C. con-
fusa has an austral distribution; C. terrae-novae is dis-
tributed in eastern North America, and C. pycnoclada
is distributed in the southern part of South America
and in the Antarctic region.

Clade Erythrocarpae (Fig. 2b) includes the major
part of the traditional section Cocciferae (the correct
name is Erythrocarpae at the section level). Species of
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this Clade are distinguished by red hymenial discs (col-
our caused by a naphthoquinone, rhodocladonic acid)
and by the presence of dibenzofurans and various f-
orcinol depsides such as thamnolic, barbatic and didy-
mic acids, occasionally the terpene zeorin, and quite
often usnic acid. Our analyses divide Erythrocarpae
into three Subclades. The largest of them (Subglauces-
centes) comprises most of the species. However,
Subglaucescentes does not achieve acceptable support
in all of our analyses. The two other Subclades contain
fewer species, and are called here Miniatae and Incras-
satae. Miniatae is a group of Neotropical species with
corticate podetia. Many but not all of them have a red
medulla and some grow directly on rock (Ahti, 2000).
This group was thoroughly studied morphologically
and chemically by Stenroos (1986a), and its mono-
phyly was shown by Stenroos et al. (2002a). Subclade
Incrassatae comprises just one species, C. incrassata,
distinguished by its small, abundantly sorediate pri-
mary squamules, cylindrical and ascyphose podetia,
and by containing usnic, didymic and squamatic acids
(Ahti and Stenroos, 2013). It is found in Europe, East
Asia and eastern part of North America.

The largest Subclade, Subglaucescentes, includes spe-
cies with scyphose or ascyphose podetia with either
corticate, sorediate or squamulose surfaces. This Sub-
clade has a worldwide distribution (Ahti, 2000).

Clade Perviae (Fig. 2c) is essentially the same as the
section Perviae, but many other, morphologically dif-
ferent species that have traditionally been included in
other sections, such as the old Unciales, are now in
Clade Perviae. This was also previously revealed in
other phylogenies (Stenroos et al., 2002a, 2015). Our
study is the first to confirm that several species tradi-
tionally included in the old section Perviae belong to
this newly defined Clade (C. granulosa, C. subdelicat-
ula, C. gigantea, C. poroscypha, C. hondoensis and
C. varians). In general, Clade Perviae can be circum-
scribed by open podetial tips and axils, which are
obvious in most species. In some species the openings
are very wide and form so-called funnels that resemble
scyphi (called “open scyphi” in many papers). Numer-
ous species are squamulose or sorediate. Chemically,
Perviae are fairly homogeneous (Huovinen and Ahti,
1982). Most species produce squamatic and/or tham-
nolic acid, both B-orcinol depsides, but barbatic acid
also is common. However, a few peculiarities exist:
didymic acid, which is common in Clade Erythro-
carpae, is found in Cladonia metaminiata and
C. piedadensis. The terpene zeorin, also common in
Erythrocarpae, appears here in C. subfurcata. Finally,
homosekikaic and sekikaic acids are only found in
C. rigida, and usnic acid is randomly scattered across
the Perviae. One clade including C. candelabrum,
C. hedbergii, C. gigantea, C. medusina, C. pachyclados
and Cladonia sp. represents an African element, widely

represented in Madagascar and Réunion (Ahti, 1977,
Stenroos, 1991). Other species in this clade have an
Austral distribution (C. capitellata and C. subsubulata)
but many are widespread (e.g. C. cenotea, C. squamosa
and C. crispata).

Clade  Divaricatae  (Fig. 2c) was traditionally
assigned to the section Unciales, but its distinct fea-
tures were noted by Vainio as early as 1897. These
species appear peculiarly “spiny”, the podetia are
esquamose and esorediate, and usnic acid can be pre-
sent or absent. Of the medullary substances, fumarpro-
tocetraric acid is produced by C. albofuscescens,
C. minarum, C. divaricata and C. ibitipocae, while the
rest of the species produce thamnolic acid. Previous
phylogenies showed that these species formed an evo-
lutionary lineage (Stenroos et al., 2002a, 2015). How-
ever, a contradictory relationship inside the clade was
apparent in previous phylogenies. In Stenroos et al.
(2002a), C. consimilis was close to C. bahiana, while in
our analyses, C. consimilis was closer to C. albo-
fuscescens, C. minarum and C. divaricata, which are
morphologically more similar species.

Clade Ochroleucae (Fig. 2d) is sister to the Clade
Amaurocraeae, and this relationship has high support
values in all concatenated analyses (Table 3 and
Fig. 1). Ochroleucae includes seven species with pale
ochraceous apothecia, a synapomorphic character in
this clade. For a long time, these species were included
in the section Cocciferae (Mattick, 1940; Dahl, 1952;
Ahti, 2000), together with similar looking species with
red apothecia. However, Vainio (1894) separated the
ochraceous species into a different group. Our results
show that Ochroleucae is only distantly related to the
red-fruited Erythrocarpae, and therefore support Vai-
nio’s  classification.  Clades  Amaurocraecae  and
Ochroleucae are chemically similar, with most of the
species producing usnic and barbatic acids. Only
C. pachyclados of the Ochroleucae produces grayanic
acid, and C. elixii homosekikaic acid, while neither
produce barbatic acid. Furthermore, C. carneola pro-
duces usnic acid and zeorin in addition to barbatic
acid. The clade is morphologically fairly variable. For
instance, C. carneola is always widely scyphose,
whereas C. bacilliformis and C. elixii usually have sim-
ple podetia with acute tips; C. botrytes has simple or
sparsely branched podetia always tipped with apothe-
cia. Almost all species are sorediate or squamulose.
Different geographical patterns are found: C. peltasta
and C. pachyclados are known from East Africa,
C. carneola and C. bacilliformis are bipolar, C. laii is
restricted to Asia, C. elixii is endemic to New Zealand,
and C. botrytes is widespread in the Northern Hemi-
sphere.

