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ABSTRACT 29 

Fungal mycoparasitism – fungi parasitizing other fungi – is a common lifestyle in some 30 

basal lineages of the basidiomycetes, particularly within the Tremellales. Relatively 31 

non-aggressive mycoparasitic fungi of this group are in general highly host specific, 32 

suggesting cospeciation as a plausible speciation mode in these associations. Species 33 

delimitation in the Tremellales is often challenging since morphological characters are 34 

scant. Host-specificity is therefore a great aid to discriminate between species but 35 

appropriate species delimitation methods that account for actual diversity are needed to 36 

identify both specialist and generalist taxa and avoid inflating or underestimating 37 

diversity. We use the Biatoropsis-Usnea system to study factors inducing parasite 38 

diversification. We employ morphological, ecological and molecular data – methods 39 

including Genealogical Concordance Phylogenetic Species Recognition (GCPSR) and 40 

the general mixed Yule-coalescent (GMYC) model –to assess the diversity of fungi 41 

currently assigned to Biatoropsis usnearum. The degree of cospeciation in this 42 

association is assessed with two cophylogeny analysis tools (ParaFit and Jane 4.0). 43 

Biatoropsis constitutes a species complex formed by at least 7 different independent 44 

lineages and host switching is a prominent force driving speciation, particularly in host-45 

specialists. Combining ITS and nLSU is recommended as barcode system in 46 

tremellalean fungi. 47 

 48 

Keywords: cospeciation, coevolution, GMYC, Tremellales, species complex, integrative 49 

taxonomy50 
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INTRODUCTION 51 

Cophylogeny is the study of the evolutionary histories, captured as phylogenies, of two 52 

ecologically linked groups (Charleston 2002). Coevolution, particularly between 53 

parasites and their hosts, is among the most common targets of cophylogenetic studies. 54 

The terms coevolution and cospeciation are often used as synonyms, which can lead to 55 

misleading interpretations in cospeciation studies (Smith et al. 2008). Coevolution can 56 

be seen as a microevolutionary process of reciprocal adaptations, which does not 57 

necessarily imply cospeciation (Page 2003). It leads to reciprocal selection for 58 

improvements in host-parasite recognition mechanisms (de Vienne et al. 2013). 59 

Cospeciation is a process whereby two symbionts speciate at the same time and results 60 

in congruent cophylogenies when it occurs. Cospeciation is often considered as one of 61 

the strongest evidences of coevolution (Cutchill and Charleston 2012). Most frequently, 62 

however, host and parasite phylogenies are not fully congruent (Huelsenbeck et al. 63 

2003) and associations can then be explained as a result of processes such as host 64 

switching (Brooks and McLennan 1991), independent speciation of parasites 65 

(“duplication”) (Page 1990; 1996), lineage sorting (“loss”) (Paterson and Gray 1997; 66 

Paterson et al. 1999) or failure of the parasites to speciate (Page 2003). Coevolution can 67 

promote rapid diversification (Nunn et al. 2004; Thrall et al. 2007), and cospeciation as 68 

a result of coevolution was considered to be prominent in systems with high host 69 

specificity (Page 2003; Hughes et al. 2007; Light & Hafner 2008). However, parasite 70 

diversification can also be driven by host specialization, in the absence of cospeciation. 71 

For instance, Desdevises et al. (2002) found that despite the lack of cospeciation 72 

between fish and their monogean parasites, the high host-specificity in this system 73 

indicates a strong ecological association that could influence the diversification of 74 

parasites. 75 
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The study of these patterns in fungal mycoparasites is particularly appealing, 76 

since this type of association has never been studied in an evolutionary context before. 77 

Fungal mycoparasitism – fungi parasitizing other fungi – is a common and well-78 

represented lifestyle in fungi. Within the basidiomycetes, mycoparasitism is mainly 79 

represented in basal lineages and has probably played an important role as evolutionary 80 

motor within this group (Weiss et al. 2004). Relatively non-aggressive mycoparasitic 81 

fungi are in general highly host-specific, which could suggest cospeciation with their 82 

hosts as one possible force driving speciation. This may well be the case in the 83 

Tremellales (Tremellomycetes, Basidiomycota, Fungi), one of the earliest diverging 84 

groups of the basidiomycetes where host-specific mycoparasites are particularly well 85 

represented (Boekhout et al. 2011; Millanes et al. 2011). 86 

As a suitable system, we will investigate the association between the 87 

tremellalean Biatoropsis usnearum and its lichenized hosts – the last all belonging to 88 

Usnea and Protousnea (Parmeliaceae, Ascomycota, Fungi). Biatoropsis is currently 89 

monospecific, and distributed worldwide, but has been suggested to represent several 90 

species (Diederich and Christiansen 1994). It is morphologically very variable (Fig. 1), 91 

and can infect a large number of Usnea species. Previous work confirmed its placement 92 

within the Tremellales (Millanes et al. 2011), although the Biatoropsis clade showed 93 

high infraspecific genetic variation, and no specimens growing on Protousnea were 94 

studied. Biatoropsis usnearum may therefore be a species complex, providing an 95 

excellent system for studying early stages of speciation in conjunction with coevolution 96 

or cospeciation with its hosts. 97 

Integrative taxonomy promotes the combination of several lines of evidence as a 98 

base for delineating species boundaries (DeSalle et al. 2005; Damm et al. 2010; Pires 99 

and Marinoni 2010). Adding information from coevolutionary studies to the 100 



 5 

combination of different methods of DNA analysis and morphological studies could 101 

greatly improve our understanding of the diversity of parasitic fungi, and its 102 

evolutionary origin. 103 

To investigate the diversity within Biatoropsis we will use two analytical 104 

methods of species delimitation: 1) the general mixed Yule-coalescent (GMYC) model 105 

(Pons et al. 2006; Fontaneto et al. 2007; Fujisawa and Barraclough 2013, Monaghan et 106 

al. 2009), and 2) a variant of the Phylogenetic Species Recognition method– 107 

Genealogical Concordance Phylogenetic Species Recognition (GCPSR) proposed by 108 

Taylor et al. (2000). The GMYC model has proven to be particularly appropriate to 109 

delineate species related to ecological variables and niche-specificity, including relation 110 

to host species (Jousselin et al. 2009; Powell et al. 2011). This method has been 111 

successfully used to study mycorrhizal diversity in environmental fungal samples 112 

