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A B S T R A C T   

Lichenicolous fungi are a heterogeneous group of organisms that grow exclusively on lichens, forming obligate 
associations with them. It has often been assumed that cospeciation has occurred between lichens and lichen-
icolous fungi, but this has been seldom analysed from a macroevolutionary perspective. Many lichenicolous 
species are rare or are rarely observed, which results in frequent and large gaps in the knowledge of the diversity 
of many groups. This, in turn, hampers evolutionary studies that necessarily are based on a reasonable knowl-
edge of this diversity. Tremella caloplacae is a heterobasidiomycete growing on various hosts from the lichen- 
forming family Teloschistaceae, and evidence suggests that it may represent a species complex. We combine 
an exhaustive sampling with molecular and ecological data to study species delimitation, cophylogenetic events 
and temporal concordance of this association. Tremella caloplacae is here shown to include at least six distinct 
host-specific lineages (=putative species). Host switch is the dominant and most plausible event influencing 
diversification and explaining the coupled evolutionary history in this system, although cospeciation cannot be 
discarded. Speciation in T. caloplacae would therefore have occurred coinciding with the rapid diversification – 
by an adaptive radiation starting in the late Cretaceous – of their hosts. New species in T. caloplacae would have 
developed as a result of specialization on diversifying lichen hosts that suddenly offered abundant new ecological 
niches to explore or adapt to.   

1. Introduction 

Lichenicolous fungi are a diverse and heterogeneous assemblage of 
organisms that grow and develop exclusively on lichens, often forming 
obligate associations. The early literature on lichenicolous fungi is 
scattered, but the interest in these fungi increased much during the past 
decades with the production of many useful reviews, monographs, and 
identification keys (Clauzade et al., 1989; Diederich, 1996; Hawks-
worth, 2003; Lawrey and Diederich, 2003; Ihlen and Wedin, 2008; 
Diederich et al., 2018; Millanes et al., 2021). The nature of these asso-
ciations is frequently not known with certainty. Some lichen-inhabiting 
fungi are more or less clearly parasites of the mycobiont, the photobiont, 
or both, while others are potentially saprotrophs or symbionts 
(Hawksworth, 1982a, 2003; Triebel et al., 1997; Lawrey and Diederich, 
2003; Asplund et al., 2016; Spribille et al., 2016; Diederich et al., 2018; 
Tuovinen et al., 2019, 2021; Tagirdzhanova et al., 2021). We therefore 
refer to ‘hosts’ and ‘parasites’ for simplicity in this manuscript, assuming 

that other kinds of interactions are possible. Independently of the 
character of the association, the long-term evolutionary partnership 
with lichens seems to drive speciation at least in some groups of 
lichenicolous fungi (Lawrey and Diederich, 2003; Millanes et al., 
2014a). 

In 2018, 2000 species of obligately lichenicolous fungi had been 
described, but it is estimated that the number of species could reach 
5000 (Diederich et al., 2018). Approximately 95 % of the lichenicolous 
fungi are supposed to be highly specialized towards their hosts (Die-
derich et al., 2018), although the degree of host-specificity can be con-
cealed by uncertainties in species boundaries. The close and intimate 
relationship between lichenicolous fungi and their hosts, and the 
frequent high specificity, resulted in the widespread assumption that 
lichenicolous fungi cospeciated with lichens (Hawksworth, 1982b; 
Lawrey and Diederich, 2003), an assumption that has only rarely been 
tested (Millanes et al., 2014a). 

Organisms that live ecologically linked potentially affect each 
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other’s evolution (Page, 2003), which results in the microevolutionary 
processes of mutual selection and reciprocal adaptation defined as 
coevolution (Page, 2003; Nunn et al., 2004; Thrall et al., 2007; de 
Vienne et al., 2013). Coevolution does not necessarily imply cospecia-
tion, although it promotes it in some cases (Page, 2003; Smith et al., 
2008). Cospeciation is, on the contrary, the macroevolutionary pattern 
observed when two symbionts speciate at the same time and can simply 
result from allopatric co-diversification in both linked organisms. In 
host-parasite systems, however, hosts can promote parasite speciation in 
sympatry by providing new ecological niches. When two symbionts 
undergo speciation at the same time (cospeciation), their joint evolu-
tionary history results in congruent phylogenies (Wang et al., 2019). 
However, cospeciation is not the only process leading to matching to-
pologies (Millanes et al., 2014a; Herrera et al., 2016; Zhao et al., 2016; 
Singh et al., 2017; Fecchio et al., 2018; Navaud et al., 2018; Layton et al., 
2019; Lindgren et al., 2020). De Vienne et al. (2013) already pointed out 
that only 7 % of the published cophylogenetic studies constituted 
convincing cases of cospeciation. Symbionts speciate more often by host 
switch, which implies specialization of a newly emerged parasite species 
on a new host (Buser et al., 2014; Fecchio et al., 2018; Mestre et al., 
2020). Host switches can also result in congruent phylogenies, partic-
ularly when branch lengths are shorter in parasite phylogenies, indi-
cating that speciation in the parasites occurred much later than that of 
the hosts (de Vienne et al., 2013). The first, and so far, only cophylo-
genetic study carried out on lichenicolous fungi and their hosts showed 
that speciation by host switch rather than cospeciation was prevalent in 
this system (Millanes et al., 2014a). In organisms ecologically linked, 
‘cascading’ or ‘sequential’ speciation has been proposed as a process in 
which associated organisms evolve by subsequent adaptive differentia-
tion of one of them as a response to an initial divergence of the other. 
Diversification events in one group would then, in turn, act as drivers for 
further diversification (Feder and Forbes, 2010; Hood et al., 2015). 
Although sequential speciation has been linked to cospeciation derived 
from coevolution (Bracewell et al., 2018), sequential speciation could 
also result from host shifting, when new parasite species form as a result 
of new opportunities for hosts colonisation in scenarios of host diversi-
fication (Janz et al., 2006; Forbes et al., 2009). Such a situation would 
resemble parasites ‘exploring strange new worlds’, suddenly made 
available after speciation in the host group. 