Clade Amaurocraeae (Fig. 2d) is a peculiar clade
with only one species, C. amaurocraea. Due to its mor-
phology of richly branched podetia, an evanescent
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primary thallus, pale yellowish colour (usnic acid),
smooth (esquamose, esorediate) cortex, and a tuft-like
growth form, it was earlier considered a close relative
of C. uncialis (Mattick, 1940). However, the two are
only distantly related, as already shown by Stenroos
et al. (2002a). The placement of C. amaurocraea has
varied in different phylogenies. It formed its own clade
related to Crustaceae (Stenroos et al., 2002a), and was
closely related to C. peltastica (Stenroos et al., 2015)
or to red-fruited species (Athukorala et al., 2016).
Phenotypic characters suggested that C. amaurocraea
could be phylogenetically related to C. nipponica
(Stenroos et al., 2002a). However, the latter species is
now included in Clade Borya. A close relationship
with Unciales was anticipated, but C. amaurocraea was
closer to Ochroleucae in all analyses. The unsampled
C. hokkaidensis is morphologically similar to C. amau-
rocraea and it could be another member of the Clade
Amaurocraeae. Cladonia amaurocraea can produce scy-
phi, has brown apothecia and red slime in its conid-
iomata, and contains usnic and barbatic acids. It has a
circumpolar distribution, although a few records have
been reported in tropical mountains of Asia (Litterski
and Ahti, 2004).

Clade Arbuscula (Fig. 2d) consists of the widespread,
arctic or boreal to temperate C. arbuscula, C. mitis
and C. submitis, and the Neotropical C. densissima,
C. kriegeri and C. arbuscula subsp. boliviana. Our
results indicate that subsp. boliviana might not belong
to C. arbuscula. However, as this subspecies is mor-
phologically and chemically extremely variable (Ahti,
2000), more material is needed to clarify its taxonomic
status. Although morphology suggests that C. arbus-
cula subsp. boliviana is different from C. incurva and
C. arbuscula subsp. stictica, DNA sequences of these
taxa must be compared. The phylogenetic relationships
of C. arbuscula and C. mitis have been studied in
detail by several authors (Myllys et al., 2003; Robertson
and Piercey-Normore, 2007; Piercey-Normore et al.,
2010), most revealing the lack of complete genetic diver-
gence between the two at a species level, although in
mixed colonies in the field they are commonly morpho-
logically distinguishable.

Clade Crustaceae (Fig. 2d), the earliest epithet at the
sectional level, corresponds to the former Cladina sec-
tion Cladina and section Tenues (Ahti, 2000). Crus-
taceae includes species that are widely distributed in
arctic and boreal to temperate areas (Cladonia ciliata,
C. rangiferina and C. subtenuis), and many species
have a Neotropical distribution (C. arcuata, C. argen-
tea, C. rotundata, C. sprucei and C. rangiferina subsp.
abbayesii). The circumscription of Crustaceae is similar
to “clade D” found by Athukorala et al. (2016). These
authors discussed the phenotypic variation of this
clade in detail. The phylogenetic placement of C. spru-
cei and C. arcuata in Crustaceae is confirmed here.

Both taxa were included in the section Tenues by Ahti
(2000). Kanz et al. (2015) found that the European
specimens of C. rangiferina and C. stygia form differ-
ent evolutionary lineages. However, most of the mor-
phological variation of C. rangiferina is concentrated
outside Europe (Ahti, 2000) and has not been exam-
ined yet.

Clade Unciales (Fig. 2d) was recently studied by
Stenroos et al. (2015). According to their results, and
confirmed by ours, this Clade appears to consist of
only one species, C. uncialis, tentatively with two sub-
species, subsp. wuncialis and subsp. biuncialis. Cladonia
uncialis contains usnic and squamatic acids or only
usnic and rarely hypothamnolic acids, but the chemo-
types do not fully correlate with the subspecies. The
two subspecies basically differ by the type of branch-
ing, although this difference is not always clear. Clado-
nia uncialis occurs in the Northern Hemisphere, from
arctic to temperate zones. The morphologically very
similar C. steyermarkii was placed basal to C. uncialis
(but with MP bootstrap values < 70% and jackknife
<70% in 5+4+3+2+1 gene analyses) and it
could not reliably be included in the Unciales. In ear-
lier studies C. steyermarkii appeared in the Clade
Divaricatae  (Stenroos et al., 2002a, 2015). This
Neotropical species usually contains usnic and tham-
nolic acids, and rarely additional squamatic and bar-
batic acids. Another species of the former section
Unciales not studied here and which could be phyloge-
netically closely related to C. uncialis is C. papuana
(Stenroos, 1986Db).