(Powell at el. 2011) and to assess diversity in lichens (Parnmen et al. 2012; Pérez-113 

Ortega et al. 2012), but it has otherwise not been much utilized in fungi, and it has never 114 

been applied for species delimitation studies in parasitic fungi. It could potentially be 115 

appropriate for obligate parasitic fungi, which are difficult to identify, and represent a 116 

large component of the undescribed diversity (Hawksworth and Rossman 1997). On the 117 

contrary, Genealogical Concordance Phylogenetic Species Recognition (GCPSR) has 118 

largely proven to be a good tool for species delimitation in fungi (Grube and Kroken 119 

2000; Wedin et al. 2004; 2009; Jargeat et al. 2011; Brown et al. 2013; Vialle et al. 120 

2013). 121 

In this study we test the monophyly of Biatoropsis usnearum, including 122 

specimens growing both on Usnea and Protousnea, and in parallel assess the potential 123 

species diversity within Biatoropsis, employing different analytical methods. We further 124 

test for significant fit between the phylogenetic reconstructions of Biatoropsis and their 125 
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Usnea and Protousnea hosts, and investigate the extent of cospeciation occurring, in 126 

order to elucidate whether this is the main force driving diversity within Biatoropsis, or 127 

if other evolutionary processes explain the observed host-parasite associations. This is 128 

the first time the GMYC model is used to study the amount of diversity in a group of 129 

lichenicolous fungi, and the first time that a study on the joint evolution between 130 

lichenicolous fungi and their hosts is undertaken.131 
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MATERIAL AND METHODS 132 

Sampling 133 

To confirm the phylogenetic position of Biatoropsis samples growing on Usnea and 134 

Protousnea within the Tremellales, we used a combined data set of nSSU, ITS and 135 

nLSU rDNA, which included all tremellalean groups distinguished by Boekhout et al. 136 

(2011), and Millanes et al. (2011). One taxon of the Holtermanniales (Wuczkowski et 137 

al. 2011) was used as out-group. 138 

To focus specifically on the diversity within Biatoropsis, we used a combined 139 

data set of mtSSU, ITS and nLSU rDNA sequences, covering all macroscopic 140 

morphological variation observed in the genus, and including representatives from Asia, 141 

Australia, Europe, North America, and South America. To test hypotheses of 142 

coevolution between Biatoropsis and Usnea/Protousnea we used a dataset including the 143 

ITS and nLSU, for the parasites and hosts. We did so in order to compare homologous 144 

gene regions from the hosts and parasites, since mtSSU sequences could not be obtained 145 

for most of the Usnea samples. In 5 cases, the DNA from the exact host specimen could 146 

not be amplified. In these cases we used sequences from a different specimen of the 147 

same host, or sequences from GenBank. Host identification was conducted using 148 

morphological and chemical data. Secondary substances present in the Protousnea and 149 

Usnea samples were identified using thin layer chromatography (TLC; Culberson and 150 

Amman 1979) or high performance thin layer chromatography (HPTLC; Arup et al. 151 

1993). 152 

Supplementary Table S1 includes newly sequenced representatives, in which the 153 

species name, voucher information, and GenBank accession numbers are given, as well 154 

as the accession numbers of specimens retrieved from GenBank. 155 

 156 
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DNA extraction, amplification, and sequencing protocols are included as 157 

supplementary material (Material & Methods) 158 

 159 

Species delimitation, GCPSR and the GMYC model 160 

For the dataset including only samples within Biatoropsis s. str., we used the GCPSR 161 

(Taylor et al. 2000) and the generalized mixed Yule coalescent (GMYC) model (Pons et 162 

al. 2006; Fontaneto et al. 2007) to delimit independent evolutionary lineages from the 163 

topology of the trees. 164 

 The GCPSR method requires concordance of single gene phylogenies to identify 165 

the limits of independently evolving lineages (i.e., species), and is based on the simple 166 

visual comparison of more than one gene genealogy (Taylor et al. 2000). We therefore 167 

analyzed the independent datasets individually by maximum parsimony using PAUP* 168 

4.0b10 (Swofford 2002), maximum likelihood using the graphical user interface of 169 

RAxML: RAxMLGUI (Stamatakis 2006; Silvestro and Michalak 2012) and Bayesian 170 

analyses using MrBayes 3.2.1 (Ronquist et al. 2012), with the corresponding settings 171 

used for each partition of the combined dataset as described in the supplementary 172 

material. 173 

 The GMYC method combines the neutral coalescent theory (Hudson 1991; 174 

Wakeley 2006) with Yule speciation models (Yule 1924) and, under a maximum 175 

likelihood approach, assesses the branching rates along an ultrametric tree and detects 176 

the point where the transition from rates corresponding to speciation events (speciation 177 

or extinction) to rates indicating coalescence events (i.e., population-level evolutionary 178 

processes) occurs most likely. This transition point (threshold) determines species 179 

boundaries in the way that nodes before the threshold are identified as species 180 

diversification events, whereas nodes after the threshold are considered clusters 181 
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following coalescent processes, i.e., populations (Pons et al. 2006; Fontaneto et al. 182 

2007). Under this approach, the null model assumes that the sample of individuals 183 

derives from a single entity, and follows a coalescent process, whereas the alternative 184 

model assumes that the sample contains several independently evolving entities. A 185 

modification of this method – the multiple threshold GMYC model - was developed by 186 

Monaghan et al. (2009) to allow the transition point to vary among lineages, i.e., 187 

multiple threshold model. Fujisawa and Barraclough (2013) introduced a correction in 188 

the implementation of the GMYC method, treating the threshold times as model 189 

constraints instead of as parameters. As a consequence the single and multiple threshold 190 

methods cannot be compared by likelihood ratio test, since they have the same number 191 

of parameters. The ultrametric trees used in the analyses were generated under a 192 

Bayesian approach using BEAST version 1.7.5 (Drummond and Rambaut 2007). 193 

Procedures to generate the ultrametric trees and to optimize the GMYC model are 194 

available as supplementary material (Material & Methods).  195 

 196 

Statistic analyses 197 

We searched for statistical differences among lineages in the size of the galls, where the 198 

sampling was large enough to achieve reliable statistical analyses. Since the data did not 199 

adjust to a normal distribution, we used the non-parametric Kruskall-Wallis test (Zar 200 

