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Abstract. The phylogeny of the Acarosporaceae (Lecanoromycetes, 17	  

Acarosporomycetidae, Acarosporales) is investigated using data from three 18	  

molecular markers; nuclear ITS-LSU rDNA, mitochondrial SSU and β-tubulin. 19	  

Acarosporaceae is shown to be constituted by six main clades; Myriospora, 20	  

Timdalia, Pleopsidium, a clade composed by “Acarospora” rhizobola and “A.” 21	  

terricola, the poorly supported Sarcogyne clade (including several Polysporina and 22	  

Acarospora species) and the Acarospora clade (including the type of  Polysporina, 23	  

P. simplex, and several other Polysporina species). The common ancestor of the 24	  

Acarosporaceae did not produce strongly black pigmented (carbonized or 25	  

melanized) ascomata, but this trait has arisen secondarily and independently 26	  

numerous times in the evolution of the group. The number of changes in character 27	  

states of both carbonized epihymenium and carbonized exciple are considerably 28	  

more than the minimum number. The genera Sarcogyne and Polysporina – largely 29	  

circumscribed based on the presence of black pigmented ascomata – are shown to 30	  

be distinctly non-monophyletic. The presence of green algae in the ascoma margin 31	  

(lecanorine or lecideine ascomata) may vary even within single species.  32	  

 33	  

Keywords: Convergent evolution, lichens, lichenized fungi, lichenicolous 34	  

 35	  
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Introduction 37	  

 38	  

Carbonization or melanization in fungal structures is the accumulation of various 39	  

degrees of a black pigmentation, which generally is presumed to consist of 40	  

melanins. Melanins are widely present in fungi and may have several functions, 41	  

including reducing the damaging effects of solar radiation (Butler & Day 1998), and 42	  

it is widely assumed that they have this protective function also in lichens (Rikkinen 43	  

1995; Gauslaa & Solhaug 2001; Hauck et al. 2007). Lichen mycobionts produce 44	  

various types of melanins with different metabolic pathways (Rikkinen 1995). 45	  

Melanin made from 1,8 dihydroxynaphtalene is a synapomorphy for the 46	  

Euascomycetes/Pezizomycotina (Tehler 1988), including most lichen mycobionts. 47	  

Little is known, however, about the molecular background and the observed 48	  

intraspecific variation often seen in the production of melanin (e.g. Nybakken et al. 49	  

2004, Rikkinen 1995). As an obvious and easy-to-recognize characteristic, 50	  

carbonization of different fungal fruiting body structures has been used as an 51	  

important character for generic circumscription in some taxonomic groups, for 52	  

instance the Acarosporaceae (Flotow 1851; Magnusson 1935; Vězda 1978). When 53	  

these genera are accepted in the current classifications, this implicitly assumes that 54	  

the presence of this trait characterizes natural, monophyletic groups. Understanding 55	  

the evolution of carbonized structures is thus crucial for our understanding of the 56	  

evolution of this and other fungal groups and for how we express the phylogenetic 57	  

relationships in our classifications. 58	  

 Acarosporaceae is a distinct group of predominantly crustose lichenized fungi, 59	  

growing on exposed rocks and soil on all continents. The members are primarily 60	  

characterized by the multi-spored ascus (mostly >100 small, simple, colourless 61	  
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spores), and they were among the earliest lichenized groups to appear (the split 62	  

from the rest of the Lecanoromycetes appeared in late Carboniferous-early Permian) 63	  

but among the most recent groups to diverge (upper Cretaceous; Prieto & Wedin 64	  

2013). Originally (Zahlbruckner 1907) Acarosporaceae included five genera 65	  

(Acarospora, Biatorella, Thelocarpon, Maronea and Glypholecia). The number of 66	  

genera successively increased (Magnusson 1935, Poelt 1974, Eriksson & 67	  

Hawksworth 1991), although it was noted that the family was heterogenous (Poelt 68	  

& Vězda 1981). Hafellner (1992, 1993, 1995) re-assessed the family, and suggested 69	  

a new family concept based on a shared ascus-type without amyloid structures and a 70	  

non-amyloid or weakly amyloid tholus. He excluded the re-instated Pleopsidium 71	  

from the family on account of its amyloid tholus. The circumscription of 72	  

Acarosporaceae and the relationship to Lecanorales and Lecanoromycetes has since 73	  

been investigated several times using molecular phylogenies. Stenroos and DePriest 74	  

(1998) were first to indicate that Acarosporaceae grouped outside Lecanorales s. 75	  

str., and several later investigations suggested that the family was a phylogenetically 76	  

distinct group that formed the sister-group to a large part of the Lecanoromycetes 77	  

(Reeb et al 2004, Wedin et al 2005, Schoch et al 2009, Bendiksby and Timdal 78	  

2013). Reeb et al. (2004) excluded the family from Lecanorales and described the 79	  

subclass Acarosporomycetidae which then included Acarospora, Glypholecia, 80	  

Pleopsidium, Polysporina, Sarcogyne and Thelocarpella. Wedin et al. (2005) 81	  

confirmed the position of Pleopsidium and in addition showed that Timdalia, a 82	  

recent segregate from Acarospora (Hafellner & Türk 2001) with a similar ascus-83	  

type as in Pleopsidium, also belong in a well-supported monophyletic 84	  

Acarosporomycetidae/Acarosporaceae. Finally Crewe et al. (2006), Wedin et al. 85	  

(2009), and Westberg et al. (2011) suggested that the Acarospora smaragdula group 86	  
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formed the sister-group to the rest of Acarosporaceae. This group was formally 87	  

recognized as the genus Silobia (Westberg et al. 2010), a name that was replaced by 88	  

the older name Myriospora (Arcadia & Knudsen 2012). The monophyletic 89	  

Acarosporaceae currently contains eight genera confirmed by molecular 90	  

phylogenies; Acarospora, Glypholecia, Myriospora, Pleopsidium, Polysporina, 91	  

Sarcogyne, Thelocarpella and Timdalia. Two further genera, Caeruleum and 92	  

Lithoglypha, are presumed to belong within Acarosporaceae, but this has so far not 93	  

been confirmed with molecular data. A recent analysis has also indicated that the 94	  

genus Eiglera is closely related to Acarosporaceae and if this is confirmed 95	  

Eigleraceae should be included in the Acarosporomycetidae (Miadlikowska et al. 96	  

2014).  97	  

 In the Acarosporaceae, Acarospora, Myriospora, Pleopsidium and Timdalia have 98	  

ascomata with margins that contain green algae (the apothecia are referred to as 99	  

lecanorine, pseudolecanorine, or more often cryptolecanorine). Three genera, 100	  

Lithoglypha, Polysporina, and Sarcogyne, are characterized by algal-free lecideine 101	  

ascomata often with carbonized margins and/or discs (Fig. 1). The carbonization has 102	  

been fundamental for the current circumscription and delimitation of Sarcogyne and 103	  

Polysporina (Knudsen 2007b, Knudsen and Standley 2007). 104	  

 Sarcogyne (Flotow 1851) was originally described for S. corrugata (=S. clavus) 105	  

a species with lecideine apothecia with very strongly carbonized margin (Fig. 1). 106	  

Magnusson (1935) expanded the concept of the genus and included a large number 107	  

of species with lecideine apothecia with or without a strongly carbonized margin. 108	  

Vězda (1978) later separated a number of species primarily characterized by a thick, 109	  

fissured, carbonized margin and a carbonized epihymenium (typically forming 110	  

umbonate apothecia) but also with richly branched and anastomosing paraphyses 111	  
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with non-swollen apices, into Polysporina (Fig. 1). Sarcogyne in Vězda´s restricted 112	  

sense thus had a non-carbonized epihymenium and stouter, poorly branched 113	  

paraphyses with swollen apices while the margin either was strongly carbonized (as 114	  

in S. clavus where the interior of the margin is black pigmented and friable 115	  

throughout) or not (as in S. regularis  which is only black pigmented at the surface) 116	  

and there are also examples of species with intermediary levels of carbonization as 117	  

in S. similis (the margin is black throughout but tar-like in texture, Knudsen and 118	  

Etayo 2009). Later authors, however, also included species with stout, simple 119	  

paraphyses in Polysporina (Ahti et al. 1987, Kantvilas 1998, Kantvilas & Seppelt 120	  

2006) and the only difference between the two genera at present is the carbonized 121	  

epihymenium (a build–up of carbonized accretions on the apothecial surface) in 122	  