Within the fungal groups including lichenicolous representatives, the 
Tremellomycetes (Agaricomycotina, Basidiomycota) are particularly 
interesting in terms of their varied ecology. They comprise species with a 
remarkably diverse range of lifestyles, including lichenicolous fungi, 
saprotrophs, parasites of non-lichenized fungi, and parasites of animals, 
including humans (Millanes et al., 2011; Liu et al., 2015). Lichenicolous 
Tremellomycetes have been comparatively less studied due to method-
ological constraints. The physical interaction between lichenicolous 
tremellalean fungi and their hosts is very tight, as they grow completely 
intermixed (Grube and de los Ríos, 2001), which complicates molecular 
studies. They are, however, specially interesting in that they represent a 
reservoir of overlooked diversity. Diederich (1986) was the first to 
formally describe a lichenicolous Tremella species. Since then, more than 
116 new species have been described, which indicates a great and still 
largely unexplored diversity in the Tremellomycetes, probably also 
hidden in several species complexes (Millanes et al., 2014a, 2015, 
2016a; Diederich, 1996; Diederich et al., 2018; Diederich et al., 2022). 
Species identification is crucial to a wide range of biological research, 
including cophylogeny studies, and several operational criteria are used 
to circumscribe species in empirical studies. With this purpose, a num-
ber of molecular-based species delimitation methods had been devel-
oped in the past decades, founded on different assumptions and 
statistical theories (see Rannala and Yang, 2020, for a review). Different 
such approaches often yield different species delimitation hypotheses, 
and it is not uncommon that studies aimed at identifying species 
boundaries compare several methods in order to reach sounder taxo-
nomic conclusions (Amador et al., 2018; Matos-Maraví et al., 2019; 
Košuthová et al., 2020; Maharachchikumbura et al., 2021). Moreover, to 
solely rely on genetic data to set species boundaries could lead to 
inaccurate species delimitations, and using different lines of evidence, 
including ecology is also recommendable (Yang and Rannala, 2010; 
Carstens et al., 2013; Luo et al., 2018; Rannala and Yang, 2020). 
Lichenicolous Tremella species are usually confined to a particular 
fungal host genus or species, and host selection has proved to be a good 
indicator of species boundaries (Millanes et al., 2015, 2016b; Zamora 
et al., 2016; Diederich et al., 2022). The Tremellomycetes are in general 
a poorly known group where further studies are needed to disentangle 
their diversity, and where much is still uncertain on how host-specific 
different species are (Hawksworth, 2003; Lawrey and Diederich, 2003; 

Fig. 1. Tremella caloplacae s. l. growing on different hosts: (A) on Xanthoria parietina, (B) on Rusavskia elegans, (C) on Variospora flavescens, (D) on Rusavskia sorediata, 
(E) on Calogaya pusilla and (F) on Xanthocarpia sp. White circumferences enclose Tremella-induced galls. Scale bars = 1 mm. 
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Tuovinen et al., 2021). 
Tremella caloplacae is an example of a lichenicolous tremellalean 

species with a presumably wide host range on different species of the 
lichen family Teloschistaceae (Sérusiaux et al., 2003; Diederich, 2007). 
It was first reported growing on several species of Caloplaca s. l. 
(C. arenaria, C. arnoldii, C. aurantia, C. carphinea and C. saxicola), and 
later on other hosts of the Teloschistaceae (Diederich, 2007). The 
generic classification of Teloschistaceae has since then progressed 
dramatically (Gaya et al., 2003, 2008; Arup et al., 2013; Kondratyuk 
et al., 2014; Bungartz et al., 2020; Wilk et al., 2021). Following an 
increased understanding of their phylogeny, Caloplaca has recently been 
divided in many different genera, although some generic delimitations 
remain unsettled (Arup et al., 2013; Gaya et al., 2015; Bungartz et al., 
2020; Wilk et al., 2021). The Teloschistaceae is nevertheless one of the 
most diverse families of lichen forming fungi with more than 1000 
species known worldwide (Arup et al., 2013). Still, Tremella caloplacae s. 
l. is known from comparatively few hosts in the family, and galls 
induced by this fungus are not frequently observed in the species of the 
Teloschistaceae on which they are known to grow. Lawrey and Die-
derich (2003) already hypothesized that the number of species of 
lichenicolous fungi would prove to be roughly proportional to the 
number of lichen genera, and we would like to explore this hypothesis 
further. The macromorphology of Tremella caloplacae varies consider-
ably depending on the host genus (Fig. 1), which suggests that 
T. caloplacae could constitute a species complex (Diederich, 2007). We 
have achieved a thorough search of T. caloplacae s. l. in a wide range of 
Teloschistaceae hosts (Table S1), which provides a first overview of the 
diversity of this putative species complex. 