Clade Borya (Fig. 2d) typically includes species that
are fairly branched, lack soredia and podetial squa-
mules, and commonly produce [-orcinol depsides,
such as barbatic, squamatic or thamnolic acids; usnic
acid (rarely absent). Most of the members of this clade
are fairly versatile chemically, and chemotypes with
stictic, fumarprotocetraric, squamatic and psoromic
acids as major compounds are common. However, the
feature that delimits this group is the production of
terpenoid crystals at the podetial tips, a constant char-
acter present in all the species except C. solitaria.
Clade Borya corresponds to the group earlier recog-
nized as the C. boryi group (Ahti, 1973, 2000). The
status of this clade was fully redefined by Stenroos
et al. (2002a, 2015). Most of the species can be found
in the Northern Hemisphere, but a small group of spe-
cies (C. subreticulata, C. substellata, C. stenroosiae)
grow in South America.

Clade Cladonia (Fig. 2d—g) contains the majority of
Cladonia species. This clade includes species from the
former sections Cladonia, Ascyphiferae and Helopo-
dium, and some from the section Strepsiles sensu Ahti
(2000). Podetial shapes and other podetial characteris-
tics are extremely variable among and within species.
Podetia can be present or absent, simple, sparsely or
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richly branched, scyphi present or absent, tips tapered,
blunt, surface corticate, smooth, rough, sorediate, etc.
There is no synapomorphy to diagnose the whole
clade. We have named several Subclades within the
Clade Cladonia, namely Helopodium, Apodocarpa,
Ascyphiferae, Callosae, Cladonia, Graciles, Foliaceae,
Vesculae, Firmae, Rangiformes and Macropus.

Subclade Helopodium (Fig. 2g) consists of species
that can be considered the core species of the earlier
defined section Helopodium, i.e. C. acuminata, C. car-
iosa, C. symphycarpa and C. decorticata, and also a spe-
cies recently described and very similar to the others
listed above, C. scotteri (Hansen and Ahti, 2011). They
are characterized by fissured/striate podetia and a per-
sistent primary thallus but these characters are not
autapomorphic. Numerous chemotypes can be found
among the species (Huovinen et al., 1989a; Osyczka
and Skubata, 2011); atranorin, norstictic and psoromic
acids are common. In addition, C. decorticata produces
perlatolic acid. A molecular study was carried out on
the C. cariosa complex, showing that more species than
those currently described exist (Pino-Bodas et al.,
2012a). Future molecular studies with an extended set
of specimens are necessary.

Subclade  Apodocarpa (Fig. 2g) only contains
C. apodocarpa and C. petrophila, which were previ-
ously assigned to the section Helopodium due to their
poorly developed podetia. Both contain fumarprotoce-
traric acid while atranorin is either present or absent;
additionally, C. petrophila contains sphaerophorin, an
uncommon substance in the genus Cladonia. In the
earlier analyses this clade appeared in a similar posi-
tion (Stenroos et al., 2002a). The independence of
C. petrophila and C. apodocarpa has been examined
using ITS rDNA (Lendemer and Hodkinson, 2009).
However, these data did not have sufficient resolution
to determine whether the two species form different
lineages. Both species are distributed in temperate
North America.

The name of Subclade Ascyphiferae (Fig. 2g) means
“scyphi absent”, and originally was used for sparsely
or moderately branched species, such as C. furcata
(type species of the old section). However, this Sub-
clade includes many species that have well-developed
scyphi. The species of the old section Ascyphiferae
were shown to be non-monophyletic, as also seen in
Stenroos et al. (2002a). The group now incorporates a
variety of species with different morphologies and a
number of different chemotypes. The major com-
pounds are fumarprotocetraric, norstictic, psoromic,
stictic, homosekikaic and merochlorophaeic acids. In
addition, aliphatic acids, e.g. bourgeanic acid, can
sometimes be found. One characteristic shared by
many species is that fertile podetia have split and flat-
tened areas, regardless of the general morphology of
the podetia (i.e. C. corsicana, C. dimorpha, C. furcata,

C. humilis, C. pityrophylla). The species with wide scy-
phi (C. conista, C. humilis, C. pulvinella, C. subconis-
tea) or species with a dominant primary thallus
(C. ceratophylla, C. corsicana, C. pityrophylla) did not
form monophyletic groups. Overall, the relationships
inside the Subclade are not well resolved, so some
changes in the topology of this clade are to be
expected in the future. A supported clade in all the
concatenated analyses is formed by a group of incon-
spicuous species, with a tropical distribution (C. carti-
laginea,  C. compressa, C. farinophylla,  C. nana,
C. peziziformis and C. solida). They have a persistent
primary thallus and thick, sparsely branched, small
podetia that have a corticate or areolate-corticate sur-
face, and the occasional presence of phyllopodia.
However, this clade also includes a species that breaks
the pattern, C. corniculata, widespread in the Southern
Hemisphere and with large, sorediate podetia (Ahti,
2000).