1984; PAST for windows), analogue to the one factor ANOVA, to examine whether 201 

there were significant differences among the groups. Additionally, the correction factor 202 

was used to compute the Hc Kruskal-Wallis statistics (Zar 1984:179). If the Kruskal-203 

Wallis test was significant, Mann-Whitney pairwise comparisons were then used to test 204 

for differences among unique pairs of clusters. The value of alpha was adjusted dividing 205 

by the number of comparisons (i.e., Bonferroni correction) as a conservative correction 206 
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for multiple testing (Kirk 1982). 207 

 208 

Cospeciation analyses 209 

Cospeciation between hosts and parasites was assessed by distance/topology based 210 

methods or event-cost based methods. Distance-based methods determine if hosts and 211 

their parasites are associated randomly by comparing genetic distances from 212 

homologous gene regions for the associated taxa. Event-cost based methods compare 213 

only the branching structure of host and parasite trees to determine if tree topologies are 214 

more similar than would be expected by chance (Light and Hafner 2008). Such methods 215 

use heuristics to find solutions that minimize the overall cost of a historical 216 

reconstruction given a cost regime for different events including cospeciation, host 217 

switching, lineage sorting, etc. 218 

We used both a distance based and an event-cost based test of cospeciation. We 219 

used a distance method –ParaFit Global test (Legendre et al. 2002) – to test the null 220 

hypothesis (H0) that each parasite species is associated with hosts selected randomly 221 

along the host phylogenetic tree, against the alternative hypothesis (H1) that the 222 

positions of the individual host-parasite associations are not random but associated to 223 

phylogenetic distances between hosts and parasites. Analyses were conducted using the 224 

ParaFit method as implemented in the R package “ape” (Paradis et al. 2004). Three 225 

matrices were constructed, i.e., A: a matrix describing the associations between hosts 226 

and parasites, B: the parasite phylogeny transformed into a distance matrix, and C: the 227 

host phylogeny transformed into a distance matrix. Since neither the parasite, nor the 228 

host phylogenies were fully resolved, we used matrices of phylogenetic distances –229 

instead of patristic distances – computed directly from the row data (Legrende et al. 230 

2002). The method, as implemented in R (Paradis et al. 2004), calculates principal 231 
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coordinates matrices from matrices B and C, to calculate a fourth matrix (the four 232 

corner matrix D), from which it calculates a statistic that tests for significance of the 233 

associations between hosts and parasites. Statistical significance of the ParaFitGlobal 234 

statistic was assessed by comparison with a null distribution created by 999 235 

permutations of the host-parasite association matrix while keeping matrices B and C 236 

fixed. If the observed ParaFitGlobal statistic is larger than the randomized statistic in ≥ 237 

95% of cases, the null hypothesis of independent evolution can be rejected, and 238 

cospeciation can be assumed. Testing the significance of individual host-parasite 239 

phylogenetic associations is also possible by testing their contribution to the 240 

ParaFitGlobal. For both the distance-based and the event-cost based analyses we used a 241 

pruned ITS and nLSU alignment including only one representative per putative species 242 

of hosts and parasites. The pruned topologies were obtained using Bayesian analyses 243 

with the same substitution models and settings described in the phylogenetic analyses 244 

(see supplementary material). Since topologies were congruent with the analyses 245 

performed using the complete sampling, we used the 50% majority rule consensus trees 246 

from the pruned Bayesian analyses, for the tree-based coevolutionary analyses. We used 247 

Jane 4.0 (Conow et al. 2010) to test for significant congruence between the Biatoropsis 248 

and Usnea topologies. Cophylogeny mapping in Jane uses heuristics to reconstruct 249 

histories that explain the similarities and differences between associated phylogenies. It 250 

prioritizes minimizing the overall cost, given a cost regime for evolutionary events 251 

including ‘cospeciation’ (a host and a parasite speciate simultaneously), ‘duplication’ (a 252 

parasite speciates and both of the new species remain on the same host), ‘duplication 253 

and host switch’ (a parasite speciates and one of the new species switches onto a 254 

different host), ‘loss’ or ‘lineage sorting’ (a host speciates and the parasite remains only 255 

on one of the new host species) and ‘failure to diverge’ (a host speciates and the parasite 256 
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remains on both new host species) (Charleston 1998; Conow et al. 2010). It is often 257 

difficult to accurately estimate the relative costs of events. We therefore tested several 258 

cost regimes, with settings detailed in Table 4. The different cost regimes were selected 259 

in order to test the overall costs of reconstructions, when minimizing the costs of 260 

different events, penalizing cospeciations or host switches, or giving all events the same 261 

weight. In all analyses the number of generations was set to 100, and the population size 262 

to 300, with a maximum of 99999 stored solutions in each run. Statistical analyses were 263 

then performed in order to test whether the cost of the reconstructions obtained was 264 

significantly lower than expected by chance. Jane 4.0 achieves this by generating a 265 

pseudo-random sample of minimal costs from a null distribution of problem instances 266 

with the same model phylogeny. The null distribution is generated by repeatedly 267 

randomising either the host-parasite associations (Random Tip Mapping), or the branch 268 

pattern of the host tree (Random Parasite Tree). We assessed the significant matching of 269 

host and parasite phylogenies by computing the costs of 1000 replicates – with the same 270 

settings described above – to compare the resulting costs to the cost of the original 271 

cophylogeny. Polytomies in the tree topologies were included in the analyses, since 272 

Jane 4.0 is able to resolve soft polytomies in both trees to minimize the cost of the 273 

cophylogenetic reconstruction. 274 

We selected ParaFit as distance-based method and Jane 4.0 as event-cost based 275 

method, because both approaches accept: 1) unbalanced numbers of hosts and parasites, 276 

2) multihost parasitism, and 3) phylogenies that are not completely resolved. 277 

 278 

 279 

 280 

 281 
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RESULTS 282 

Results on DNA data generated and on phylogenetic analyses are available as 283 

supplementary material (Results). 284 

 285 

Species delimitation by GCPSR and GMYC analyses 286 

Seven species were inferred by GCPSR (Taylor et al. 2000), consisting of lineages that 287 

fulfilled the assumption of concordance among independent gene trees (Table 2; Fig. 288 