Polysporina. The distinction between the genera is thus not clear and in need of re-123	  

assessment (Hafellner 1995, Kantvilas and Seppelt 2006).  124	  

 In this paper we investigate the phylogeny of the 125	  

Acarosporomycetidae/Acarosporaceae with the specific aim to clarify the evolution 126	  

of carbonized/melanized ascomata, with and without a carbonized epihymenium, in 127	  

this group. These traits are currently considered to characterize Sarcogyne and 128	  

Polysporina, and the monophyly of these two genera will be tested here. 129	  

130	  
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Material & Methods 131	  

 132	  

Molecular data 133	  

Taxon sampling 134	  

Species selected for sequencing were sampled broadly to cover as many different 135	  

genera and morphological groups as possible. We aimed at including two specimens 136	  

from different localities of each taxon. We obtained molecular data for 128 137	  

specimens (Suppl. Tab. 1 representing c. 62 taxa. The ingroup comprised 127 138	  

specimens, which included 57 representatives of Acarospora, 1 of Glypholecia, 11 139	  

of Myriospora, 3 of Pleopsidium, 36 of Polysporina, 17 of Sarcogyne, and 2 of 140	  

Timdalia. In spite of several attempts on fresh material we were not successful in 141	  

sequencing Caeruleum heppii. Fresh material of Lithoglypha and Thelocarpella was 142	  

not available to us in this study. Pycnora sorophora was used as outgroup. 143	  

 144	  

DNA extractions, amplification, and sequencing  145	  

DNA was extracted from recently collected field material or from dried herbarium 146	  

specimens (Suppl. table 1). Total DNA was extracted using the Qiagen DNeasy 147	  

Plant MiniKit, according to the manufacturer’s instructions. 148	  

 149	  

The selected markers for this study were the internal transcribed spacer complete 150	  

repeat (ITS) and the large subunit (nLSU) of the nuclear ribosomal DNA, the small 151	  

subunit of the mitochondrial ribosomal DNA (mtSSU), and the coding sequence of 152	  

the β-tubulin gene. A fragment of ca. 696 bp in the β-tubulin marker was amplified 153	  

using the primers BT3LM5 and BT10LM3 (Myllys et al., 2001) or with primers 154	  

newly designed in this study (see Suppl. table 2). The primers ITS1F (Gardes and 155	  
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Bruns, 1993) and LR3 (http://www.biology.duke.edu/fungi/ mycolab/primers.htm) 156	  

were used to amplify the internal transcribed spacer I, the 5.8 rDNA gene, the 157	  

internal transcribed spacer II and a fragment of approximately 600 bp in the nLSU 158	  

rDNA gene. The mtSSU was amplified using the primers mrSSU1 and mrSSU3R 159	  

(Zoller et al., 1999).  160	  

 161	  

PCR amplifications were performed using Illustra™ Ready-To-Go PCR Beads, 162	  

according to the manufacturer’s instructions, with the following settings for ITS, 163	  

nLSU and mtSSU rDNA: initial denaturation 94°C for 5 min, followed by five 164	  

cycles (94°C for 30 s, 55°C for 30 s, and 72°C for 60 s), and finally 30 cycles (94°C 165	  

for 30 s, 52°C for 30 s, and 72°C for 60 s), with a final extension 72°C for 300 s; 166	  

and with the following settings for the gene coding for β-tubulin: initial 167	  

denaturation 94°C for 5 min, followed by five cycles (94°C for 30 s, 60°C for 30 s, 168	  

and 72°C for 60 s) and finally 30 cycles (94°C for 30 s, 55°C for 30 s, and 72°C for 169	  

60 s), with a final extension 72°C for 300 s. 170	  

 171	  

Before sequencing, the PCR products were purified using the PCR-M® Clean-up 172	  

System of Viogene or the enzymatic method Exo-sap-IT© provided by USB 173	  

Corporation. 174	  

 175	  

The PCR-products were sequenced and purified using the DYEnamic ET terminator 176	  

cycle sequencing kit protocols (Amersham Biosciences, Freiburg, Germany), with 177	  

the following settings: 25 cycles (95°C for 20 s, 50°C for 15 s, and 60°C for 60 s). 178	  

The ITS rDNA sequences were produced using the PCR primers as above, plus the 179	  

additional primer ITS4 (White et al., 1990) when necessary. The mtSSU rDNA and 180	  
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the β-tubulin sequences were produced using the PCR primers plus additional 181	  

internal primers (Suppl. Tab. 2) for β-tubulin when necessary. The purified samples 182	  

were run on an automated sequencer (ABI Prism 377). 183	  

 184	  

Sequence alignment and phylogenetic analyses 185	  

Sequences were aligned using the multiple sequence alignment software MAFFT 186	  

version 7.110 (Katoh et al., 2002, Katoh and Toh 2008a). The G-INS-i algorithm 187	  

was used for the β-tubulin sequences and the Q-INS-i for the ITS and nLSU 188	  

sequences (Katoh and Toh 2008b). β-tubulin sequences were translated to amino 189	  

acids, and three identified introns were manually removed from the alignment. 190	  

Major insertions and ambiguous regions in the ITS and nLSU alignments were 191	  

identified and eliminated with Gblocks version 0.91b (Castresana, 2000) using the 192	  

relaxed parameter values suggested by Talavera and Castresana (2007).  193	  

We assessed congruence analysing the datasets separately by ML bootstrapping, to 194	  

detect possible conflicts among clades. Conflict was understood as bootstrap 195	  

support (≥ 70%; Hillis and Bull, 1993) for one marker, contradicted with significant 196	  

support by another. No incongruence was found and the data were concatenated into 197	  

a single dataset. 198	  

We used Maximum parsimony (MP), maximum likelihood (ML), and 199	  

Bayesian inference (BI) for the phylogenetic analyses using the combined dataset. 200	  

Maximum parsimony and parsimony bootstrap analyses were performed using TNT 201	  

1.1 1 (Tree analysis using New Technology, Goloboff et. al, 2008). We did heuristic 202	  

searches (‘traditional search’) collapsing ‘rule 3’ (tree collapsing = max. length 0; 203	  

collapsing branches with no possible support), 1000 random addition sequence 204	  

replications and holding up to 1000 trees during each replication, using a tree 205	  
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bisection and reconnection (TBR) swapping algorithm. If the most parsimonious 206	  

trees (MPT) were found in only a few replications we broadened the search to 207	  

include more replications and holding more trees per replication. We also 208	  

performed a total of 1000 bootstrap replicates with the same specifications but with 209	  

100 random-addition sequence replicates. Parsimony-uninformative characters were 210	  

excluded from these analyses. 211	  

We performed ML analyses in RAxMLGUI 1.3, a graphical front-end for 212	  

RAxML (Randomized Accelerated Maximum Likelihood for High Performance 213	  

Computing; Stamatakis, 2006), using the GTRCAT model of nucleotide substitution 214	  

(a GTRGAMMA approximation with optimization of individual per-site 215	  

substitution rates). We partitioned the dataset by gene and by codon position in the 216	  

protein-coding gene (β-tubulin), which made a total of 8 partitions (ITS1, 5.8S, 217	  

ITS2, nLSU, mtSSU, BT 1st, BT 2nd and BT 3rd). The same model was applied to all 218	  

partitions because of constraints of the software RAxML. We performed a total of 219	  

100 runs and assessed node support via 1000 bootstrap replicates (ML + thorough 220	  

bootstrap; n. threads 2). 221	  

Bayesian analysis (Huelsenbeck et al., 2001) was achieved with the software 222	  

MrBayes 3.2.1 (Ronquist et al. 2011). We partitioned the dataset as in the ML 223	  

analyses, but in this case we selected the model of nucleotide substitution that 224	  

scored best for every particular partition, according to the Akaike Information 225	  

Criterion (AIC) in jModeltest (Posada, 2008). We used full likelihood optimization 226	  

and searched only among the 24 models implemented in MrBayes. Following this 227	  

scheme, a HKY model was selected for ITS1 and ITS2, a HKY+I+Γ model was 228	  

selected for the 5.8S and for the mitochondrial SSU DNA, a SYM+I+Γ model was 229	  

selected for the nuclear LSU rDNA, and a GTR+I+Γ, a SYM+I+Γ, and a SYM+Γ 230	  
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models were selected for the 1st, 2nd and 3rd codon positions of the β-tubulin gene, 231	  

respectively. We linked topology across partitions but separated model parameter 232	  

values and proportional rates across partitions. The number of discrete gamma 233	  

categories was kept at default four. Bayesian prior distributions included treating all 234	  

tree topologies as equally likely, a uniform (0, 50) distribution for the gamma shape 235	  

parameter, a uniform (0, 1) distribution for the proportion of invariable sites, a flat 236	  