The aim of this work was to investigate the diversity in the system 
formed by Tremella caloplacae s. l. and their Teloschistaceae hosts, in the 
light of recent developments in the host phylogeny and classification. 
We performed species delimitation studies to assess whether Tremella 
caloplacae s. l. constituted a species complex. The null hypothesis 
assumed that T. caloplacae was a single species, and therefore a gener-
alist taxon regarding host selection. We also evaluated the congruence 
between the tree topologies and the divergence times of T. caloplacae s. l. 
and their Teloschistaceae hosts to identify patterns resulting from their 
coupled evolution. We tested the hypothesis of random association be-
tween hosts and parasites, and alternatively considered several cophy-
logenetic events that could explain the joint evolutionary history of the 
two groups of organisms. 

2. Materials and methods 

2.1. Sampling and DNA amplification 

We collected 45 fresh specimens of Tremella caloplacae s. l. in 
different localities in Europe (Table S2). More than 770 lichen speci-
mens of Teloschistaceae were thoroughly examined at the herbaria of 
the Swedish Museum of Natural History in Stockholm (S) and the 
Museum of Evolution in Uppsala (UPS) (Thiers, continuously updated) 
(Table S1) from which seven Tremella caloplacae s. l. specimens were 
found (Tables S1 and S2). A total of 52 specimens of Tremella caloplacae 
s. l. were selected for total DNA extraction by using the Qiagen DNeasy 
Plant MiniKit, following the manufacturer’s instructions but using a 
final elution of 50 μl of ultrapure water. 

Because it is not possible to physically isolate parasites and hosts, 
specific primers were designed by identifying highly conserved regions, 
which at the same time differed considerably between parasites and 
hosts. Target regions were selectively amplified for a portion of ca. 1300 
nucleotides of the nuSSU rDNA gene, the internal transcribed spacer I, 
the 5.8S rDNA gene, the internal transcribed spacer II and a portion of 
ca. 900 nucleotides of the nuLSU rDNA gene. Specific primers designed 
for protein-coding genes (including RPB1, RPB2, Mcm7, TEF1-alpha and 
CytB) did not allow amplifying the target organism. We also performed 
experiments following a modification of the Meyer and Kircher (2010) 

next generation sequencing (NGS)-based method. In this case, we 
amplified the desired markers with general fungal primers, obtaining a 
mix of DNA from different fungi in the PCR product. These PCR products 
were fragmented to get pieces of the wanted length for Illumina® 
sequencing. The sequenced reads were aligned to reference sequences of 
non-lichenicolous Tremellales. However, most of the reads obtained 
were not from the expected targeted tremellalean fungi but from other 
fungi and no useful results came out. Therefore, only ITS and nuLSU and 
a few sequences of nuSSU, could be used in the molecular studies. 

PCRs were performed by using a combination of general fungal 
primers (Vilgalys and Hester, 1990; White et al., 1990; Gargas and 
Taylor, 1992; Gardes and Bruns, 1993) and specific primers for Tremella 
or for the lichen host (Millanes et al., 2011; this study) (Table S3). Before 
sequencing, the PCR products were purified with exo-sap-ITTM (USB 
Corporation, Cleveland, Ohio, USA). Samples were sent for Sanger 
sequencing to Macrogen Korea (Seoul, South Korea), Macrogen Europe 
(Amsterdam, the Netherlands) or Macrogen Spain (Barajas, Spain). 
These sequences were used for our phylogenetic studies, together with 
sequences retrieved from GenBank (see Table S2). For detailed infor-
mation about DNA amplification, see the supplementary material (Ma-
terials and Methods). 

2.2. Sequence alignment and phylogenetic analyses 

We produced two phylogenies, one including Tremella caloplacae s. l. 
and the other including their lichenized fungal host in the Teloschista-
ceae. Outgroups chosen to root the trees were selected based on previous 
literature and preliminary trees (Millanes et al., 2011; Liu et al., 2015). 
For the phylogeny of the parasites, we chose Tremella candelariellae, 
while Megalospora tuberculosa was selected for the phylogeny of the 
hosts. Analyses were performed using part of the nuclear ribosomal DNA 
repeat unit including ITS1, 5.8S, ITS2 and a fragment of the nuLSU. The 
nuSSU was obtained only for a reduced number of samples, and there-
fore not used in the species delimitation analyses to avoid a big pro-
portion of missing data. Sequences were aligned using the Q-INS-I 
algorithm implemented in MAFFT (Katoh et al., 2002, 2005; Katoh and 
Standley, 2013). Misaligned positions, major insertions and ambiguous 
and/or divergent regions were identified and excluded by GBlocks 
v.0.91b (Castresana, 2000), with relaxed selection of blocks following 
Talavera and Castresana (2007). Terminal gaps were converted to 
missing data in Mesquite v.3.6 (Maddison and Maddison, 2018). To 
perform maximum likelihood analysis, we used RAxMLGUI v.1.5b1 
(Silvestro and Michalak, 2012), a graphical front-end for RAxML (Sta-
matakis, 2006). Besides, we assessed possible conflicts between topol-
ogies by producing four different trees, obtained from independent 
analyses of the nuclear ITS1, 5.8S, ITS2 and nuLSU rDNA regions. Clades 
with a bootstrap support over 70 % (Hillis and Bull, 1993) using a given 
DNA region were considered in conflict if contradicted by another 
supported clade using another DNA region. A thorough ML search was 
performed with 100 runs using 1000 bootstrap pseudoreplicates. 
Bayesian analyses were carried out with a Markov chain Monte Carlo 
(MCMC) approach as implemented by MrBayes v.3.40 (Ronquist et al., 
2012). Substitution models were selected based on the corrected Akaike 
information criterion (AICc) in JModeltest v.2.1.10 (Guindon and Gas-
cuel, 2003; Posada, 2008; Darriba et al., 2012). In the alignment 
including tremellalean samples, a K80 + I model was selected for the 
nuclear ITS1 rDNA, a JC for the nuclear 5.8S rDNA, a K80 + Γ for the 
nuclear ITS2 rDNA, and a GTR + Γ for the nuclear LSU rDNA. In the 
alignment including host species of the Teloschistaceae, a K80 + I model 
was selected for the nuclear ITS1 rDNA, a JC for the nuclear 5.8S rDNA, 
a K80 + Γ for the nuclear ITS2 rDNA and a GTR + I + Γ model for the 
nuclear LSU rDNA. The combined analyses treated the different gene 
regions as separate subsets with topology linked across partitions but 
separate model parameter values and proportional rates across them. 
The number of discrete gamma categories was kept at the default value 
four. For each combined dataset, three parallel runs were performed for 
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the MCMC search with five chains, four of which were incrementally 
heated with a temperature of 0.15. The analyses were diagnosed for 
convergence every 100000th generation and were set to halt automat-
ically when the average standard deviation of splits across runs in the 
last half of the analysis descended below 0.01. Every hundredth tree was 
saved, and the first half of each run was discarded as burn-in. 