Subclade Callosae (Fig. 2g) only includes C. callosa.
It is placed at the base of Subclades Apodocarpa and
Ascyphiferae. 1t was previously included in the section
Helopodium due to the (inconspicuously) fissured
podetia that are unbranched or slightly branched. The
presence of the fairly rare grayanic acid in this solitary
species is noteworthy, as is its exclusively European
distribution. It is not expected that any of the unsam-
pled species will be placed to this clade.

Subclade Cladonia (Fig 2f) includes the type species
of the genus, C. subulata. This clade includes species
from the former sections Cladonia, Helopodium and
Unciales (Ahti, 2000). All species with centrally prolif-
erating scyphi, the so-called Cladonia verticillata group
(Ahti, 2007), belong to this Subclade. On the other
hand, species with the “classic” simple cup-shaped tip
are absent. Similarly to the previous phylogeny
(Stenroos et al., 2002a), C. subulata was found to be
related to species with central proliferations; this is
one of the few sorediate species in the Subclade. Most
of the species in this Subclade produce substances of
the fumarprotocetraric acid complex, and the cortical
compound atranorin is sometimes also present. A
small clade with C. subcariosa, C. polycarpoides and
their allies is worth mentioning (bootstrap > 70%, pp
> 0.95, jackknife > 70%). Previously included in the
section Helopodium, they have a well-developed pri-
mary thallus, and are characterized by the production
of compounds such as stictic, norstictic, connorstictic,
psoromic and rangiformic acids. Cladonia subchordalis
is unique in the Subclade by producing the cortical
substance usnic acid. Consequently, it was previously
assigned to the section Unciales. Another clade
includes C. furfuraceoides, C. itatiaiae, C. mauritiana,
C. polyscypha and C. subradiata (bootstrap > 70%,
pp > 0.95, jackknife > 70%). These species are charac-
terized by slender and poorly branched podetia with a



376 Soili Stenroos et al. | Cladistics 35 (2019) 351-384

rough surface, covered with phyllidia, microsquamules,
soredia or isidioid granules (Ahti, 2000).

Subclade Graciles (Fig. 2¢) includes the C. gracilis
group (Ahti, 1980), all with tall and fairly slender
podetia, the C. pyxidata and C. chlorophaea groups,
and other species with wide and well-formed scyphi.
Species with scarcely branched podetia with a granu-
lose or sorediate surface (such as C. fragosa or C. rei)
are also present, as is a clade formed by C. dactylota
and C. fruticulosa, characterized by generally scyphose
and corticated podetia with tuberculose soralia (Ahti,
2000). Both sorediate and fully corticate species are
present across the Subclade, and some species are
coarsely granulose or plated.

Subclade Graciles is also chemically variable.
Fumarprotocetraric acid is most commonly produced,
but atranorin, homosekikaic, physodalic, psoromic,
cryptochlorophaeic, paludosic, grayanic, merochloro-
phaeic and quaesitic acids are also found. Nevertheless,
the morphologically circumscribed provisional groups
are not monophyletic. For example, Cladonia alinii, an
oceanic and mostly northern species from tundra and
open forests (Ahti, 1980), very similar to C. gracilis, is
only distantly related to it. Furthermore, the wide sam-
pling in the present study confirms that the core of the
C. pyxidata group (C. magyarica, C. monomorpha,
C. pocillum and C. pyxidata) is placed in this clade, but
C. pyxidata appears rather scattered and obviously pre-
sents taxonomic problems (Kotelko and Piercey-
Normore, 2010). The species of the Subclade Graciles
have various distribution patterns. Numerous species
are widespread, present on most of the continents, but
occurring primarily in temperate to arctic regions (e.g.
C. cornuta, C. gracilis, C. fimbriata, C. grayi, C. me-
rochlorophaea, C. pocillum, C. pyxidata, C. rei), while
others occur in tropical areas (C. dactylota, C. fruticu-
losa), and a few species are restricted to Australasia
(C. darwinii, C. imbricata, C. tenerrima).

Some species of the Subclade Foliaceae (Fig. 2¢)
exhibit extremely large primary squamules that may
comprise most of the thallus and sometimes form large
rosettes or cushions. However, this clade also includes
species with dominant scyphose podetia that often
produce fairly large podetial squamules (Cladonia phyl-
lophora, C. ramulosa). Usnic acid is commonly present
in several species, such as C. foliacea, C. piedmon-
tensis, C. robbinsii and Cladonia sp. Usually, this com-
pound is accompanied by other substances, such as
fumarprotocetraric acid (C. foliacea) or barbatic and
homosekikaic acids (C. robbinsii). Other species only
contain substances of the fumarprotocetraric acid
complex (C. ramulosa, C. phyllophora). The presence
of chlorovinetorin (a xanthone) in C. krogiana is note-
worthy, as this substance is very rare in Cladonia. In
the previous phylogeny this clade was scarcely sam-
pled, but C. foliacea appeared close to C. phyllophora

but not to C. robbinsii (Stenroos et al., 2002a).
Although most of the species are restricted to the
Northern Hemisphere (C. foliacea, C. piedmontensis,
C. robbinsii), a putative new species, Cladonia sp., is
only known from New Zealand. Cladonia ramulosa is
widespread, but only the specimens from FEurope
occurred within this clade, while the specimens identi-
fied as C. ramulosa from other continents appeared in
the Subclade Graciles (Fig. 2e).