(1, 1, 1, 1, 1, 1) Dirichlet for the rate matrix, and a flat (1,1,1,1) Dirichlet for the 237	  

state frequencies (except when the model dictated state frequencies to be equal). We 238	  

performed three parallel runs, each with five chains, four of which were 239	  

incrementally heated with a temperature of 0.10. The analysis was diagnosed for 240	  

convergence every 100000 generations, measured as the average standard deviation 241	  

of splits across runs in the last half of the analysis. Every 100th tree was saved. The 242	  

first half of the run was discarded as burnin.  243	  

 244	  

Hypothesis testing 245	  

We used Bayes factors to test the monophyly of Acarospora, Polysporina and 246	  

Sarcogyne, and also of the core group of Sarcogyne, i.e., those species that, like the 247	  

type species, S. clavus, have a strongly carbonized excipulum (e.g., Knudsen & 248	  

Kocourková 2008), in this analysis, S. algoviae, S. clavus, S. hypophaea, S. 249	  

hypophaeoides and Sarcogyne sp. 1. To calculate the Bayes factors we compared 250	  

the ratio of the marginal likelihoods of five hypotheses: four where each group was 251	  

constrained to be monophyletic, in addition to the best polygenetic hypothesis 252	  

recovered by MrBayes 3.2.1 (Ronquist et al., 2011) in the unconstrained analysis. 253	  

The Bayes factors were calculated using the modification introduced by Kass and 254	  
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Raftery (1995), i.e. twice the difference between the ln harmonic mean likelihoods 255	  

of the two models. 256	  

 257	  

Reconstruction of ancestral character states 258	  

We reconstructed the ancestral states of two characters, the carbonized exciple and 259	  

the carbonized epihymenium. The first character, carbonized exciple, has three 260	  

states, i.e., absence of carbonized exciple (0), presence of carbonized exciple (1), 261	  

and tar-like exciple (2). The second is a binary character coded as absence (0) or 262	  

presence (1) of carbonized epihymenium. The coding follows our own observations. 263	  

For the reconstruction of ancestral states we used maximum parsimony and 264	  

maximum likelihood as implemented in Mesquite v. 2.75 (Maddison and Maddison, 265	  

2011) and two Bayesian approaches, i.e., the method described by Huelsenbeck and 266	  

Bollback (2001) as implemented in SIMMAP v.1.5 (Bollback, 2006), following 267	  

Schultz and Churchil (1999), and the method described by Pagel et al. (2004) and 268	  

Pagel and Meade (2006), as implemented in BayesTraits (Pagel and Meade, 2007). 269	  

For all four methods, we used the posterior tree sample from the MrBayes analyses. 270	  

Branch lengths from that analysis were included in the ML and in the Bayesian 271	  

reconstructions. Maximum parsimony and maximum likelihood reconstructions 272	  

were achieved counting only unequivocal states. ML reconstructions were 273	  

performed under the Mk1 likelihood model for discrete morphological characters 274	  

(Lewis, 2001). For the SIMMAP analyses, we estimated three prior parameters: the 275	  

shape parameter α, and the scale parameter β, for the gamma distribution of the 276	  

overall substitution rate, and the shape parameter α for the beta distribution of the 277	  

bias parameter, this last one required only for binary morphological characters 278	  

(Bollback, 2006). The estimation was achieved in two steps following SIMMAP 279	  
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documentation on morphology priors, and using the R package provided by 280	  

SIMMAP v. 1.5 (Bollback, 2006). Following this approach, the parameter values 281	  

for the gamma distribution of the overall substitution rate were α = 11.728 and β = 282	  

3.784 for character 1 (carbonization of the exciple), and α = 4.248 and β = 1.550 for 283	  

character 2 (carbonization of the hymenium). The single parameter value for the 284	  

beta distribution of the bias parameter in character 2 was α = 3.778. The number of 285	  

discrete gamma categories was kept at default 50. The morphological tree was 286	  

rescaled to a total length of 1. In the BayesTraits analyses, the prior on rates was 287	  

assumed to follow an exponential distribution with the mean drawn from a uniform 288	  

hyperprior on the interval (0, 10). The MCMC was run for 108 generations, 289	  

sampling parameters every 1000th generation, and discarding the first 107 290	  

generations as burn-in. The rate deviation of the normal distribution was set so that 291	  

the MCMC acceptance rate was between 20% and 40%. Each analysis was 292	  

conducted three times and similar harmonic mean likelihoods obtained across 293	  

identical runs indicated that MCMC chain had converged. To extract the marginal 294	  

posterior probability of each state at each node (integrated over priors, tree 295	  

topologies and branch lengths) from BayesTraits output, we used software written 296	  

by S. Ekman (Ekman et al., 2008). 297	  

In addition, we obtained the distribution of the number of character state 298	  

transformations along the Acarosporaceae using a) Maximum parsimony as 299	  

implemented in Mesquite (Maddison and Maddison 2011) and b) the Bayesian 300	  

stochastic mapping procedure described by Huelsenbeck et al. (2003) and Ronquist 301	  

(2004), as implemented in SIMMAP (Bollback, 2006). We used the same Bayesian 302	  

tree sample and the same rate priors as in the ancestral state reconstruction using 303	  



	   14	  

SIMMAP. The number of realizations from the prior distribution was set to 10 per 304	  

tree. 305	  

 306	  

307	  
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Results 308	  

We produced 112 new ITS rDNA, 126 new nLSU rDNA, 111 new mtSSU rDNA, 309	  

and 109 new β-tubulin sequences, and additional sequences (all produced in our 310	  

earlier work) were used from GenBank (Suppl. Tab. 1). We produced a combined 311	  

matrix of the four markers, which included a total of 512 sequences. Of the 128 312	  

terminals, only 5 lack β-tubulin. Therefore, sequences for all three markers were 313	  

available for 96% of the terminals. The combined matrix included (Suppl. Tab. 3) a 314	  

total of 2446 characters of aligned DNA sequences from mitochondrial and nuclear 315	  

genes: ITS1 rDNA (122 bp), 5.8S rDNA (117 bp), ITS2 rDNA (175 bp), nLSU 316	  

rDNA (584 bp), mtSSU rDNA (752 bp), and β-tubulin (696 bp). 317	  

The MP analysis of the combined dataset resulted in 124 most parsimonious 318	  

trees of 4798 steps. The best tree obtained from the ML analysis had a ln-likelihood 319	  

value of -24236.56. The Bayesian analyses of the combined dataset halted after 320	  

900,000 generations, at which time the average standard deviation of splits across 321	  

runs in the last half of the analysis was 0.009 (<0.01). Potential Scale Reduction 322	  

Factor (PSRF) values for all model parameters as well as all branch lengths were 323	  

close to 1 (none of the PSRF values of the model parameters was over 1.004). We 324	  

considered the three runs to have converged and that our sample was a valid 325	  

estimate of the posterior distribution. A majority rule consensus tree was 326	  

constructed from the 13,500 trees of the stationary tree sample. As the phylogenetic 327	  

reconstructions obtained by the three inference methods (MP, ML and BI) were 328	  

congruent, only the topology corresponding to the Bayesian analyses is shown in 329	  

Fig. 2.  330	  

The analyses find a number of strongly supported clades (Fig. 2) but several 331	  

branches in the backbone of the tree lack support or have support only from BI. 332	  
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Myriospora form a monophyletic group as the sister-group to the rest of the family. 333	  

The sampled species in Pleopsidium, Timdalia and a clade formed by “Acarospora” 334	  

terricola and “A.” rhizobola also form distinct groups well separated from other 335	  

genera. The remaining species roughly form two clades, a well-supported 336	  

Acarospora clade including the type A. schleicheri and a clade dominated by 337	  

Sarcogyne species. The Acarospora clade is further composed of a well-supported 338	  

main clade of Acarospora and Polysporina species, the sister group of which is a 339	  

small clade formed by three Polysporina representatives, although this relationship 340	  

is only supported in the Bayesian analysis. The clade dominated by Sarcogyne 341	  

species has no support in any of the analyses, but the group formed by Acarospora 342	  

and Sarcogyne is supported by all three methods (Fig. 2). The overall support of the 343	  

phylogeny is high: 81% of the nodes are supported by the Bayesian analysis, 73% 344	  

of the nodes are supported both by Bayesian PPs and ML bootstrap, and 63% were 345	  

supported by all three methods (Bayesian PPs, ML, and MP bootstraps). Ten nodes 346	  

are supported by PPs only, including three nodes in the backbone of the phylogeny 347	  