2.3. Ultrametric tree generation for the generalized mixed Yule coalescent 
(GMYC) species delimitation method 

Ultrametric trees were generated with BEAST v.2.0.2 (Drummond 
and Rambaut, 2007). To construct these trees, we used the same sub-
stitution models obtained by jModeltest, analyzing the ITS1, 5.8S, ITS2 
and nuLSU regions separately. A relaxed lognormal clock was chosen 
(Drummond et al., 2006) using a constant population coalescent prior 
and assuming constant population size to estimate branch lengths. 
Substitution models, rate heterogeneity and base frequencies were un-
linked across partitions in the combined analysis. Three independent 
MCMC analyses were run for 100 million generations, sampling trees 
every 10000th generation, for the combined dataset. Likelihood plots 
were checked using Tracer v.1.7 (Rambaut et al., 2018) to confirm that 
all parameters have an effective sample size (ESS) over 200. The 10 % of 
the sample was eliminated as burn-in and a combination of tree files 
corresponding to the three independent runs was made with Log-
Combiner v.1.10.4 (Drummond and Rambaut, 2007). The posterior tree 
sample was summarized using TreeAnnotator v.1.10.4 (Rambaut et al., 
2018). 

2.4. Species delimitation methods 

To compare different approaches for species delimitation, we chose 
four different heuristic methods based on tree topologies and on genetic 
distances to analyse the species delimitation of Tremella caloplacae s. l., 
by studying the ITS1, 5.8S, ITS2 and nuLSU regions. We used the 
generalized mixed Yule coalescent (GMYC) method, under single 
(GMYCs) and multiple (GMYCm) approaches (Pons et al., 2006; Fonta-
neto et al., 2007; Monaghan et al., 2009; Fujisawa and Barraclough, 
2013), which takes into account the neutral coalescent theory (Hudson, 
1990; Wakeley, 2006) and the Yule speciation models (Yule, 1924). This 
method is based on topologies and requires ultrametric trees. We also 
used the Poisson tree process model (PTP) (Zhang et al., 2013), which 
considers the number of substitutions between sequences and does not 
require an ultrametric phylogeny as input. The genetic distances anal-
ysis was made with the Automatic Barcode Gap Discovery (ABGD) 
method (Puillandre et al., 2012). Probability of Correct Identification 
(PCI) was calculated based on uncorrected distances (p-Distance) 
(Suwannasai et al., 2013). 

2.5. Molecular clock analyses 

Based on our species delimitation results we produced two additional 
phylogenies to infer diversification times in Tremella caloplacae s. l. and 
in their Teloschistaceae hosts. Since fossils are not available for any of 
these groups, we constructed larger phylogenies of the Basidiomycota 
and Pezizomycotina, respectively, which included our groups of inter-
est. Datasets corresponding to T. caloplacae s. l. and the Teloschistaceae 
were aligned with MAFFT and subsequently treated with GBlocks and 
Mesquite. ML analyses were conducted for preliminary analyses. 