Subclade Vesculae (Fig. 2e) is one of the smallest
Subclades, represented by only two morphologically
different species, C. vescula and C. signata. Cladonia
vescula is a tiny, slender, sparsely branched species,
whereas C. signata is tall and densely branched (Ahti
et al.,, 2016). However, both are ecorticate, can pro-
duce fumarprotocetraric and homosekikaic acids, and
occur in the Neotropics (C. signata has also been
reported from Java, but that record is doubtful).

Subclade Firmae (Fig. 2d) also includes only two
species, C. firma and C. subcervicornis. These species
are morphologically and chemically similar, both have
a well-developed primary thallus and they contain
fumarprotocetraric acid and atranorin. In addition,
their distribution is similar, being frequent in the
Mediterranean area (Burgaz and Ahti, 2009). Cladonia
firma has also been found in California, but the iden-
tity of these specimens must be confirmed.

Subclade Rangiformes (Fig. 2d) includes seven spe-
cies, some of them characterized by large primary
squamules often somewhat deformed. The podetia can
be richly branched, turgid, fissured or squamulose.
Cladonia rangiformis itself is perhaps the most peculiar
species, with evanescent primary squamules, and fairly
well-formed, branched podetia. Almost all the species
produce atranorin as their major substance (absent
from C. marionii). Some species additionally contain
other compounds, such as fumarprotocetraric, bourgea-
nic, norstictic, stictic, protolichesterinic and psoromic
acids, and zeorin. The distributions of these species are
very disparate. While C. rangiformis and C. subturgida
are present in West European—Mediterranean areas
(Litterski and Ahti, 2004; Pino-Bodas et al., 2012b),
C. turgida is a circumboreal species (Litterski and Ahti,
2004), C. neozelandica and C. sulcata are widespread in
New Zealand and Tasmania (Galloway, 2007), and
C. marionii occurs in subantarctic and the Antarctic
region (Stenroos, 1993).

The Subclade Macropus (Fig. 2d) includes four spe-
cies that lack any shared morphological features,
although the two clades it contains (bootstrap values
> 70%, pp > 0.95, jackknife > 70%) are phenetically
well characterized. The name Macropus was intro-
duced by Vainio (1894) for three species including
C. macrophylla. Thomson (1968) added C. brevis. The
present analyses confirmed that these species are clo-
sely related. Both lack scyphi, their podetia are
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somewhat stranded, they produce psoromic acid, and
they are distributed in the Holarctic. Ahti (2000) con-
sidered that C. brevis was a mere chemotype of C. sub-
cariosa and synonymized C. brevis with C. subcariosa,
but our results show that the C. subcariosa group is
distant from C. brevis. Another clade is formed by
Cladonia asahinae and C. nashii, which both produce
regular, wide scyphi and contain fumarprotocetraric
acid. Cladonia nashii also produces atranorin, while
C. asahinae has several chemotypes with various ali-
phatic acids (Huovinen et al., 1990; Brodo and Ahti,
1996). Both species are poorly known and their distri-
bution has an oceanic tendency. Cladonia asahinae is
found on most of the continents while C. nashii cur-
rently is only known from western North America.

Future work in the Cladoniaceae

Our results shed new light on the relationships of
Cladoniaceae. In spite of the additional data presented
here, the phylogeny of Cladoniaceac remains only
partly resolved, mainly because several genera and
numerous poorly known or rare species could not be
sampled and many regions remain poorly explored
(e.g. Himalayas, tropical South America and Africa).
Furthermore, we were unable to produce a complete
set of markers for all the terminal taxa.

The phylogenetic placement of the genera Calathas-
pis, Heteromyces, Ramalea, Sphaerophoropsis and
Squamella  remains unknown. Heteromyces was
included in Cladoniaceae by Jahns (1970a), but some
characters suggested that this genus could be related
to Physcidia (Ramalinaceae). Sphaerophoropsis, with
cylindrical pseudopodetia and two-celled spores
(Vainio, 1880; Reinke, 1895; Lamb, 1954; Jahns,
1970a), has been related to various lichen genera
(Lecidea, Toninia, Baeomyces, Mycoblastus), and Ahti
(2000) excluded it from Cladoniaceae. Some authors
also suggested that Ramalea does not belong to
Cladoniaceae (Ahti, 2000; Hammer, 2003).

The difficulty of species delimitation is well known
in the genus Cladonia. A number of studies were
recently completed on several species complexes
(Fontaine et al., 2010; Kotelko and Piercey-Normore,
2010; Piercey-Normore et al., 2010; Pino-Bodas et al.,
2010, 2011, 2012a, 2013a, 2013b, 2015, 2016; Steinova
et al., 2013; Stenroos et al., 2015). However, the
molecular data did not always tell species apart consis-
tently (Kotelko and Piercey-Normore, 2010; Pino-
Bodas et al., 2012a, 2015). Our phylogenetic results
underline not only the old, well-known delimitation
problems, but have discovered new and unexpected
ones. The present analyses found that Clade Cladonia
contains most of the polyphyletic species and taxo-
nomic problems. For instance, some specimens identi-
fied as of C. pyxidata appear in the Subclade