(Fig. 2).  348	  

 349	  

Hypothesis testing 350	  

The position of a few taxa such as Acarospora macrospora or Sarcogyne 351	  

hypophaeoides is unstable, and all hypotheses considering Acarospora, 352	  

Polysporina, Sarcogyne s. lat or Sarcogyne s. str. as monophyletic can be rejected. 353	  

The harmonic mean ln-likelihoods of each topological hypothesis are represented in 354	  

Tab. 1, together with the Bayes factor values resulting from the model comparisons. 355	  

When testing the monophyly of Sarcogyne, the Bayes factor was 173.24 in favour 356	  

of the best, unconstrained topology inferred by the Bayesian analysis. When testing 357	  
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the monophyly of the core group of Sarcogyne, the Bayes factor was 328.12. And 358	  

finally, when testing the monophyly of Polysporina and Acarospora, the Bayes 359	  

factors were 166.09 and 167.78 respectively, in favour also of the best 360	  

unconstrained topology inferred by the Bayesian analysis. There is therefore very 361	  

strong evidence against all three hypotheses of monophyly (BF>>10; Kass & 362	  

Raftery, 1995, p.777). 363	  

 364	  

Reconstruction of ancestral character states 365	  

Neither the presence of a carbonized epihymenium nor a carbonized exciple are 366	  

restricted to monophyletic groups (Fig. 3). We reconstructed the ancestral states of 367	  

these two characters in four supported nodes of the phylogeny, i.e. the node 368	  

including all Acarosporaceae except Myriospora (node 1, Fig. 3), the node 369	  

including Acarospora and Sarcogyne s. lat. (node 2, Fig. 3), the Acarospora clade, 370	  

which was only supported in the Bayesian analysis (node 3, Fig. 3), and finally the 371	  

most inclusive node within the Acarospora clade supported by all three 372	  

phylogenetic methods (node 4, Fig. 3). The results are summarized in Tab. 2. The 373	  

ancestral state of the carbonized exciple was reconstructed as ‘absence of 374	  

carbonized exciple’, by all methods, both for the common ancestor of the 375	  

Acarosporaceae excluding Myriospora at node 1, and for the common ancestor of 376	  

node 4 (i.e., the most inclusive clade within the Acarospora clade, supported by all 377	  

three reconstruction methods). Maximum parsimony and the two Bayesian methods 378	  

reconstruct nodes 2 and 3 as ‘absence of carbonized exciple’, although with low 379	  

probability, whereas maximum likelihood suggests a higher probability for the 380	  

common ancestor of node 2: Acarospora and Sarcogyne (s. lat.) having a non-381	  

carbonized exciple (Table 2; Fig. 4). When studying the ancestral states of the 382	  
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carbonized epihymenium we found that the common ancestor of the four nodes was 383	  

reconstructed as ‘absence of carbonized epihymenium’, by all methods. 384	  

BayesTraits, however, attributed very low probability to this state in the case of the 385	  

ancestor of the Acarospora clade, including Polysporina simplex WE30, P. simplex 386	  

SAR236, and Polysporina sp. 2 (Tab. 2; node 3, Fig. 3), where the probability was 387	  

distributed between ‘presence’ and ‘absence’ of carbonized epihymenium. 388	  

 The total number of transformations calculated using parsimony (Mesquite) 389	  

and stochastic mapping (SIMMAP) are included in Tab. 3. The most probable 390	  

number of changes in the carbonized exciple is 12 according to parsimony, and 28 391	  

under the Bayesian approach, whereas the most probable number of changes in the 392	  

carbonized epihymenium is 7 according to parsimony or 21 according to the 393	  

Bayesian analysis. In all cases the numbers are several times higher than the 394	  

minimum possible amount of change, which is the number of states minus one (if 395	  

one state was plesiomorphic and the rest apomorphic) i.e. two changes in character 396	  

1 (carbonized exciple) and one single change in character 2 (carbonized 397	  

epihymenium). In the evolution of the exciple, the majority of change corresponds 398	  

to gains of carbonized exciple (83% under parsimony and 46% in the Bayesian 399	  

method). Both methods assign some probability to other transformation types, i.e., 400	  

transformations from absence of carbonized exciple to tar-like exciple; from a 401	  

carbonized to a non-carbonized exciple, and transformations from carbonized 402	  

exciple to tar-like exciple. Only the Bayesian method assigns some probabilities 403	  

also to losses of tar-like exciple. In the second character, the gain of carbonized 404	  

epihymenium accounts for all the change recovered by the parsimony method. The 405	  

Bayesian method, however, distributes the probability between the two possible 406	  

transformation types (gains and losses of a carbonized epihymenium) although the 407	  
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highest probability (62%) is still assigned to transformations from a non-carbonized 408	  

to a carbonized epihymenium (Tab. 4). 409	  

 410	  

 411	  

Discussion 412	  

The taxon sampling of Acarosporaceae in this study is by far the largest included in 413	  

a phylogenetic analysis, to date. Although the sampling possibly still is uneven and 414	  

clearly biased geographically with the majority of the specimens from Scandinavia 415	  

and to a lesser extent from North America, we think that the resulting pattern 416	  

reflects the phylogeny of the group well, and that the conclusions we draw will hold 417	  

when sampling is extended further. However, some caution is necessary when 418	  

considering the current phylogeny as three of the nodes in the backbone are 419	  

supported by PPs only. It is frequently observed that Bayesian methods of 420	  

phylogenetic inference produce higher probability values (PPs) for trees or clades 421	  

than other methods such as maximum parsimony or maximum likelihood 422	  

bootstrapping. This has been attributed to the so-called “Bayesian star-tree paradox 423	  

artefact”, i.e., most implementations of Bayesian inference do not consider 424	  

polytomies during the MCMC search, and can return high PPs for branches that are 425	  

unsupported by the data (Lewis et al., 2005; Yang 2008). It is also known that 426	  

“ancient rapid radiations”, detected in phylogenies as long ingroup branches 427	  

intercalated among short backbone internodes, cause problems in phylogenetic 428	  

reconstructions (Jian et al., 2008). This effect is often associated as well to a long 429	  

phylogenetic root (Rothfels et al., 2012).  430	  

As far as it is possible to compare, our results are congruent with earlier 431	  

analyses (Reeb et al. 2004, Wedin et al. 2005, 2009, Crewe et al. 2006). As in these 432	  

Myriospora is the sister-group to the rest of the family. The phylogeny furthermore 433	  
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shows that species with carbonized ascomata within the Acarosporaceae are 434	  

distributed in two main clades, which are here referred to as the Acarospora and the 435	  

Sarcogyne clade respectively (Fig. 2). The Acarospora clade was retrieved in all 436	  

analyses with strong support although the inclusion of a small group of Polysporina 437	  

(P. simplex “C”) was only supported by PPs. The Sarcogyne clade lacks support for 438	  

the basal branches and there are several species, including the type of Sarcogyne, 439	  

that has an uncertain position. These results also largely agree with the recent 440	  

analysis by Miadlikowska et al (2014) who found one Acarospora s. str. clade and 441	  

one clade including both Sarcogyne and several Acarospora spp. but in addition 442	  

found a third main clade including a paraphyletic Pleopsidium together with the A. 443	  

smaragdula group (=Myriospora). That Acarospora is paraphyletic has earlier been 444	  

indicated by Reeb et al. (2004) and Crewe et al. (2006). However, a well-supported 445	  

monophyletic group corresponding to Acarospora s. str. was found in both 446	  

investigations. Here, we suggest that the whole Acarospora clade, which includes 447	  

the type of Polysporina, in the future is treated as Acarospora. There are, however, 448	  

to our current knowledge, no phenotypic synapomorphies unique to Acarospora. 449	  

This is irrespective of if Polysporina is included in Acarospora, or not. 450	  

Characterizing the genus morphologically is not easy but may possibly be done 451	  

using a suite of characters including secondary chemistry, conidia, ascus type and 452	  

other hymenial characters. Well-known and characteristic species and species 453	  

groups belonging to Acarospora s. str. include the A. schleicheri group (the type 454	  

species and a few other terricolous taxa with globose-subglobose spores), the A. 455	  

fuscata group (brown, saxicolous species containing gyrophoric acid), yellow 456	  

species (rhizocarpic acid), e.g., A. heufleriana and some lobate species, e.g., A. 457	  
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molybdina and A. wahlenbergii although it should be noted that A. molybdina was 458	  

found to belong to the Myriospora clade by Miadlikowska et al (2014). 459	  

The Sarcogyne clade as a whole has no support and is not retrieved in all 460	  

individual-gene analyses (see Suppl. Figs. 1–4). The basal branches, e.g. the 461	  