2A; Supplementary Fig. S2). Lineages A1 and A2 were separated by the nLSU 289 

topology, and this separation was not contradicted by the other two markers. 290 

Independently of the dataset used, both the single-threshold and multiple-291 

threshold GMYC models resulted in a significant better fit to the ultrametric tree than 292 

the null model, except when using the nLSU individually (Table 1). In all cases the 293 

single threshold model delimited 6 potential species and the multiple-threshold model 294 

delimited 7 potential species (Fig 3, Table 1). When using a single-threshold model, the 295 

narrowest confidence interval for the number of entities (i.e., potential species) 296 

corresponded to the combined analysis and to the single locus analyses using mtSSU 297 

and ITS. When using a multiple-threshold model, the narrowest confidence interval for 298 

the number of entities corresponded to the combined analysis and to the single locus 299 

analysis using mtSSU (Table 1). Using this approach lineage F splits in two 300 

independent lineages, namely F1 and F2 (Table 1; Fig. 2A; Fig. 3A). 301 

Table 2 summarizes the lines of evidence supporting each potential species in 302 

the complex. Four lineages (B-E) are supported by all molecular analytical methods, 303 

and at least by one additional line of evidence. The separation between lineages A1-A2 304 

is recovered by GCPSR, but not by the GMYC approach. Two other lines of evidence 305 

support the split A1-A2, i.e., gall size and host specificity of A2 after a host switch, 306 
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including five samples. The split F1-F2 is more controversial since it is only supported 307 

by the GMYC (multiple-threshold) model, the colour of the galls, and host specificity of 308 

F2 after a host switch, all based on a single sample. We therefore considered four 309 

possible species delimitation hypotheses: i) six potential species recovered by the 310 

GMYC single-threshold model (i.e.: A, B, C, D, E and F; Fig. 3A); ii) seven potential 311 

species recovered by the GMYC multiple-threshold model (i.e.: A, B, C, D, E, F1 and 312 

F2; Fig. 3B); iii) seven lineages inferred by GCPSR (i.e.: A1, A2, B, C, D, E and F; Fig. 313 

2A; Supplementary Fig. S2); and finally, iv) eight lineages including the entities 314 

recovered by the GMYC multiple-threshold model, but splitting lineage A in two 315 

independent ones as inferred by GCPSR, (i.e.: A1, A2, B, C, D, E, F1 and F2; Fig. 2A; 316 

Supplementary Fig. S2). These species-delineation scenarios were considered for 317 

morphological statistical analyses and for coevolutionary analyses. 318 

Fig. 2B depicts the host phylogeny. In total we include 34 terminals in the 319 

phylogeny of Usnea and Protousnea, representing 16 species. As a conservative 320 

approach regarding coevolutionary studies, we considered samples that had been 321 

morphologically determined as the same species, but where genetic distance or tree 322 

topology suggested the possibility of two different lineages, as two different species. 323 

This was the case for the two samples of U. flavocardia and one species in the U. 324 

cornuta group (AM296), which appeared out of the clade including other 325 

representatives of U. cornuta. These two species have been shown to be 326 

morphologically highly variable and could potentially include several undescribed 327 

species (Truong et al. 2011; 2013). Contrarily, we considered the clade including three 328 

unidentified samples of Usnea, collected in a small area in Chile, as the same lineage. 329 

Samples of U. florida and U. subfloridana were considered one lineage, following 330 

Articus et al. (2002) (Fig. 2B). 331 
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Statistical analyses of morphological traits 332 

We studied the size of the galls to compare two alternative species delimitation 333 

hypotheses: i) six lineages recovered by the GMYC single-threshold model (Fig. 3A) – 334 

which would correspond to the lowest diversity inferred – and iv) eight lineages 335 

identified by combining the species recovered by GCPSR and the GMYC multiple-336 

threshold model (Fig. 2A and 3B; Supplementary Fig. S2) – which corresponds to the 337 

hypothesis accounting for the higher diversity within Biatoropsis. In both cases we 338 

found significant differences in the morphology among lineages (p < 5·10
-20

; Table 3). 339 

The level of significance was notably higher when comparing the lineages considered 340 

by ‘hypothesis iv’ of species delimitation (p = 9,808·10
-23

; Table 3B) than when 341 

considering the GMYC entities using a single-threshold model, i.e., ‘hypothesis iii’ (p = 342 

1,168·10
-20

; Table 3A). Lineages A1, A2 and B were the maximum contributors to the 343 

significance of the global test. 344 

 345 

Cospeciation and Cophylogeny tests 346 

The global ParaFit test did not allow rejecting the null hypothesis of random 347 

association, independently of the species delimitation hypothesis considered for 348 

parasites: i) (GMYC single threshold) p-value=0.377; ii) (GMYC multiple threshold) p-349 

value=0.236; iii) (GCPSR) p-value=0.197; (GCPSR and GMYC multiple threshold) p-350 

value=0.285. However, event-cost based tests using Jane 4.0 detected significant 351 

congruence (i.e., > 95% of random solutions were worse than the solution reconstructed 352 

by Jane) between Biatoropsis and Usnea/Protousnea phylogenies, in most cases (Table 353 

5). The only exception appeared when using cost regime 7, in which losses were not 354 

penalized. In this case, all random solutions were equally good compared to the solution 355 

reconstructed by Jane 4.0. Using the species delimitation hypotheses considering 356 
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lineages A1 and A2 as independent (i.e., hypotheses iii and iv) always resulted in a 357 

lower overall cost (Table 5). Assigning a lower cost to host switches than to 358 

cospeciations (cost regimes 4-6; Tables 4 and 5) obviously increased the number of host 359 

switches inferred, but also decreased the overall cost in all cases, compared to 360 

reconstructions when the cost of cospeciations was lower than that of host-switches, or 361 

when both events were assigned the same cost (cost regimes 1-3; Tables 4 and 5). 362 

Penalizing cospeciations always resulted in lower overall costs, independently of the 363 

species delimitation hypothesis considered and of the cost regime utilized (Tables 4 and 364 

5). Moreover, penalizing cospeciations over host switches yielded always the same 365 

particular four or five host switches, also independently of the species delimitation 366 

hypothesis considered, and of the cost regime utilized (cost regimes 4-6; Tables 4 and 367 

5). The same host switches were recovered when the cost of failure to diverge was set to 368 