To date Tremella caloplacae s. l., we selected 129 taxa, which repre-
sent seven classes of Basidiomycota, and six classes of Ascomycota as 
outgroup, with Taphrina deformans as operational outgroup (Table S2). 
We made a selection of samples within Tremella caloplacae s. l. repre-
senting most of the diversity within the complex and giving priority to 
samples for which the nuSSU region was available. The nuclear gene 
datasets corresponding to the nuSSU, ITS1, 5.8S, ITS2 and nuLSU re-
gions were analysed with BEAST v1.10.4 (Suchard et al., 2018), and the 

XML file for the analyses was constructed in BEAUTi v1.10.4. The sub-
stitution models, the rate heterogeneity and the base frequencies were 
unlinked across partitions, but clock and tree models remained linked. 
We set constraints to five nodes for fossil calibrations (Table S4). To 
select the substitution models, we based on the AICc analysed with 
jModelTest v2.1.10 for each subset: (1) GTR + I + Γ for 18S and 28S, (2) 
GTR + Γ for the ITS1 and ITS2, and (3) SYM + Γ for the 5.8S region. We 
used the uncorrelated relaxed clock model with a lognormal distribution 
(Drummond et al., 2006). We selected the birth–death process specia-
tion tree prior with a random starting tree (Gernhard, 2008). Three in-
dependent MCMC of 250 million generations were performed, logging 
every 10000th generation. Convergence was assessed with Tracer v1.7 
(Rambaut et al., 2018), checking that all ESS values were higher than 
200. After removing 10 % of the trees as burn-in with LogCombiner 
v.1.10.4 (Suchard et al., 2018), the maximum-clade-credibility (MCC) 
tree was summarized with TreeAnnotator v.1.10.4 (Suchard et al., 
2018). 

For the dating analyses of the Teloschistaceae hosts, the same taxon 
sampling from Prieto and Wedin (2013) was taken as a base but 
including some additional sequences produced for this study and others 
downloaded from GenBank (Table S2). We used 135 taxa from 10 
different classes of Pezizomycotina (Table S2), as well as representatives 
of Saccharomycotina and Taphrinomycotina as outgroups, using Schiz-
osaccharomyces pombe as operational outgroup. These divergence times 
were also estimated with BEAST v.1.10.4. To avoid errors at the start of 
the MCMC analysis, and convergence problems at the end of it, we first 
constructed a calibrated starting tree following the same procedure as in 
the previous Tremella caloplacae s. l. dating analysis. This initial tree was 
calibrated with the fossil Palaeopyrenomycites devonicus (Taylor et al., 
2005) (Table S4). Substitution models were also obtained with jMo-
delTest v2.1.10 and selected taking into account the AICc. A SYM + I + Γ 
substitution model was selected for the nuclear SSU rDNA region, a GTR 
+ Γ model for the nuclear ITS1 and ITS2 rDNA regions, a SYM + Γ model 
for the nuclear 5.8S rDNA region and a GTR + I + Γ model for the nu-
clear LSU rDNA region. The resulting tree from this analysis was 
exported with Newick format to be used as starting tree for the dating 
analysis of the Teloschistaceae hosts. The final dating analysis was 
conducted with BEAST v.1.10.4 following the same protocol previously 
used to generate the calibrated Bayesian starting tree but performing the 
analysis with three independent MCMC of 550 million generations and 
setting the previously calibrated tree as starting tree. In addition to the 
Paleopyrenomycites devonicus fossil, we used ten other fossil calibrations 
(Table S4). 

For more details about molecular clock analyses, see supplementary 
material (Materials and Methods). 

2.6. Phylogenetic congruence and cophylogenetic analyses 

We applied three different methods to test for congruence between 
host and parasite phylogenies, considering all the species delimitation 
hypothesis. These were: (1) a distance method performed by ParaFit-
Global test (Legendre et al., 2002); (2) the Procrustean Approach to 
Cophylogeny (PACo), a statistical tool that evaluates dependence be-
tween phylogenies (Balbuena et al., 2013; Hutchinson et al., 2017), and 
finally (3) an event-cost based method as implemented in Jane v.4.0 
(Conow et al., 2010). We selected these methods because all accept (1) 
unbalanced numbers of hosts and parasites, (2) multihost parasitism, 
and (3) phylogenies that are not completely resolved. To perform these 
analyses, we based on the alignments of the ITS1, 5.8S, ITS2 and nuLSU 
regions (ParaFit and PACo) or on the topology of phylogenies previously 
obtained (Jane). ParaFitGlobal test takes as null hypothesis that each 
parasite species is associated with hosts selected randomly along the 
host phylogenetic tree. The alternative hypothesis considers that the 
positions of each host–parasite association is not arbitrary but instead 
they are associated to phylogenetic distances between hosts and para-
sites. The analyses were performed using the parafit function from the 
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“ape” v. 5.1 package implemented in R (Paradis et al., 2004). PACo 
evaluates the contribution of individual host-parasite associations to the 
global congruence between phylogenetic topologies by testing if the 
parasite phylogeny is constrained by the host phylogeny (Jousselin 
et al., 2009; Balbuena et al., 2013). PACo analyses were performed with 
the “paco” v.0.4.2 and “ape” v.5.5 packages implemented in R (Bal-
buena et al., 2013; Paradis and Schliep, 2019). Jane (Conow et al., 2010) 
assumes as null hypothesis that the congruence between the topologies 
of the two trees is not higher than could be attributed to chance (Light 
and Hafner, 2008). The analysis considers five different evolutionary 
events: (1) cospeciation, (2) duplication, when the parasite speciates 
independently of the host and both new parasites remain on the same 
host (Page, 1990, 1996), (3) host switching, when a duplication event is 
accompanied by the switch of one of the two descendants to a different 
host (Conow et al., 2010), (4) loss or lineage sorting, when a host spe-
ciates and the parasite remains only on one of the new hosts species 
(Paterson and Gray, 1997; Paterson et al., 1999) and (5) failure to 
diverge, when a host speciates and the parasite remains on both new 
host species (Page, 2003). Each event is assigned a particular cost 
(Table 1), and the best solution is that with the overall lowest cost. 
Results obtained from the analyses were compared with the divergence 
times obtained from the dating analysis of Tremella caloplacae s. l. 