Polysporina cyclocarpa group as well as Sarcogyne clavus and S. hypophaeoides all 462	  

change position (always without support) between the four different single-marker 463	  

ananalyses. Despite the fact that the group has no support, we believe that additional 464	  

data are likely to indicate that this clade is real. Reeb et al. (2004) also found a very 465	  

similar Sarcogyne clade, which likewise was poorly supported basally. Their 466	  

Sarcogyne clade included Sarcogyne regularis and S. similis together with A. 467	  

cervina, A. canadensis, A. laqueata, A. macrospora and Glypholecia scabra. Our 468	  

study thus has a similar but likewise unsupported result. In our tree (Fig. 2) several 469	  

other species group in this Sarcogyne clade, but without support. An additional 470	  

number of Acarospora spp., e.g. A. glaucocarpa, A. moenium, A. insolata and A. 471	  

impressula,,  and a group of Polysporina specimens including P. cyclocarpa 472	  

characterized by comparatively stout paraphyses and broad spores may thus belong 473	  

here. The Sarcogyne clade contains both cryptolecanorine and lecideine taxa and 474	  

species with or without carbonized ascomata or carbonized epihymenium. There are 475	  

a couple of general phenotypic trends characterizing this clade compared to the 476	  

Acarospora clade. All species in the Sarcogyne clade in the tree lack pigments 477	  

(other than melanins) and other secondary metabolites with the exception of 478	  

Glypholecia scabra (gyrophoric acid). All species also have a euamyloid hymenium 479	  

except for the Polysporina cyclocarpa group, which have a hemiamyloid 480	  

hymenium. However, species without pigments and with a euamyloid hymenium 481	  

are also present in the Acarospora clade. Larger and broader spores, stout 482	  
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paraphyses and a low hymenium are also characters that at least appear to be more 483	  

common in the Sarcogyne clade as compared to the Acarospora clade. With the 484	  

current dataset, there is in any case no support for the Sarcogyne-clade as such, and 485	  

little support for the relationships within it. Thus it is not meaningful at present to 486	  

discuss groupings in the Sarcogyne clade but we predict that in the future this group 487	  

will best be divided in several genera. It is, however, quite likely that the topology 488	  

will change considerably with more data and a revised analysis will require 489	  

additional markers to result in a better supported phylogeny.  490	  

Two species not included in our earlier phylogenies occur outside both the 491	  

Acarospora and the Sarcogyne clades, viz A. rhizobola and A. terricola. These two 492	  

terricolous taxa are both characterized by having bacilliform conidia, a character 493	  

that is unusual within the Acarosporomycetidae and is, in addition to these two 494	  

species, known from A. benedarensis (Knudsen and Fox 2010), A. convoluta 495	  

(Magnusson 1929), A. oligyrophorica (Aptroot 2002), A. sphaerosperma (Knudsen 496	  

et al. 2010), Sarcogyne crustacea (Knudsen and Kocourková 2010) and the two 497	  

monotypic genera Lithoglypha and Thelocarpella (Brusse 1988, Navarro-Rosinés et 498	  

al. 1999). A recent publication by Gueidan et al (2014), found A. rhizobola to be 499	  

closely related to Thelocarpella gordensis as well as the poorly understood 500	  

Trimmatothelopsis versipellis which was also found to have bacilliform conidia. 501	  

The relationship between these species will be investigated further in a forthcoming 502	  

paper. 503	  

The surprising conclusion from this investigation is that carbonized or 504	  

melanized ascomata is a highly plesiomorphic trait in the Acarosporaceae. Strongly 505	  

black pigmented ascomata have clearly appeared independently numerous times in 506	  

the evolution of the family. Furthermore, Polysporina with its typical umbonate, 507	  
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carbonized apothecia is polyphyletic, and most species are not closely related to 508	  

Sarcogyne as previously believed. Instead, they are nested within Acarospora in a 509	  

strict sense. In addition, the species in Sarcogyne with a strongly carbonized 510	  

apothecium margin do not form a monophyletic group. These species were believed 511	  

to make up the core group of Sarcogyne and includes the type species S. clavus. The 512	  

results clearly show that neither the presence of a carbonized exciple nor the 513	  

presence of a carbonized epihymenium characterize a natural group in this lichen 514	  

family and thus is of very limited use to characterize genera or indeed the generic 515	  

placement of any formal taxa. A weak carbonization (“melanization”) of the 516	  

apothecial margin has also been noted to sometimes occur in several species in 517	  

Acarospora and Myriospora (Knudsen 2007a, Knudsen & Flakus 2009, Westberg et 518	  

al. 2010), which supports this. 519	  

The distinction between lecanorine and lecideine ascomata within 520	  

Acarosporaceae is usually clear-cut and has been an important character to separate 521	  

Acarospora (lecanorine) from Polysporina and Sarcogyne (lecideine). However, 522	  

some problematic cases have been observed. Magnusson placed a few taxa, today 523	  

recognized as Polysporina, in Acarospora based on the observed presence of green 524	  

algae in the margin (Magnusson 1924, 1929, 1935). These species otherwise have 525	  

the typical carbonized ascomata of Polysporina. Later authors have not commented 526	  

on this, either not observing the presence of green algae or possibly considering it 527	  

an occasional or aberrant occurrence and included them as Polysporina. In this 528	  

study we have found several specimens of P. subfuscescens s. lat., with green algae 529	  

within the carbonized margin (Fig. 1E–F). In the analysis they group with 530	  

specimens with distinctly lecideine ascomata, identified either as P. subfuscescens 531	  

or P. simplex depending on whether they were interpreted as lichenicolous or not. 532	  
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The lecanorine specimens are all clearly lichenicolous, developing on the thallus of 533	  

a host. It appears to us that this character is the result of different developments or 534	  

different stages of the infection of the host.  535	  

The position of the type species of Polysporina, P. simplex has not been 536	  

clear in earlier studies. Polysporina cf simplex was found to be sister species to the 537	  

rest of the Acarosporaceae/Acarosporomycetidae by Reeb et al. (2004) but other 538	  

specimens sequenced and not included in that paper did not group together (Reeb, 539	  

pers. comm.). A different position of P. simplex was found by Crewe et al. (2006) 540	  

but according to our observations that specimen is a misidentified Sarcogyne cf 541	  

clavus. In this analysis we have identified P. simplex according to recent 542	  

morphological hypothesis (Knudsen & Kocourková 2008, 2009). Samples attributed 543	  

to Polysporina simplex are found in three different clades in our phylogeny (Fig. 2). 544	  

One clade (P. simplex “C”) is the sister clade to the rest of the Acarospora clade and 545	  

the remaining two are nested inside the Acarospora clade. The P. simplex 546	  

specimens differ between the clades in ecology and hymenium height (Fig. 1A–D) 547	  

and we conclude from our studies of the type material that it belongs to either of the 548	  

two closely related clades within P. simplex “A”, which are close to the generic type 549	  

of Acarospora, A. schleicheri. (Fig. 2)., Polysporina will be thus be treated as a 550	  

synonym to Acarospora. . It is also clear that also P. subfuscescens in its current 551	  

concept is not monophyletic and that a revision of the species taxonomy thus is 552	  

necessary. Our morphological studies so far indicate that it is not a case of cryptic 553	  

species but rather that the morphological characters have not been well understood. 554	  