0 (cost regime 6; Tables 4 and 5). All host switches reconstructed were related to the 369 

origin of host-specialized lineages (i.e., A2, B, D, E and F2; Fig. 4). Particularly the 370 

host switch explaining the origin of lineage A2 was supported in all reconstructions 371 

including A2 as a potential species. Assigning cost 0 to losses and failure to diverge 372 

resulted indeed in less costly reconstructions, but these were never significantly better 373 

than the reconstructions generated in the randomized tests (Cost regime 7; Tables 4 and 374 

5). These reconstructions were therefore not considered. However, all significant 375 

reconstructions included a similar number of failures to diverge – ranging from 9 to 11 376 

– independently of the species delimitation hypotheses and cost regimes utilized (Table 377 

5). Among the significant reconstructions (Table 5), the lower overall costs were 378 

recovered using the species delimitation hypotheses iii and iv, and utilizing the cost 379 

regime ‘5’ – which penalized cospeciations and assigned cost=0 to failures to diverge. 380 
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These reconstructions consisted of 1 cospeciation, 1 duplication, 4 to 5 host switches, 8 381 

losses, and finally 9 to 10 failures to diverge (Table 5; Fig. 4). 382 

 383 

DISCUSSION 384 

Biatoropsis usnearum is a species complex formed by at least 7 potential independent 385 

lineages. Cospeciation does not seem to have played a major role in the diversification 386 

of the group. Contrarily, host switching appears as a prominent force driving speciation, 387 

particularly in host-specialized parasites. Losses and failure to diverge are also frequent 388 

in the history of the Biatoropsis-Usnea/Protousnea association. 389 

 390 

Host switching, rather than cospeciation, originates host-specialists within 391 

Biatoropsis 392 

Cospeciation is a process in which speciation in one lineage is accompanied by 393 

speciation in an associated but unrelated lineage (Clayton et al. 2003) and implies time 394 

congruence in speciation events of both associated lineages. Cospeciation was 395 

traditionally the prevalent hypothesis to explain diversification in parasites, especially 396 

when they were host-specialized or had a narrow host-range (Paterson et al. 2000; 397 

Perez-Losada et al. 2006; Light and Hafner 2008). However, the cospeciation paradigm 398 

in host-parasite systems gradually lost strength, as studies on coevolutionary 399 

mechanisms showed that other processes were more frequent in these associations 400 

(Peterson et al. 2010; Badets et al. 2011; Jansen et al. 2011). In a recent critical review, 401 

de Vienne et al. (2013) claim that only 7% of such studies constitute convincing cases 402 

of cospeciation. Our ParaFit tests were not significant independently of the species 403 

delimitation hypothesis considered, which rules out cospeciation as a main 404 

diversification mode in Biatoropsis. Our results add to the multiple examples where 405 
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cospeciation does not explain the evolutionary story of a host-parasite association. On 406 

the contrary, in the Biatoropsis-Usnea system, host-switching events are more frequent 407 

than cospeciation events in the best cophylogeny reconstructions. Host switching has 408 

been recognised as a main mode of speciation in many coevolutionary studies (Roy 409 

2001; Charleston and Robertson 2002; de Viene et al. 2013; Perlman et al. 2003; 410 

Weckstein 2004; Huyse et al. 2005; Shafer et al. 2009; Lee and Stock 2010; Lewis-411 

Rogers and Crandall 2010; Gottschling et al. 2011; Longdon et al. 2011; Cui et al. 2012; 412 

Irwin et al. 2012; Mcleish and Noort 2012), including systems of plant pathogenic fungi 413 

(Jackson 2004; Refrégier et al. 2008). Host switches have been related to bursts of 414 

species diversification (Fordyce 2010). In particular mycoparasitism has shown to 415 

increase speciation rates in parasitic fungi after a host switch from plant-hosts to fungal-416 

hosts (Chaverri and Samuels 2013). Whether speciation rates are higher in 417 

mycoparasitic lineages of the Tremellales, and if this habit was the result of one or 418 

several host switches remains to be tested, but the abundance of mycoparasitism within 419 

the group suggests its link with episodes of accelerated diversification. 420 

It has been argued that coevolution processes can promote speciation through 421 

host specialization (Summers et al. 2003), but in those cases speciation occurs more 422 

frequently through host switches than through cospeciation (de Vienne et al. 2013). 423 

There are alternative explanations for host restriction including limited dispersal or 424 

limited adaptation to hosts (Timms and Read 1999). Some parasites may have evolved a 425 

restricted host range due to geographical barriers, for instance when hosts occur in 426 

allopatry, or because limited dispersal abilities, without any evolutionary processes of 427 

reciprocal adaptation being involved (Refrégier et al. 2008). Werth et al. (2013) 428 

compared the demographic stories of the host-specific Tremella lobariacearum and its 429 

Lobaria hosts and showed that host specificity, and not geographical barriers among 430 
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islands, was the most important factor structuring the populations of the lichenicolous 431 

species. This is also the case in the Biatoropsis/Usnea system where host-specificity, 432 

appears to influence speciation in the lichenicolous partner independently of geography. 433 

Alternatively to geographical constraints, host specificity may arise because of 434 

adaptive specialization (van Tienderen 1991), i.e., when being a generalist reduces 435 

fitness, and host-specificity may be an advantage even in sympatry (Refrégier et al. 436 

2008). Our results reveal that different host-specific species of Biatoropsis often occur 437 

in sympatry suggesting speciation by adaptive specialization. A better knowledge on the 438 

reproduction and dispersal methods of parasites can help to interpret speciation through 439 

host specialization – understood as reproductive isolation accompanying host-440 

specificity. Little if any is known on the dispersal mechanisms of Biatoropsis or on its 441 

reproductive mode. Biatoropsis can potentially reproduce sexually (see Bandoni 1995, 442 

for details on the life-cycle of the Tremellales). However, the low genetic divergence of 443 

samples collected in geographically distant areas (Supplementary Fig. S3) suggests long 444 

distance dispersal and vertical transmission of the parasite together with the host, by 445 

means of asexual reproduction. It has been demonstrated that asexual organisms can 446 

diversify into independently evolving and distinct entities equivalent to species, and that 447 

adaptation to different ecological niches is among the possible causes of divergence 448 