Ascyphiferae, while others appear in Subclade Graciles.
It should be emphasized that there is great similarity
between some specimens of C. pyxidata s.I. with some
species of the C. humilis group (Pino-Bodas et al.,
2013b). This is the reason why the specimens identified
as C. pyxidata s.l., placed in the Subclade Ascyphi-
ferae, could in fact belong to some species within the
C. humilis group. Although quite a lot of work has
been put into species groups, such as the Cladonia
humilis group (Pino-Bodas et al., 2012b, 2013b), their
complete variation has not yet been characterized. The
Cladonia gracilis group was recently studied, with the
conclusion that most of its species are polyphyletic
(Kotelko et al., 2010; Pino-Bodas et al., 2011). The
Cladonia verticillata group is still very poorly under-
stood (Ahti, 2000). Many of the Neotropical species
show high morphological or chemical variability (Ahti,
2000), and have not yet been studied in depth. Our
results indicate that C. isabellina, C. aleuropoda and
C. melanopoda are polyphyletic. As Ahti (2000, 2007)
previously suggested, C. rappii also is polyphyletic.
This species has a broad distribution (North America,
South America, Asia, Asia, Africa and Melanesia) and
the populations of the different regions could represent
different taxa (Ahti, 2000). Cladonia ramulosa s.I. is
one of the species with the greatest morphological
variability (Ahti and Stenroos, 2013), characterized by
scyphose podetia with abundant squamules on their
surface. The European specimens of this species appear
in the Subclade Foliosae, whereas the specimens from
other continents group in the Subclade Graciles. Some
of our specimens of C. ramulosa s.I. correspond to the
C. pseudopityrea morphotype, so these taxa could be
conspecific. The difficulty in identifying species of
C. furcata and its assumed relatives C. farinacea,
C. multiformis, C. scabriuscula and C. subrangiformis is
well known. Pino-Bodas et al. (2015) proved that most
species currently accepted in this group are polyphyletic
and the high homoplasy of the taxonomic characters
makes it difficult to delimit species.

In the Clade Perviae, the specimens of two morpho-
logically divergent species, Cladonia capitellata and
C. subsubulata, appeared surprisingly intermixed in
our analyses. Cladonia capitellata is a species of the
former section Unciales, it contains usnic acid, and has
slender, subulate podetia. Cladonia subsubulata has
whitish-brown, somewhat sturdy, simple to sparsely
branched podetia, sometimes with narrow funnels, and
contains thamnolic acid. Since genetic variation is low
in this clade and the internal relationships are not sup-
ported, we amplified four additional markers (mcm?7,
B-tubulin, mtSSU, GDPH) for these two species. The
results were similar to those with five loci: both species
are polyphyletic (data not shown). Another unexpected
polyphyletic species in the clade Perviae is C. cenotea,
for which no taxonomic problems have previously
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been noted. The specimens of Cladonia crispata studied
are not monophyletic. Although this species is seem-
ingly easy to identify, several varieties and chemotypes
have been described, and some South American speci-
mens can be difficult to tell apart from other species
(Brodo and Ahti, 1996) and other molecular studies
have found similar problems (Bulat and Dudoreva,
1993; Stenroos et al., 2002a).

In the Clade Erythrocarpae, several species are poly-
phyletic. Steinova et al. (2013) found that C. deformis,
C. pleurota, C. coccifera and C. diversa still need criti-
cal examination. Our results similarly show that the
cosmopolitan C. coccifera is probably a complex of
several undescribed species. Another problematic
group includes Cladonia macilenta and C. floerkeana.
Ahti (2000) already indicated that C. macilenta needs
a worldwide revision. The polyphyly of C. didyma was
expected as several authors indicated that it is mor-
phologically very variable (Stenroos, 1986a; Ahti,
2000; Ahti and Stenroos, 2013).

In the Clade Arbuscula, Cladonia arbuscula and
C. mitis have been treated several times (Myllys et al.,
2003; Piercey-Normore et al., 2010; Smith et al., 2012;
Athukorala et al., 2016) but there is still confusion
regarding their taxonomic status. In addition, C. ar-
buscula has been divided into several subspecies (Ahti,
2000), which could indicate separate species, such as
subsp. boliviana.

In the Clade Impexae, C. confusa was polyphyletic,
as was also recently shown by Athukorala et al. (2016)
and Pino-Bodas et al. (2016). This species, widely dis-
tributed and morphologically variable, has undergone
several changes in its delimitation (Ahti, 1961, 1984,
2000). It led previous researchers to recognize up to
seven different species (Ahti, 1961). Subsequently, Ahti
(1984) synonymized all of them, but our results seem
to indicate that the specimens from different geograph-
ical regions could represent different taxa (Fig. 2a).
Additional sampling across their geographical ranges
is required to assess this problem.