For more information about cophylogenetic analyses, see supple-
mentary material (Materials and Methods). 

3. Results 

3.1. DNA sequences and phylogenetic analysis 

We generated 202 new sequences, 9 of the nuSSU, 99 of ITS and 94 of 
the nuLSU region of T. caloplacae and its host species belonging to the 
genera Xanthoria, Xanthocarpia, Calogaya, Rusavskia, Leproplaca and 
Variospora, that were deposited in GenBank (Table S2). Sequences were 
concatenated into two datasets, one for T. caloplacae specimens and 
another one for their Teloschistaceae host species, as no incongruence 
among DNA regions was found. 

Phylogenetic analyses for T. caloplacae and the Teloschistaceae hosts 
were conducted using four partitions: ITS1, 5.8S, ITS2 and nuLSU. In 
preliminary analyses using ModelFinder (Kalyaanamoorthy et al., 
2017), the best scheme consisted of three partitions, i.e., 1) ITS1 and 
ITS2, 2) 5.8S and 3) nuLSU. However, substitution rates differ among 
ITS1 and ITS2 regions (Monard et al., 2013; Hoggard et al., 2018; Yang 
et al., 2018; Heeger et al. 2019; Mbareche et al., 2020). Therefore, we 
still preferred to consider ITS1 and ITS2 as different partitions. Data 
matrices consisted of 1337 (ITS1: 1–119; 5.8S: 120–272; ITS2: 273–446: 
nuLSU: 447–1337) and 1367 (ITS1: 1–161; 5.8S: 162–316; ITS2: 
317–441: nuLSU: 442–1367) aligned positions respectively. ML and 
Bayesian Inference (BI) analyses gave similar topologies, and no in-
congruences were found between the ML and BI trees. Two 50 % ma-
jority rule consensus Bayesian trees were constructed (Fig. 2) from the 
trees of the stationary tree sample: one for T. caloplacae based on 10,503 
trees and another one for its hosts, based on 18,003 trees. The 

T. caloplacae specimens studied formed nine monophyletic groups, each 
of them growing on a single lichen species or genus. 

3.2. Species delimitation within Tremella 

The number of potential new species inferred varies depending on 
the species delimitation analysis used (Fig. 3). The single-threshold 
GMYC model delimited six potential species, while the multiple- 
threshold GMYC model delimited seven potential species, since the 
later approach divides samples on Calogaya pusilla into two lineages. In 
both methods species boundaries appear connected to the host species 
with three exceptions: there is a putative Tremella species including 
samples growing on Xanthoria parietina and one sample growing on 
Calogaya decipiens; all samples growing on the genus Rusavskia form a 
putative species; and last, there is a potential species including speci-
mens growing on Variospora spp. and on Leproplaca xantholyta. The 
other two putative species correspond to Tremella growing on Xantho-
carpia lactea and on Xanthocarpia sp., respectively (Fig. 3). The ABGD 
and PTP methods, both delimited the same 11 independent lineages. In 
this case, each lineage growing on a different host species was delimited 
as a single species, except on Xanthocarpia sp. and Rusavskia sorediata 
where both methods inferred two potential species on each host. The PCI 
model was applied only for those clades with two or more specimens and 
delimited a total of five potential species corresponding to Tremella 
species growing on Xanthoria parietina, Xanthocarpia sp., Rusavskia ele-
gans, R. sorediata and Variospora sp. Considering that the PCI model does 
not account for singletons, this delimitation largely coincides with the 
one recovered by ABGD and PTP (Fig. 3). 

3.3. Molecular clock analyses 

The dating analyses were conducted using five partitions: nuSSU, 
ITS1, 5.8S, ITS2 and nuLSU. Alignment data matrices consisted of 2929 
(nuSSU: 1–1244; ITS1: 1245–1809; 5.8S: 1810–1962; ITS2: 1963–2057; 
nuLSU: 2058–2929) and 2693 (nuSSU: 1–1149; ITS1: 1150–1309; 5.8S: 
1310–1464; ITS2: 1465–1556; nuLSU: 1557–2693) positions respec-
tively. A portion of each of the Bayesian trees generated with BEAST – 
selecting the area focusing only on T. caloplacae s. l. and their Telo-
schistaceae hosts – is represented in Fig. 4. Analyses revealed that the 
most probable divergence time for the origin of T. caloplacae s. l. and its 
Teloschistaceae hosts are 29.74 Mya and 42.15 Mya (24.99–61.14 Mya) 
respectively (Fig. 4 and Table 2). Looking at the rest of nodes, and 
moving towards the tips, the most probable divergence times for some 
nodes suggest divergences in the hosts phylogeny that preceded equiv-
alent divergences in the Tremella phylogeny. These include the most 
probable divergence times for node 2 (28.14 Mya (15.02–44.54 Mya) in 
the Teloschistaceae compared to 25.91 Mya (16.82–37.22 Mya) in 
Tremella), node 3 (17.49 Mya (8.25–29.95 Mya) in the Teloschistaceae 
compared to 14.39 Mya (5.44–23.87 Mya) in Tremella), and node 7 
(10.40 Mya (3.20–21.69 Mya) in the Teloschistaceae compared to 6.08 
Mya (1.25–15.22 Mya) in Tremella). Contrarily, in other cases the di-
vergences in the Tremella phylogeny precede those in the host 

Table 1 
Jane v.4.0 cost combinations used for the cophylogenetic analyses.  