(Fontaneto et al. 2007). 449 

In a general context, host specificity has been claimed to be the reason for ‘non-450 

host resistance’ – i.e., resistance of species that are not considered to be hosts of a 451 

certain parasite –, opposite to ‘evolved resistance’ or resistance acquired by evolution of 452 

the host towards the parasite (implying coevolution) (Antonovics et al. 2012). The range 453 

of Usnea and Protousnea hosts that can be infected by Biatoropsis is currently difficult 454 

to assess, but of the ca. 350 species included in Usnea and Protousnea together, only 54 455 
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have been reported to harbour basidiomata of the parasite (Diederich and Christiansen 456 

1994; own unpublished observations). Field studies have shown that in mixed 457 

populations of Usnea species, not all species are attacked (Diederich and Christiansen 458 

1994). The reasons for host specificity and host resistance in this system, as well as in 459 

other systems of mycoparasitic fungi, have never been investigated, and deserve further 460 

attention in future evolutionary studies. 461 

 462 

Losses, failure to diverge, and generalist species 463 

Generalist species are also present in the Biatoropsis-Usnea system, if we consider 464 

species that grow on different species of the same genus, ‘generalists’. The importance 465 

of recognizing generalist species in parasite diversity surveys has been already pointed 466 

out (Refrégier et al. 2008; de Vienne et al. 2012), particularly in order to make sounder 467 

assumptions in cospeciation studies. The existence of systems where both generalists 468 

and specialists occur are not rare (Little et al. 2006; Poullain et al. 2008) and might be 469 

influenced by a combination of selection pressures and compensations of e. g. being 470 

able to grow on a wider range of hosts, or a higher rate of adaptation of specialists (de 471 

Vienne et al. 2013). Loss and failure to diverge are in general more abundant in 472 

cophylogeny reconstructions than might initially be thought. They are prevalent in the 473 

Biatoropsis-Usnea association, and the latter seem to be related to the origin of 474 

generalist species in the complex. Extinctions have been reported to be frequent in 475 

parasites, either due to the gain of resistance by the host (Ricklefs et al. 2004) or to a 476 

decline in host population size (de Castro and Bolker 2005). When a host speciates, the 477 

population size of the emerging new species can often be too small for the parasite to 478 

survive, and this can easily become extinct on the incipient host (Altizer et al. 2007; 479 

Gibson et al. 2010). On the contrary, failure to diverge is one of the evolutionary 480 
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processes generating multi-host parasites (Johnson et al. 2003). It occurs when parasite 481 

populations survive and maintain genetic flow despite the hosts diverging, generally 482 

between parasite populations that grow on originally closely related hosts (Banks and 483 

Paterson 2005). The considerable number of failures to diverge reconstructed in deeper 484 

nodes of our parasite phylogeny suggests that generalist species are ancient lineages 485 

within Biatoropsis. 486 

One important question remains: which are the factors favouring the origin of 487 

specialist and generalist species in this system? It has been hypothesized that lichen 488 

secondary metabolites could play important roles in the specialization of lichenicolous 489 

fungi (Lawrey and Diederich 2003). Werth et al. (2013) suggested that hosts can create 490 

a selective environment for the lichenicolous Tremella lobariacearum since, despite 491 

their wide geographic distribution, the same parasite haplotypes consistently associate 492 

with a given host species. Host specific lineages within Biatoropsis all grow on hosts 493 

that have rather distinct morphological and chemical characteristics compared to the 494 

original hosts (Calvelo et al. 2005; Clerc 2006), supporting speciation in sympatry. In 495 

particular, A2 evolved host specificity on a different genus (Protousnea) after a host 496 

switch. Whether secondary lichen compounds or morphological characteristics can be 497 

influencing hosts specialization is, however, not known. Other authors have suggested 498 

the evolution of degradative specific enzymes by specialized parasites as alternative 499 

adaptive mechanism (Lawrey, 2002). Some plant pathogens suppress costly metabolic 500 

pathways, when they get particular nutrients directly from the host, which conditions 501 

their survival to obligate biotrophy on selected plant species (Kemen et al. 2011). In the 502 

case of generalist parasitic lineages, diverging host species should present biochemical 503 

similarities that allow the same parasite to adapt to the hosts. A thorough study of the 504 
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biochemical mechanisms of pathogenicity and resistance constitutes another highly 505 

interesting future line of research in mycoparasitic fungi. 506 

 507 

Overlooked diversity within Biatoropsis 508 

Fungal species complexes are abundant (Le Gac et al. 2007; Crespo and Pérez-Ortega 509 

2009; Crespo and Lumbsch 2010; Diogo et al. 2010; Hyde et al. 2010; Rodrígez-Estrada 510 

et al. 2010; Cai et al. 2011), which make fungi suitable organisms in which to 511 

investigate early stages of speciation and to understand mechanisms generating 512 

diversity (Guiraud et al. 2008). The drawback is that species delimitation is often 513 

challenging in some groups (including Tremellales) due to scarcity of morphological 514 

characters. In host-specific parasitic fungi, species delimitation relies frequently on 515 

hosts, but it is important to utilize adequate species delimitation methods that account 516 

for actual diversity, identifying both specialist and generalist species (Refrégier et al. 517 

2008). One of the approximations that integrative taxonomy offers to delineate species 518 

boundaries is the so-called “taxonomic circle”, which requires the coincidence of at 519 

least two independent lines of evidence to allow supporting species-recognition 520 

hypotheses (DeSalle et al. 2005). Lines of evidence can be based on DNA data, 521 

morphology, geography, reproduction, and ecology (Ferri et al. 2009; Damm et al. 522 

2010; Cruz-Barraza et al. 2012). Following this approach we combined several 523 

evidences, including a) DNA data (using different analysis methods for species 524 

recognition), b) morphology, and c) ecology in order to outline species-delimitation 525 

hypotheses within Biatoropsis usnearum. Under this approach, the genus harbours at 526 

least 7 species, and lineage F2 deserves further investigations as a possible independent 527 

evolving entity (Table 2). Diederich and Christiansen (1994) had earlier suggested that 528 