All the above-mentioned examples clearly indicate
that identification and species delimitation in Cladonia
is far from easy even for world experts. Once the large
groups of phylogenetically related species have been
established and appear stable, a detailed study of each,
including numerous specimens per species, will be nec-
essary. Only molecular studies that include all the phe-
notypic and geographical variation of the taxa will
enable an accurate delimitation of Cladonia species, as
well as an understanding of the evolution and distribu-
tion patterns of the genus. To include a number of
specimens per species is unattainable in a family phy-
logeny like the present one. However, our results
reveal numerous problems that highlight areas for
future work. It is also likely that further problems will

appear with additional phylogenetic studies. Special
emphasis should be placed on the so-called cosmopoli-
tan species, many of which will probably turn out to
be taxonomic surprises. Finally, the multilocus
sequence analyses of several Cladonia groups did not
have enough resolution to establish the species’ bound-
aries. We hypothesize that, due to the recent diver-
gence of the species, they have a low genetic
differentiation originating poor resolved phylogenies.
Therefore, genome-level studies, sampling a large num-
ber of markers, will be of utmost importance to better
understand the evolution of this notoriously variable
and difficult lichen family.

New taxa and nomenclatural novelties

Rexia S. Stenroos, Pino-Bodas and Ahti, gen. nov.
MycoBank No.: MB 828615

Type species. Rexia sullivanii (Mull. Arg.) S.
Stenroos, Pino-Bodas and Ahti.

Diagnosis.  Differs  from Cladia by  thick
pseudopodetia with black to white, tightly packed,
loosely woven medulla, commonly the production of
usnic and divaricatic acids and a separate, well-
supported, monophyletic clade in a multilocus

phylogeny.

Etymology.  Refers to Rex B. Filson, an Australian
lichenologist and the author of the monographs of
Cladia and Heterodea.

Primary thallus papillate, soon evanescent. Pseu-
dopodetia with indefinite growth (dying at base), 2.5-
14 cm tall, 2-4 mm diameter, subcylindrical, angular,
green to yellowish, easily becoming dark brown or
black, rigid to horny (spongy when wet), somewhat
branching, surface shiny or opaque, minutely crys-
talline, walls irregularly perforate. Medullary layer
loosely woven, filling most of the hollow canal of the
interior, black to white (near tips). Apothecia minute,
terminal on upper branches of fertile pseudopodetia,
lecideine, peltate to subspherical, brown to black,
0.25-0.5 mm diameter, ascospores simple, hyaline, 25—
27 x 5 pm. Conidiomata terminal on top branchlets
of sterile pseudopodetia, conidia 6 x 1 pm, curved or
straight. Chemistry: Divaricatic acid, with usnic, urso-
lic, protolichesterinic and nordivaricatic acids as incon-
stant, are major secondary compounds. Distribution:
South America, Australia and New Zealand.

Rexia sullivanii (Mill. Arg.) S. Stenroos, Pino-Bodas
and Ahti, comb. nov.
MycoBank No.: MB 828616
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Cladonia sullivanii Miill. Arg., Flora 65: 294. 1 Jul
1882. — Cladia sullivanii (Miull. Arg.) W. Martin, Trans.
& Proc. Roy. Soc. New Zealand, Bot. 2: 44. 30 Nov
1962. — Type: Australia. Victoria, Grampian Mts., D.
Sullivan 10 (G 00291123, holotype; UPS (?), US
00068156, isotypes).

Figure 44

Primary thallus papillate, evanescent. Pseudopodetia
up to 14 cm tall, greenish-yellow, straw-coloured, cinna-
mon-brown to black, rigid when dry, unevenly
branched, forming clumps, wall moderately perforated,
perforations irregularly round to ellipsoid; surface of
pseudopodetia continuously corticate, opaque, with vis-
ible crystal deposits; inner medulla filling the pseu-
dopodetium. Conidiomata terminal, with hyaline slime.
Apothecia terminal with dark reddish-brown to brown-
ish-black hymenia. Chemistry: Usnic, ursolic, protolich-
esterinic, nordivaricatic, and divaricatic acids all absent
or present; additional unidentified triterpenoids may
also be present. Distribution: Australasia: Australia
(New South Wales, Tasmania, Victoria, Western Aus-
tralia), New Zealand (North and South Islands). Also
reported from southern South America (Filson, 1981),
but probably incorrectly.

Rexia fuliginosa (Filson) S. Stenroos, Pino-Bodas and
Ahti, comb. nov.
MycoBank No.: MB 828617

Cladia fuliginosa Filson, Victoria Naturalist 87: 325.
4 Nov 1970. — Type: Type: Australia. Tasmania, Cra-
dle Mountain-Lake St. Clair National Park, Mt.
Campbell, 1968 R. Filson 10854 (MEL 1001725, holo-
type; H 9500011, isotype).

Pseudopodetia up to 7 cm tall, green, becoming brown to
black, partly with orange-brown tips, forming scattered
clumps, rigid when dry, horny, irregularly branched, wall
irregularly perforated, perforations broadly elliptical to
round, irregularly spaced; surface of pseudopodetia discon-
tinuously corticated, shiny, not crystalline; inner medulla fill-
ing most of the pseudopodetium. Conidiomata terminal,
with hyaline slime. Hymenia reddish-brown to dark brown.
Chemistry: Divaricatic and nordivaricatic acids, additional
usnic acid in Neotropical populations. Distribution: Aus-
tralasia: Australia (Australian Capital Territory, New South
Wales, Tasmania, Victoria), New Zealand (Campbell Island,
South Island). South America (Colombia, Ecuador, Peru).

Pulchrocladia S. Stenroos, Pino-Bodas, Lumbsch &
Ahti, gen. nov.
MycoBank No.: MB 828618

Type species.  Pulchrocladia retipora (Labill.) S.
Stenroos, Pino-Bodas & Ahti.