Important characters not emphasized in the current broad concepts of some species 555	  

include hymenium height, spore width and paraphysis thickness. The taxonomic 556	  

implications will be addressed in a separate paper.  557	  
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In this paper, we have again found evidence suggesting that traits seen as 558	  

extremely important in current generic and species classification of fungi including 559	  

lichens, do not necessarily characterize natural, monophyletic groups, as in so many 560	  

other investigations (e.g. Wedin et al. 2004; Lumbsch and Leavitt 2011; Spribille 561	  

and Muggia 2013; Otálora et al. 2013, 2014; Ekman et al. 2014). Strongly black 562	  

pigmented (carbonized or melanized) ascomata have independently arisen 563	  

numerous times in the evolution of the Acarosporomycetidae/Acarosporaceae, and 564	  

the genera Sarcogyne and Polysporina are thus distinctly non-monophyletic. 565	  

Ancestral state reconstructions showed that carbonization of the hymenium was 566	  

absent at all reconstructed nodes, and carbonisation of the exciple was absent at two 567	  

nodes and equivocal in the other two. The number of changes in character states of 568	  

both carbonized epihymenium and carbonized exciple are considerably more than 569	  

the minimum number, showing that these characters are highly likely to change 570	  

during the evolution in this group, again making them unlikely to characterize 571	  

natural groups on higher level. Carbonization seems to be a derived character that 572	  

has appeared during particular episodes in the evolution of the 573	  

Acarosporomycetidae/Acarosporaceae. Melanin has been connected with protection 574	  

against both metals and solar energy, because of its metal-binding capacity 575	  

(McLean et al., 1998; Purvis et al., 2004) and its ability to absorb UV radiation 576	  

(Gauslaa & Solhaug, 2001; Solhaug et al., 2002; Nybakken et al., 2004). If dated 577	  

and geographically wider phylogenies of the group become available in the future, it 578	  

would be interesting trying to connect the gain of strongly black-pigmented 579	  

ascomata with events such as colonization of more exposed or metal-rich areas, 580	  

where melanin-rich structures could have been of adaptive value. Finally, the 581	  

presence or absence of green algae in the ascoma margin (lecanorine or lecideoid 582	  
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lecideine ascomata) seems to be variable even within single species. We can predict 583	  

future substantial re-arrangements of this very diverse and evolutionary interesting 584	  

group of lichenized fungi. 585	  

 586	  

Acknowledgements 587	  

This study was funded by grants to Martin Westberg by The Swedish Taxonomy 588	  

Initiative (Svenska Artprojektet, administered by the Swedish Species Information 589	  

Centre/ArtDatabanken) and was further supported by grants to Mats Wedin from 590	  

the Swedish Research Council (VR 621-2009-5372, VR 621-2012-3990). The work 591	  

of Kerry Knudsen was financially supported by the grant “Environmental aspects of 592	  

sustainable development of society” 42900/1312/3166 from the Faculty of 593	  

Environmental Sciences, Czech University of Life Sciences Prague. We are grateful 594	  

to the staff at the Molecular Systematics Laboratory at the Swedish Museum of 595	  

Natural History for laboratory assistance, in particular Jan Ohlson and Bodil 596	  

Cronholm. Valerie Reeb kindly shared unpublished details from on her work on 597	  

Acarosporaceae. The first author would finally like to thank Ulf Arup (LD), 598	  

Philippe Clerc (G), Leif Tibell (UPS), Toni Berglund (Karlskoga) and members of 599	  

the Swedish Lichen Society for assistance during field work.  600	  

 601	  

 602	  

  603	  



	   27	  

References 604	  

Ahti T, Brodo IM, Noble WJ (1987) Contributions to the lichen flora of British 605	  

Columbia, Canada. Mycotaxon 28:91–97. 606	  

Aptroot A (2002) New and interesting lichens and lichenicolous fungi in Brazil. 607	  

Fungal Diversity 9:15–45. 608	  

Arcadia L, Knudsen K (2012) The name Myriospora is available for the Acarospora 609	  

smaragdula group. Opuscula Philolich 11:19–25. 610	  

Bendiksby M, Timdal E (2013) Molecular phylogenetics and taxonomy of 611	  

Hypocenomyce sensu lato (Ascomycota: Lecanoromycetes): Extreme 612	  

polyphyly and morphological/ecological convergence. Taxon 62:940-956. 613	  

Bollback JP (2006) SIMMAP: stochastic character mapping of discrete traits on 614	  

phylogenies. BMC Bioinformatics. 7:88. 615	  

Brusse F (1988) Lithoglypha, a new lichen genus from Clarens Sandstone. Bothalia 616	  

18:89-96. 617	  

Butler MJ, Day AW (1998) Fungal melanine: a review. Canad. J. Microbiol 618	  

44:1115–1136 619	  

Castresana J (2000) Selection of conserved blocks from multiple alignments for 620	  

their use in phylogenetic analysis. Mol Biol Evol 17:540–552. 621	  

Crewe AT, Purvis OW, Wedin M (2006) Molecular phylogeny of Acarosporaceae 622	  

(Ascomycota) with focus on the proposed genus Polysporinopsis. Mycol Res 623	  

110:521–526. 624	  

Ekman S, Andersen HL, Wedin M (2008) The limitation of ancestral state 625	  

reconstruction and the evolution of the ascus in the Lecanorales (Lichenized 626	  

Ascomycota). Syst Biol 57:141–156. 627	  

Ekman S, Wedin M, Lindblom L, Jørgensen PM (2014) Extended phylogeny and a 628	  

revised generic classification of the Pannariaceae (Peltigerales, Ascomycota). 629	  

Lichenologist 46:627–656. 630	  

Eriksson OE, Hawksworth DL (1991) Outline of the Ascomycetes – 1990. Syst Asc 631	  

9:39–271. 632	  



	   28	  

Flotow J von (1851) Über Psora privigna (Ach.) Fw. 1848. Bot Zeitung (Berlin) 633	  

9:753–759. 634	  

Gauslaa Y, Solhaug KA. (2001) Fungal melanins as a sun screen for symbiotic 635	  

green algae in the lichen Lobaria pulmonaria. Oecologia 126:462–471. 636	  

Goloboff P, Farris J, Nixon K (2008) TNT a free program for phylogenetic analysis. 637	  

Cladistics 24:774–786. 638	  

Gueidan C, Monnat J-Y, Navarro-Rosines P, Roux, C.( 2014) Trimmatothelopsis 639	  

versipellis - Découverte de stations dans le Finistére (France), position 640	  

phylogénétique et consequences taxonomiques. Bull Soc linn Provence 65:47–641	  

65. 642	  

Hafellner J (1993) Acarospora und Pleopsidium - zwei lichenisierte 643	  

Ascomycetengattungen (Lecanorales) mit zahlreichen Konvergenzen. Nova 644	  

Hedwigia 56:281–305. 645	  

Hafellner J (1995) Towards a better circumscription of the Acarosporaceae 646	  

(lichenized Ascomycotina Lecanorales). Crypt Bot 5:99–104. 647	  

Hafellner J, Casares-Porcel M (1992) Untersuchungen an den Typusarten der 648	  

lichenisierten Ascomycetengattungen Acarospora und Biatorella und die 649	  

daraus entstehenden Konsequenzen. Nova Hedwigia 55:309–323. 650	  

Hafellner J, Türk R (2001) Die lichenisierten Pilze Österreichs - eine Checkliste der 651	  

bisher nachgewiesenen Arten mit verbreitungsangaben. Stapfia 76:1-167. 652	  

Hauck M, Dulamsuren Ch, Mühlenberg M (2007) Lichen diversity on steppe slopes 653	  

in the northern Mongolian mountain taiga and its dependence on microclimate. 654	  

Flora 202:530–546. 655	  

Hibbett DS, Binder M, Bischoff JF, Blackwell M, Cannon PF, Eriksson OE, 656	  

Huhndorf S, James T, Kirk PM, Lücking R, Lumbsch HT, Lutzoni F, Matheny 657	  

PB, McLaughlin DJ, Powell MJ, Redhead S, Schoch CL, Spatafora JW, 658	  

Stalpers JA, Vilgalys R, Aime MC, Aptroot A, Bauer R, Bergerow D, Benny 659	  

GL, Castlebury LA, Crous PW, Dai Y-C, Gams W, Geiser DM, Griffith GW, 660	  

Gueidan C, Hawksworth DL, Hestmark G, Hosaka K, Humber RA, Hyde KD, 661	  

Ironside JE, Kõljalg U, Kurtzman CP, Larsson K-H, Lichtwardt R, Longcore J, 662	  

Miadlikowska J, Miller A, Moncalvo J-M, Mozley-Standrige S, Oberwinkler F, 663	  



	   29	  

Parmasto E, Reeb V, Rogers JD, Roux C, Ryvarden L, Sampaio JP, Schüßler 664	  

A, Sugiyama J, Thorn RG, Tibell L, Untereiner WA, Walker C, Wang Z, Weir 665	  

A, Weiß M, White MM, Winka K, Yao Y-J, Zhang N (2007) A higher level 666	  

phylogenetic classification of the Fungi. Mycol Res 111:509–547. 667	  

Hillis DM, Bull JJ (1993) An empirical test of bootstrapping as a method for 668	  

assessing confidence in phylogenetic analyses. Syst Biol 42:182–192. 669	  

Hofstetter V, Miadlikowska J, Kauff F, Lutzoni F (2007) Phylogenetic comparision 670	  