Biatoropsis might include several species, but they refrained from separating 529 
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morphologically distinct taxa (i.e., based on gall colour and morphology) due to the 530 

abundance of intermediate forms. Indeed, among all lineages within Biatoropsis only B 531 

is clearly distinct morphologically, regarding size and colour of the galls. For the rest, 532 

even when gall sizes generate statistical differences, overlapping does not allow to use 533 

this character to identify species. Also the colour of the galls is too variable, except for 534 

lineage B, to base circumscriptions on this trait. Therefore, an integrative strategy is 535 

especially useful to 1) delineate species boundaries in difficult diagnosable groups 2) to 536 

identify the methods and lines of evidence that can contribute more importantly in 537 

particular species-delimitation problems, and 3) to identify well supported species and 538 

those where additional investigations would be necessary. 539 

 540 

Differences between species-delimitation methods and the problem of rare species 541 

GCPSR is currently the most widely used species recognition criterion in fungi and it 542 

has proven to perform more accurately than other discriminating methods (e.g., 543 

morphological species recognition –MSR), or to be more convenient for particular 544 

groups where other criteria as biological species recognition (BSR) are not applicable, 545 

(e.g., asexual fungi) (Guiraud et al. 2008). The method detects the separation between 546 

lineages A1 and A2, which is also sustained by the distinct ecology of species A2 – 547 

restricted to Protousnea dusenii – as a consequence of a host-switch. Phylogenetic 548 

studies within the lichen-forming family Parmeliaceae indicated that Protousnea forms 549 

a distant lineage from Usnea (Crespo et al. 2007, Truong et al. 2013), but several Usnea 550 

species are sympatric with Protousnea in Southern South America, which might have 551 

favoured the host-switch. However, the GMYC approach does not support the 552 

independence of lineages A1 and A2. It has been demonstrated with simulated data that 553 

recent speciation events are often not detected by this method (Fujisawa and 554 
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Barraclough 2013). On the contrary, the GMYC method performs relatively well to 555 

identify rare species where sampling is limited to one or a few representatives. For 556 

instance, the separation of lineages F1 and F2 is only supported by a GMYC multiple-557 

threshold approach. Lineage F2 constitutes a singleton (i.e., species represented by a 558 

single specimen) and differs from specimens included in lineage F1 in gall morphology 559 

(black galls instead of orangish galls) and host (U. ceratina).  560 

Species delimitation of rare species, often based on single specimens, is indeed 561 

problematic, but such species are otherwise common in diversity surveys (Hajibabaei et 562 

al. 2006; Pons et al. 2006; Coddington et al. 2009; Monaghan et al. 2009). Pons et al. 563 

(2006) suggested that, since the GMYC model is a branching-based approach, 564 

independent of the recognition of population limits, ‘the approach permits the inclusion 565 

of rare species represented by only a single individual, which is problematic in 566 

population based species concepts’. Although some authors have been skeptical about 567 

the sensitiveness of the method in cases of undersampling of taxa (Lohse 2009), the 568 

modification of the GMYC method achieved by Monaghan (2009) – allowing the 569 

transition point from coalescent to cospeciation to vary along branches – reveals as 570 

specially appropriate to identify species boundaries even under conditions of scant 571 

sampling for rare species (Papadopoulou et al., 2009). The simulations achieved by 572 

Reid and Casterns (2012) showed that the GMYC model can be particularly useful 573 

when taxon sampling is incomplete. Caution is recommendable however when using the 574 

multiple threshold approach, since its tendency to over-split has been also reported 575 

(Fujisawa and Barraglough 2013). Of the two singletons recovered in our study, lineage 576 

F2 is therefore considered with some hesitation, but there are signs (different host and 577 

different colour of the galls) indicating that additional sampling would be worthwhile to 578 

confirm or reject F2 as a species. The multiple-threshold GMYC method should not be 579 



 25 

neglected as a tool to bring attention to rare or possibly undersampled lineages, on 580 

which further investigations should be conducted. 581 

 582 

The combination of ITS and nLSU as a barcode system for the Tremellales 583 

The GMYC method is widely used for delimiting species from single locus data, but 584 

can also be used to delimit lineages from any ultrametric trees, including those obtained 585 

by combining multilocus data (Fujisawa and Barraclough 2013). Our comparisons of 586 

species-delimitations by GMYC employing single locus data, or the concatenated 587 

dataset, suggest that the method performs better on the ultrametric tree derived from the 588 

combined dataset (Table 2; Fig. 3) regarding the level of significance supporting the 589 

GMYC model over the null model of coalescence, and the restricted confidence 590 

interval. The mitochondrial small subunit rDNA (mtSSU) retrieves even higher values 591 

of significance and narrower confidence intervals, but this could be an effect of the 592 

lower number of haplotypes sampled in the mtSSU analyses. The use of the internal 593 

transcribed spacer and the large subunit of the rDNA (ITS + nLSU) as a single marker 594 

gives a total coincidence on lineage-delineation with the combined dataset, 595 

independently of using the single or the multiple-threshold variant of the GMYC model. 596 

Some conflicts were observed with ITS alone and mtSSU and the nLSU used alone did 597 

not yield significant results, although species recognized by this marker coincide also 598 

with the recovered using the combined dataset (Fig. 3). ITS has recently been proposed 599 

as the official primary barcoding marker for fungi (Eberhardt 2010; Schoch et al. 2012). 600 

It has been mentioned, however, that the nuclear ribosomal large subunit (nLSU), had 601 

superior species resolution in some taxonomic groups such as early diverging lineages 602 

and basidiomycete yeasts (Schoch et al. 2012). The possibility of a two-marker 603 

barcoding system for fungi (i.e., combining ITS and nLSU) has sometimes been 604 
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preferred among mycologists, particularly by researchers working on tremellalean 605 

yeasts (Fell et al. 2000; Scorzetti et al. 2002), Glomeromycota (Stockinger et al. 2010) 606 

or environmental samples (Klaubauf et al. 2010). Schoch et al. (2012) showed that in 607 

reality ITS and LSU performed very similarly as barcodes, and that differences in these 608 

sequences correlated well with current species concepts in fungi. ITS is preferred in 609 

general, however – for the majority of fungal groups – due to its higher variability 610 

(especially in recent lineages of fungi) and higher level of success in PCR 611 

amplifications. Our GMYC results suggest that combining ITS and nLSU constitutes a 612 

more accurate barcode system for tremellalean species, coinciding with Fell et al. 613 

(2000) and Scorzetti et al. (2002). Moreover, only the nLSU gene tree supported the 614 

split between lineages A1 and A2 recovered by GCPSR. We therefore recommend the 615 

use of this marker, in addition to ITS, in future species delimitation studies in the 616 