Diagnosis.  Differs from Cladia by yellow, thick, tall
pseudopodetia, which are richly fenestrate and
reticulate and produce usnic acid and atranorin, and
from Rexia by stranded, reticulate inner medulla, and
the absence of divaricatic acid and presence of
atranorin.
Etymology.  Refers to the beautiful morphology of
its species.

Primary thallus nodular, white, evanescent. Pseu-
dopodetia (sterile and fertile similar) with indefinite
growth (dying at base), 1-10 (15) cm tall, robust,
coralloid, obtuse, branching system anastomosing,
forming dense, extensive cushions, spongy when wet,
yellow, grey, pale brown or white, walls clathrate from
base to apex, perforations 5-11 per centimetre.
Medulla thin, white, arachnoid, loosely filling central
canal. Apothecia sparse, minute, crowded at apical
branchlets, black, peltate, ascospores 25-27 x 5 um,
simple, hyaline, conidiomata terminal on small apical
branchlets of sterile pseudopodetia, black, conidia
6 x 1 pum, curved or straight, slime hyaline. Chemistry:
Usnic acid, atranorin, protolichesterinic acid and urso-
lic acid as major secondary compounds. Distribution:
Australasia and New Caledonia.

Pulchrocladia corallaizon (Filson) S. Stenroos, Pino-
Bodas & Ahti, comb. nov.
MycoBank No.: MB 828619

Cladia corallaizon Filson, Victorian Naturalist 87:
324. 4 Nov. 1970. — Type: Australia. New South
Wales, Narrandera to West Wyalong road, 45 km N
of Ardlethan, 1963 R. Filson 5466 (MEL 25246, holo-
type).

Pseudopodetia up to 5 cm tall, pale grey to green-
ish-grey, becoming straw-coloured to pale brown, rigid
when dry, horny, branched by dichotomy, forming
pulvinate clumps or scattered clusters, wall richly per-
forated, perforations narrow, elliptical, regularly
spaced; surface of pseudopodetia continuously corti-
cate, soredia absent; inner medulla compacted, loosely
filling pseudopodetium. Conidiomata terminal, with
hyaline slime. Hymenia reddish-brown to black, infre-
quent. Chemistry: Usnic, protolichesterinic and ursolic
acids, and atranorin. Distribution: Australasia: Aus-
tralia (South Australia, Western Australia).

Pulchrocladia ferdinandii (M1ll. Arg.) S. Stenroos,
Pino-Bodas & Ahti, comb. nov.
MycoBank No.: MB 828620

Cladonia ferdinandii Miill. Arg., Flora 65: 293. 1 Jul.
1882. — Cladia ferdinandii (Mill. Arg.) Filson, Victo-
rian Naturalist 87: 325. 4 Nov. 1970. — Type: Aus-
tralia. Western Australia, near Esperance Bay, 1864—
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1890 A. Dempster s.n. (G 00291121, holotype; MEL
1015495, isotype).

Figure 4B

Pseudopodetia up to 15 cm tall, creamy white, yel-
lowing at tips, rigid when dry, horny, irregularly
branched, forming pulvinate clumps, wall richly perfo-
rated, almost reticulate, perforations large, irregularly
rounded; surface of pseudopodetia continuously corti-
cate, soredia absent. Conidiomata terminal, with hya-
line slime. Hymenia not known. Chemistry: Usnic and
ursolic acids, and atranorin. Distribution: Australia:
Australian Capital Territory, New South Wales,
Queensland, South Australia, Western Australia.

Pulchrocladia retipora (Labill.) S. Stenroos, Pino-
Bodas & Ahti, comb. nov.
MycoBank No.: MB 828621

Baeomyces retiporus (“reteporus”) Labill., Nov. Holl.
Pl. 2: 110. Feb. 1806. — Cladia retipora (Labill.) Nyl.,
Compt. Rend. Hebd. Séances Acad. Sci. 83: 88. Jul.
1876. — Type: Australia. Tasmania (“Cap van Diemen,
nouv. Hollande™), 1792 J. J. H. Labillardiére s.n. (PC,
lectotype designated by Filson, 1981; BM, FH-Tuck,
FI-W(2), G, PC, PC-Lenormand, PC-Montagne, isolec-
totypes; LINN-Sm 1710.17, possible isolectotype).

Pseudopodetia up to 5 cm tall, white to pale grey,
sometimes tinged pinkish or yellowing or superficially
blackening at tips, rigid when dry, horny, richly
branched irregularly or by dichotomy, forming pulv-
inate clumps, wall richly perforated, almost reticulate,
perforations large, round to ellipsoidal; surface of pseu-
dopodetia continuously corticate, soredia absent; inner
medulla stranded. Conidiomata terminal, with hyaline
slime. Hymenia dark reddish-brown to black. Chem-
istry: Usnic, protolichesterinic and ursolic acids, and
atranorin, often also additional rangiformic and nor-
rangiformic acids. Distribution: Pacific: New Caledonia.
Australasia: Australia (Australian Capital Territory,
New South Wales, Queensland, Victoria, Tasmania),
New Zealand (North and South Islands, Antipodes
Island, Auckland Islands, Campbell Island, Chatham
Islands).
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