of protein-coding versus ribosomal RNA-coding sequence data: A case study of 671	  

the Lecanoromycetes (Ascomycota). Molec Phylogen Evol 44:412–426. 672	  

Huelsenbeck JP, Bollback JP (2001) Empirical and hierarchical Bayesian estimation 673	  

of ancestral states. Syst Biol 50:351–366. 674	  

Huelsenbeck JP, Nielsen R, Bollback JP (2003) Stochastic mapping of 675	  

morphological characters. Syst Biol 52:131–158. 676	  

Huelsenbeck JP, Ronquist F, Nielsen R, Bollback JP (2001) Bayesian inference of 677	  

phylogeny and its impact on evolutionary biology. Science 294:2310–2314. 678	  

Jian S, Soltis PS, Gitzendanner MA, Moore MJ, Li R, Hendry TA, Qiu Y-L, 679	  

Dhingra A, Bell CD, Soltis DE (2008) Resolving an ancient rapid radiation in 680	  

Saxifragales. Syst Biol 57:38–57. 681	  

Kantvilas G (1998) Notes on Polysporina Vězda with a description of a new species 682	  

from Tasmania. Lichenologist 30:551–562.  683	  

Kantvilas G, Seppelt RD (2006) Polysporina frigida sp. nov. from Antarctica. 684	  

Lichenologist 38:109–113. 685	  

Kass RE, Raftery AE (1995) Bayes factors. J Am Stat Assoc 90:773–795. 686	  

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT a novel method for rapid 687	  

multiple sequence alignment based on fast Fourier transform. Nucl Acids Res 688	  

30:3059–3066. 689	  

Katoh K, Toh H (2008a) Recent developments in the MAFFT multiple sequence 690	  

alignment program. Brief Bioinform 9:286–298. 691	  



	   30	  

Katoh K, Toh H (2008b) Improved accuracy of multiple ncRNA alignment by 692	  

incorporating structural information into a MAFFT-based framework. BMC 693	  

Bioinformatics 9:212. 694	  

Knudsen K (2007a) Acarospora. In: Nash III TH, Gries C, Bungartz F: Lichen 695	  

Flora of the Greater Sonoran Desert Region. Volume 3. Lichens Unlimited, 696	  

Arizona State University, Tempe, pp. 1–38. 697	  

Knudsen K (2007b) P. In: Nash III TH, Gries C, Bungartz F: Lichen Flora of the 698	  

Greater Sonoran Desert Region. Volume 3. Lichens Unlimited, Arizona State 699	  

University, Tempe, pp. 276–278. 700	  

Knudsen K, Standley SM (2007) Sarcogyne. In: Nash III TH, Gries C, Bungartz F: 701	  

Lichen Flora of the Greater Sonoran Desert Region. Volume 3. Lichens 702	  

Unlimited, Arizona State University, Tempe, pp. 289–296. 703	  

Knudsen K, Etayo J (2009) Sarcogyne algerica H. Magn., new to Europe. Opuscula 704	  

Philolich 7:61–64. 705	  

Knudsen K, Flakus A (2009) Acarospora ramosa (Acarosporaceae), a new 706	  

effigurate yellow species from South America. Nova Hedwigia 89:349–353. 707	  

Knudsen K, Fox HF (2010) Acarospora benedarensis: a rare terricolous maritime 708	  

lichen from Ireland, Scotland, and Wales. Opuscula Philolich 9:31–34. 709	  

Knudsen K, Kocourková J. (2008) A study of lichenicolous species of Polysporina 710	  

(Acarosporaceae). Mycotaxon 105:149-164. 711	  

Knudsen K, Kocourková J. (2010) Lichenological notes #1: Acarosporaceae. 712	  

Mycotaxon 112:361–366.  713	  

Knudsen K, Lendemer JC, Harris RC (2010) Studies in lichens and lichenicolous 714	  

fungi – no 15: miscellaneous notes on species from eastern North America. 715	  

Opuscula Philolich 9:45–75.  716	  

Lewis PO (2001) A likelihood approach to estimating phylogeny from discrete 717	  

morphological character data. Syst Biol 50:913–925. 718	  

Lewis PO, Holder MT, Holsinger KE (2005) Polytomies and Bayesian phylogenetic 719	  

inference. Syst Biol 54:241–253. 720	  



	   31	  

Lumbsch HT, Leavitt SD (2011) Goodbye morphology? A paradigm shift in the 721	  

delimitation of species in lichenized fungi. Fungal Diversity 50:59–72 722	  

Maddison WP, Maddison DR (2011) Mesquite: a modular system for evolutionary 723	  

analysis. Version 2.75. http://mesquiteproject.org. Accessed 23 July 2014 724	  

Magnusson AH (1924) A monograph of the Scandinavian species of the genus 725	  

Acarospora. Göteborgs Kungl Vetensk Samhälles Handl ser. 4, 28:1–150. 726	  

Magnusson AH (1929) A monograph of the genus Acarospora. Kungl Svenska 727	  

Vetenskapsakad Handl ser. 3, 7:1-400 728	  

Magnusson AH (1935) Acarosporaceae, Thelocarpaceae. Rabenh Krypt-Fl 9, 5:1–729	  

318.  730	  

McLean J, Purvis OW, Williamson BJ, Bailey EH (1998) Role for lichen melanins 731	  

in uranium remediation. Nature 391:649–650. 732	  

Miadlikowska J, Kauff F, Hofstetter V, Fraker E, Grube M, Hafellner J, Reeb V, 733	  

Hodkinson BP, Kukwa M, Lücking R, Hestmark G, Otálora MAG, Rauhut A, 734	  

Büdel B, Scheidegger C, Timdal E, Stenroos S, Brodo I, Perlmutter G, Ertz D, 735	  

Diederich P, Lendemer JC, Schoch C, Tripp E, Yahr R, May P, Gueidan C, a.e. 736	  

Arnold AE, Robertson C, Lutzoni F (2006) New insights into classification and 737	  

evolution of the Lecanoromycetes (Pezizomycotina Ascomycota) from 738	  

phylogenetic analyses if three ribosomal RNA- and two protein-coding genes. – 739	  

Mycologia 98:1088–1103. 740	  

Miadlikowska J, Kauff F, Högnabba F, Oliver JC, Molnár K, Fraker E, Gaya E, 741	  

Hafellner J, Hofstetter V, Gueidan C, Kukwa M, Lücking R, Björk C, Sipman 742	  

HJM, Burgaz AR, Thell A, Passo A, Myllys L, Goward T, Fernández-Brime S, 743	  

Hestmark G, Lendemer J, Lumbsch HT, Schmull M, Schoch C, Sérusiaux E, 744	  

Maddison DR, Arnold AE, Lutzoni F, Stenroos S (2014) A multigene 745	  

phylogenetic synthesis for the class Lecanoromycetes (Ascomycota): 1307 746	  

fungi representing 1139 infrageneric taxa, 317 genera and 66 families. Mol 747	  

Phyl Evol 79:132–168. 748	  

Myllys L, Lohtander K, Tehler A (2001) β-tubulin, ITS and group I intron 749	  

sequences challenge the species pair concept in Physcia aipolia and P. caesia. 750	  

Mycologia 93:335–343. 751	  



	   32	  

Navarro-Rosinés P, Roux C, Bellemère A (1999) Thelocarpella gordensis gen. et sp. 752	  

nov. (Ascomycetes lichenisati, Acarosporaceae). Canad J Bot 77:835-842. 753	  

Nybakken L, Solhag KA, Bilger W, Gauslaa Y (2004) The lichens Xanthoria 754	  

elegans and Cetraria islandica maintain a high protection against UV-B 755	  

radiation in Arctic habitats. Oecologia 140:211–216. 756	  

Otálora MAG, Aragón G, Martínez I, Wedin M (2013) Cardinal characters on a 757	  

slippery slope – a re-evaluation of phylogeny character evolution and 758	  

evolutionary rates in the jelly lichens (Collemataceae s.str.). Mol Phyl Evol 759	  