Tremellales. 617 

 618 

In summary, our results show that combining GCPSR with the GMYC model is 619 

a good strategy for identifying and delimiting independent fungal lineages, even in the 620 

case of limited sampling. Despite uncertainty in the selection of competing delimitation 621 

hypotheses, the combination of the two methods detects potential independent evolving 622 

lineages that might otherwise remain unnoticed. We recommend adopting the 623 

combination of GCPSR and the GMYC model in future studies of speciation in parasitic 624 

fungi, to provide comparable data from similar systems. Moreover, it will be interesting 625 

to test whether the combination of these two approaches can be applicable to other 626 

organisms and ecological situations too. Our study has also interesting implications for 627 

the understanding of the evolution modes in parasitic fungi and their contribution to the 628 

origin of diversity. We have shown here that, in addition to other lines of evidence 629 
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widely used in integrative taxonomy (such as DNA data, morphology, reproductive 630 

ability, geography, or ecology), understanding the evolutionary processes driving 631 

speciation (here host switching) is a valuable addition to support the distinction of 632 

species in fungal parasites. 633 
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FIGURE CAPTIONS 997 

 998 

Fig. 1. Morphological variation of galls induced by Biatoropsis usnearum on Usnea and 999 

Protousnea thalli. Scale bars = 1 mm. Specimens are representatives of lineages shown 1000 

in Figs. 2A and 3 (see also Supplementary Table S1 for details). A1: specimen AM190 1001 

(lineage ‘A1’); A2: specimen AM139 (lineage ‘A2’); B: specimen AA9 (lineage ‘B’); C: 1002 

specimen AM203 (lineage ‘C’); D: specimen AA10 (lineage ‘D’); E: specimen AM213 1003 

(lineage ‘E’), F1: specimen AM10 (lineage ‘F1’); and F2: specimen AM166 (lineage 1004 

‘F2’). 1005 

 1006 

Fig. 2. Fifty percent majority rule Bayesian consensus trees with average branch lengths 1007 

from the combined analyses of ITS, nLSU and mtSSU datasets for Biatoropsis (A) and 1008 

from the combined analyses of ITS and nLSU for their Usnea and Protousnea hosts (B). 1009 

Black thick branches indicate Bayesian posterior probabilities (BPP) values ≥ 0.95 and 1010 

ML and MP bootstrap values ≥ 70%. Grey thick branches indicate branches supported 1011 

only by one or two methods. In these cases Bayesian posterior probabilities (BPP) are 1012 

indicated over the branches and ML (left) and MP (right) bootstrap support values are 1013 

indicated below the branches. Branch lengths are scaled to the expected number of 1014 

nucleotide substitutions per site. 2A: For each Biatoropsis specimen, the geographical 1015 

origin of the sample is indicated (see Supplementary Table S1). Coloured boxes in the 1016 

Biatoropsis topology represent lineages A, B, C, D, E, and F, as potential species 1017 

recovered using the GMYC single threshold model. Subdivisions of these lineages 1018 

obtained using the GMYC multiple threshold model or the genealogy concordance 1019 

phylogenetic species recognition (GCPSR) are also indicated along the tree (A1, A2, 1020 

B1, B2, C, D, F1 and F2; see Fig. 3 and Supplementary Fig. S2). Speciation hypotheses 1021 
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where each particular lineage is present are indicated in italics and within parentheses. 1022 

Asterisks indicate parasite lineages that are host-specific. 2B: Colours in the 1023 

Usnea/Protousnea phylogeny represent the mapping of the parasites on the host tree. 1024 

The names of the parasite lineages corresponding to each host are also indicated for 1025 

each terminal of the host tree. 1026 

 1027 

Fig. 3. Evolutionary reconstruction of the single-threshold (A) and multiple threshold 1028 

(B) general mixed Yule-coalescent (GMYC) models, using the combined dataset 1029 

described in Fig. 2A, i.e., ITS, nLSU and mtSSU, or each gene independently. The scale 1030 

indicates relative time. The thresholds (i.e., the points where the transition from rates 1031 

corresponding to speciation events to rates indicating coalescence events occurred most 1032 

likely) are indicated with red vertical lines. The GMYC entities and clusters recovered 1033 

are named as clades in Fig. 2A, or as subdivisions of these clades. Four columns to the 1034 

right represent the coincidence or not of the lineages recovered when using single locus 1035 

datasets. Black-lined white circles indicate lineages supported also using individual 1036 

genes. Red-lined white circles indicate lineages recovered –but without support– using 1037 

individual genes. Red crosses indicate conflicts in lineages obtained using the complete 1038 

dataset or some of the independent genes. In this last case, different lineages recovered 1039 

by single genes are indicated. A question mark in the mtSSU column indicates that 1040 

DNA data is missing for this marker and lineage F2. 1041 

 1042 

Fig. 4. Least costly coevolutionary reconstructions between Biatoropsis and Usnea/ 1043 

Protousnea phylogenies, achieved using Jane 4.0 and using pruned phylogenies 1044 

including one representative per potential species of parasite and host. A) Biatoropsis 1045 

species delimitation hypothesis iii (lineages recovered by GCPSR). B) Biatoropsis 1046 
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species delimitation hypothesis iv (lineages recovered combining GCPSR and the 1047 

GMYC multiple-threshold model) and their respective hosts (see Figs. 2 & 3, Table 5, 1048 

and material and methods). Black branches represent the host phylogeny and blue 1049 

branches the parasite phylogeny. Violet lines represent original polytomies resolved by 1050 

Jane in order to minimize the overall cost of the solution. The cost regime utilized for 1051 

the reconstruction was as follows: (cospeciation = 2, rest of events = 1, failures to 1052 

diverge = 0) corresponding to cost regime 5 (Table 4). White filled circles represent 1053 

cospeciations, yellow solid circles represent duplications, red solid circles represent host 1054 

switches, dashed lines represent losses, and uneven (not straight) lines represent failures 1055 

to diverge. Support values over 95% are indicated next to each event. These values give 1056 

the percentage of solutions in which a specific event of the parasite tree is mapped to a 1057 

given location on the host tree. The red arrow indicates a host switch recovered in 100% 1058 

of the reconstructions that included lineage A2 –independently of the cost regime 1059 

utilized (Table 5). 1060 
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