Cost combination Cospeciation Duplication Host switching Loss Failure to diverge 

Combination 1 0 1 2 1 1 
Combination 2 0 1 1 1 1 
Combination 3 1 1 1 1 1 
Combination 4 1 0 0 1 1 
Combination 5 2 1 1 1 0 
Combination 6 2 1 1 1 1 
Combination 7 2 1 1 0 0 
Combination 8 0 0 1 1 1 
Combination 9 1 1 2 1 1  
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Fig. 2. Fifty percent majority rule Bayesian consensus trees of the concatenated ITS and nuLSU regions for Teloschistaceae hosts (A) and lichenicolous fungi (Tremella 
caloplacae s. l.) (B). Colours indicate the host taxon, or the host selection. Supported nodes are indicated with thick branches for Bayesian analysis (BPP values ≥
0.95) and white dots for maximum likelihood (bootstrap values ≥ 70 %). Branch lengths are scaled to the expected number of substitutions per site. 
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Fig. 3. Bayesian consensus tree of Tremella caloplacae s. l. from Fig. 2, with species delimitation hypotheses inferred by four different methods – GMYC single and 
multiple threshold, PTP, ABGD and PCI – indicated on the right side of the figure. 

Fig. 4. Divergence times estimations for Tremella caloplacae s. l. (A) and their Teloschistaceae hosts (B) based on the five-markers dataset (nuSSU, ITS1, 5.8S, ITS2 
and nuLSU). The most probable divergence time is indicated for each node. Numbers 1 – 10 correspond to selected nodes shown in Table 2. Bars correspond to the 95 
% highest posterior density (HPD). Red numbers indicate nodes without support. See Fig. S1 and Fig. S2 for complete dated trees. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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phylogeny. These include the most probable divergence times for node 4 
(10.21 Mya (3.06–21.10 Mya) in the Teloschistaceae compared to 13.11 
Mya (6.26–21.25 Mya) in Tremella), node 5 (6.49 Mya (1.74–13.98 Mya) 
in the Teloschistaceae compared to 15.60 Mya (7.35–25.08 Mya) in 
Tremella), node 8 (2.69 Mya (0.31–7.25 Mya) in the Teloschistaceae 
compared to 8.68 Mya (2.70–16.60 Mya) in Tremella) and node 9 (0.20 
Mya (0.00–1.35 Mya) in the Teloschistaceae compared to 2.69 Mya 
(0.14–8.38 Mya) in Tremella). The most probable age for node 10 is 
almost coincident in both phylogenies (0.23 Mya (0.00–2.00 Mya) in the 
Teloschistaceae compared to 0.34 Mya (0.00–1.55 Mya) in Tremella) 
(Fig. 4 and Table 2). However, the credible intervals of the inferred ages 
of the nodes, corresponding to the 95 % highest posterior density (HDP), 
are highly overlapping, in most pairs of nodes compared (Fig. 4). In the 
case of nodes 2, 3, 4, 7, 9 and 10, the most probable age value for one 
node in one phylogeny falls into the credible interval of the equivalent 
node in the other phylogeny (Table 2). Therefore, only the differences of 
the inferred ages for nodes 5 and 8 could be considered significant 
(Hespanhol et al., 2019). The dating results for the complete datasets 
analysed are included in the Supplementary material (Fig. S1 and 
Fig. S2). 

3.4. Cophylogenetic tests 

Both ParaFit and PACo supported phylogenetic congruence between 
the parasites and the hosts phylogenies for the species delimitation hy-
pothesis inferred by GMYCm, PTP and ABGD (Table 3). Contrarily, 
neither ParaFit, nor PACo detected significant overall congruence be-
tween both T. caloplacae and their hosts phylogenies for the species 
delimitation hypotheses inferred by GMYCs, and PCI (Table 3). 
Considering different events, Jane reconstructions revealed a significant 
congruence between the tree topologies of T. caloplacae s. l. and their 
hosts (i.e., >95 % of random solutions were worse than the solution 