68:185–198. 760	  

Otálora MAG, Jørgensen PM, Wedin M (2014) A revised generic classification of 761	  

the jelly lichens, Collemataceae. Fungal Diversity 64:275-293. 762	  

Pagel M, Meade A, Barker D (2004) Bayesian estimation of ancestral states on 763	  

phylogenies. Syst Biol 53:673–684. 764	  

Pagel M, Meade A (2006) Bayesian analysis of correlated evolution of discrete 765	  

characters by reversible-jump Markov Chain Monte Carlo. Am Nat 167:808–766	  

825. 767	  

Pagel M, Meade A (2007) BayesTraits Version 1.0 Computer Package. Software. 768	  

http://www.evolution.reading.ac.uk/BayesTraits.html. Accessed 23 July 2014 769	  

Poelt J (1974) Systematik der Flechten. Bericht über die Jahre 1972 und 1973 mit 770	  

einigen Nachtragen. Progr Bot 36:263-276. 771	  

Poelt J,  Vezda A (1981) Bestimmungsschlüssel europäischer Flechten. 772	  

Erganzungsheft II. Bibl Lichenol 16, J. Cramer, Vaduz. 390 pp. 773	  

Posada D (2008) jModelTest: Phylogenetic Model Averaging. Mol Biol Evol 774	  

25:1253–1256. 775	  

Prieto M, Wedin M (2013) Dating the diversification of the major lineages of 776	  

Ascomycota (Fungi). PLoS One 8(6) DOI: 10.1371/journal.pone.0065576 777	  

Purvis OW, Bailey EH, McLean J, Kasama T, Williamson BJ (2004) Uranium 778	  

biosorption by the lichen Trapelia involuta at a uranium mine. 779	  

Geomicrobiology Journal 21:159–167. 780	  

Reeb V, Lutzoni F, Roux C (2004) Contribution of RPB2 to multilocus 781	  



	   33	  

phylogenetic studies of the euascomycetes (Pezizomycotina Fungi) with special 782	  

emphasis on the lichen–forming Acarosporaceae and evolution of polyspory. 783	  

Mol Phylogenet Evol 32:1036–1060. 784	  

Rikkinen J (1995) What's behind the pretty colours? A study on the photobiology of 785	  

lichens. Bryobrothera 4:1-239. 786	  

Ronquist F (2004) Bayesian inference of character evolution. Trends Ecol Evol 787	  

19:475–481.  788	  

Ronquist F, Teslenko M, van derMark P, Ayres DL, Darling A, Höhna S, Larget B, 789	  

Liu L, Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2: efficient Bayesian 790	  

phylogenetic inference and model choice across a large model space. Syst Biol 791	  

61:1–4.  792	  

Ronquist F, Huelsenbeck J, Teslenko M (2011) Draft MrBayes version 3.2 Manual: 793	  

Tutorials and Model Summaries. 794	  

http://mrbayes.sourceforge.net/mb3.2_manual.pdf. Accessed 23 July 2014 795	  

Rothfels CJ, Larsson A, Kuo L-Y, Korall P, Chiou W-L, Prymer K-M (2012) 796	  

Overcoming deep roots fast rates and short internodes to resolve the ancient 797	  

rapid radiation of eupolypoid II ferns. Syst Biol 61:490–509.  798	  

Schoch C, Sung G-H, López-Giráldez F, Townsend JP, Miadlikowska J, Hofstetter 799	  

V, Robbertse B, Matheny B, Kauff F, Wang Z, Gueidan C, Andrie RM, Trippe 800	  

K, Ciufetti LM, Wynns A, Fraker E, Hodkinson BP, Bonito G, Groenewald JC, 801	  

Arzanlou M, de Hoog GS, Crous PW, Hewitt D, Pfister D, Peterson K, 802	  

Gryzenhout M, Winngfield MJ, Aptroot A, Suh S-O, Blackwell M, Hillis DM, 803	  

Griffith GW, Castlebury LA, Rossman A, Lumbsch HT, Lücking R, Büdel B, 804	  

Rauhut A, Diederich P, Ertz D, Geiser DM, Hosaka K, Inderbitzin P, 805	  

Kohlmeyer J, Volkmann-Kohlmeyer B, Mostert L, O'Donnell K, Sipman H, 806	  

Rogers JD, Shoemaker R, Sugiyama J, Summerbell  RC, Untereiner W, 807	  

Johnston PR, Stenroos S, Zuccaro A, Dyer PS, Crittenden PD, Cole MS,  808	  

Hansen K, Trappe JM, Yahr R, Lutzoni F, Spatafora JW (2009) The 809	  

Ascomycota tree of life: a phylum-wide phylogeny clarifies the origin and 810	  

evolution of fundamental reproductive and ecological traits. Syst Biol 58:224–811	  

239. 812	  



	   34	  

Schultz T, Churchill G (1999) The role of subjectivity in reconstructing ancestral 813	  

character states: A Bayesian approach to unknown rates states and 814	  

transformation asymmetries. Syst Biol 48:651–664. 815	  

Solhaug KA, Gauslaa Y, Nybakken L, Bilger W (2002) UV-induction of sun-816	  

screening pigments in lichens. New Phytologist 158: 91–100. 817	  

Spribille	  T,	  Muggia	  L	  (2013)	  Expanded	  taxon	  sampling	  disentangles	  818	  

evolutionary	  relationships	  and	  reveals	  a	  new	  family	  in	  Peltigerales	  819	  

(Lecanoromycetidae,	  Ascomycota).	  Fungal	  Diversity 58:171–184. 820	  

Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based phylogenetic 821	  

analyses with thousands of taxa and mixed models. Bioinformatics 22:2688–822	  

2690. 823	  

Stenroos SK, DePriest PT (1998) SSU rDNA phylogeny of cladoniiform lichens. 824	  

Am J Bot 85:1548–1559. 825	  

Talavera G, Castresana J (2007) Improvement of phylogenies after removing 826	  

divergent and ambiguously aligned blocks from protein sequence alignments. 827	  

Syst Biol 56:564–577. 828	  

Timdal E (1984) Acarospora intricata and A. wahlenbergii (Acarosporaceae) in 829	  

Scandinavia. Nord J Bot 4:541–543. 830	  

Wedin, M., Döring, H. & Gilenstam, G. 2004. Saprotrophy and lichenization as 831	  

options for the same fungal species on different substrata: environmental 832	  

plasticity and fungal lifestyles in the Stictis-Conotrema complex. New 833	  

Phytologist 164: 459-465 834	  

Wedin M, Wiklund E, Crewe A, Döring H, Ekman S, Nyberg A, Schmitt I, 835	  

Lumbsch HT (2005) Phylogenetic relationships of Lecanoromycetes 836	  

(Ascomycota) as revealed by analyses of mtSSU and nLSU rDNA sequence 837	  

data. Mycol Res 109:159–172. 838	  

Wedin M, Westberg M, Crewe AT, Tehler A, Purvis OW (2009) Species 839	  

delimitation and evolution of metal bioaccumulation in the lichenized 840	  

Acarospora smaragdula (Ascomycota Fungi) complex. Cladistics 25:161–172. 841	  

Westberg M, Crewe AT, Purvis OW, Wedin M (2010[“2011”]) Silobia, a new 842	  

genus for the Acarospora smaragdula complex (Ascomycota Acarosporales) 843	  



	   35	  

and a revision of the group in Sweden. Lichenologist 43:7–25.  844	  

Vězda A (1978) Neue oder wenig bekannte Flechten in der Tschechoslowakei. II. 845	  

Folia Geobot Phytotax 13:397–4020. 846	  

Yang Z (2008) Empirical evaluation of a prior for Bayesian phylogenetic inference. 847	  

Philos Trans R Soc Lond B Biol Sci 363:4031–4039. 848	  

Zahlbruckner A (1907) Lichenes, spezieller Teil. In Engler A, Prantl K. Die 849	  

natürlichen Pflanzenfamilien I. Teil 1. Abteilung 49-249. 850	  



	   36	  

Table 1. Comparison of three topological hypotheses; 1) Sarcogyne is a monophyletic 

group, 2) the core group of Sarcogyne is monophyletic, and 3) Polysporina is a 

monophyletic group, with 4) the best topological hypothesis inferred by the Bayesian 

analysis, when using an unconstrained model (i.e., not assuming monophyly for any 

of the groups). Marginal likelihoods of each model were estimated as the ln harmonic 

mean likelihoods of the data. Bayes factors are calculated as twice the difference of 

the ln harmonic mean likelihoods of the two models being compared.  

 

 Model ln-likelihood 2lnBF 
 Unconstrained model Constrained model 
Sarcogyne monophyletic -26187.71 -26274.33 173.24 
Sarcogyne core monophyletic -26351.77 328.12 
Polysporina monophyletic -26271.16 166.09 
Acarospora monophyletic -26271.60 167.78 