reconstructed by Jane). Independently of the cost combination used and 
of the species delimitation hypotheses considered, the majority of as-
sociations could be explained by cospeciation or host switching (Ta-
bles 1 and 4). The solutions obtained for the different combinations of 
species delimitation hypotheses and event-costs had a final total cost 
that ranged from 0 to 12 (Table 4). The species hypotheses obtained by 
ABGD and PTP showed the highest number of cospeciations (4–6 
cospeciations for cost combinations 1, 2, 8 and 9) and host switches (7 
host switches for cost combinations 3, 4, 5, 6, and 7) (Tables 1 and 4). As 
expected, when the cost given to cospeciation events was lower than the 
one assigned to host switch, cospeciation was the event preferred by 
Jane (i. e., cost combinations 1, 2, 8, and 9; Tables 1 and 4). Similarly, 
when the cost given to host switch events was lower than the one 
assigned to cospeciation, host switch was the main event inferred (i. e., 
cost combinations 4, 5, 6, and 7, all of them with no cospeciations; 
Tables 1 and 4). When the cost assigned to each event was equal (i. e., 
cost combination 3), host switch was the prevalent event recovered, 
irrespective of the species delimitation hypotheses analysed. In all cases 
cospeciation and host switch events were compatible with the dating 
results, considering the credible intervals for the age of each node. Loss 
events were not reconstructed by Jane independently of the cost 
assigned to them, except for cost combination 1, in which host switches 
are highly penalized compared to other events (Tables 1 and 4). Some 
duplications and failures to diverge are also present. The same dupli-
cations (1 or 2) coincide with species delimitations in which two po-
tential parasite species grow on the same host lineage (i. e., two Tremella 
lineages on Calogaya pusilla, recovered by GMYCm, and two Tremella 
lineages on Xanthocarpia sp. and on Rusavskia sorediata recovered by 
PTP and ABGD, Fig. 3). These two host lineages may represent species 
complexes, in which case the cophylogenetic results would be affected, 
probably adding cospeciations or host switches, but we do not have 
enough host samples to test this and preferred to be conservative and 
consider these hosts (R. sorediata and Xanthocarpia sp.) as single line-
ages. The same two failures to diverge are also present when considering 
the species delimitation hypotheses recovered by GMYCs and GMYCm. 
In these cases, one single parasite lineage grows on both Rusavskia ele-
gans and R. sorediata, and another single parasite lineage grows on both 
Xanthoria parietina and Calogaya decipiens. Host switching (minimum 1, 
maximum 7) was the only event that was always present in all the 
cophylogenetic reconstructions, independently of the cost combinations 
and of the species delimitation hypotheses considered (Tables 1 and 4). 

4. Discussion 

Tremella caloplacae is a species complex that comprises between six 
and eleven independently evolving clades as revealed by the species 
delimitation analyses (Fig. 3). The species boundaries in this complex 
are largely congruent with the host selection, independently of the 
species delimitation hypothesis considered. Interestingly, speciation 
coincides with the diversification of the Teloschistaceae (Gaya et al., 
2015), probably through host switches, although cospeciating events 
cannot be discarded (Fig. 4; Tables 2-4). 

Suitable diagnostic characters, other than host selection, are often 
scant in lichenicolous Tremellales (Diederich, 1996, 2007; Millanes 
et al., 2012, 2014b; Zamora et al., 2016) and molecular tools have 
proven useful to investigate their diversity. In particular, the combina-
tion of the ITS and nuLSU regions is useful for delimiting many fungal 
species (Eberhardt, 2010; Schoch et al., 2012; Stielow et al., 2015; Vu 
et al., 2019), including tremellalean fungi (Millanes et al., 2014a; Cao 
et al., 2021). Species delimitation methods provide objective tools to 
incorporate molecular information (other than reciprocal monophyly of 
clades) in the identification of species boundaries. It is not uncommon, 
however, that different species delimitation methods yield different 
hypotheses on species boundaries (Miralles and Vences, 2013; Vitecek 
et al., 2017). Fungi are not an exception (Becchimanzi et al., 2021) 
including lichenized fungi (Leavitt et al., 2015; Pino-Bodas et al., 2018a, 

Table 2 
Most probable divergence times and 95 % highest posterior density (HDP) of 
selected nodes in the dating analyses performed for Tremella caloplacae s. l. and 
their hosts in the Teloschistaceae. For details about node positions, see Fig. 4.   

Teloschistaceae T. caloplacae s. l. 

Node Age (Mya) HDP (Mya) Age (Mya) HDP (Mya) 

1  42.15 24.99–61.14  29.74 – 
2  28.14 15.02–44.54  25.91 16.82–37.22 
3  17.49 8.25–29.95  14.39 5.44–23.87 
4  10.21 3.06–21.10  13.11 6.26–21.25 
5  6.49 1.74–13.98  15.60 7.35–25.08 
6  5.76 1.06–14.07  – – 
7  10.40 3.20–21.69  6.08 1.25–15.22 
8  2.69 0.31–7.25  8.58 2.70–16.60 
9  0.20 0.00–1.35  2.69 0.14–8.38 
10  0.23 0.00–2.00  0.34 0.00–1.55  

Table 3 
Results of the cophylogenetic analyses achieved with ParaFit and PACo for the 
different species delimitation hypotheses. P-values < 0.05 are indicated in bold 
font.   

ParaFit PACo Potential 
species 

Species 
delimitation 

ParaFitGlobal P-value 
(global 
test) 

m2 P-value  

GMYCs 7.064791 ⋅ 
10-6 

0.068 00053 0.13017 6 

GMYCm 8.640413 ⋅ 
10-6 

0.019 0.0055 0.01963 7 

PCI 5.651339 ⋅ 
10-6 

0.075 0.0024 0.15255 5 

ABGD/PTP 1.123485 ⋅ 
10-6 

0.04 0.0046 0.00125 11  
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b; Boluda et al., 2019; Garrido-Benavent et al., 2021; Mahara-
chchikumbura et al., 2021), Basidiomycetes (Sato et al., 2020; Wang 
et al., 2022) and Tremellomycetes (Hagen et al., 2015). As an example, 
when inferring species delimitations in the Cryptococcus gatii/ 
C. neoformans species complex (Tremellales, Tremellomycetes), Hagen 
et al. (2015) obtained up to twelve species delimitation scenarios 
ranging from seven to ten putative species. In general, methods based on 
coalescence can show the sample’s own population structure, which 
would also be supported by short periods of divergence (Sukumaran and 
Knowles, 2017). GMYC (particularly the multiple threshold approach) 
has a tendency to overestimate the number of potential new species, and 
its performance and precision can be affected by sample size, geographic 
sampling, number of putative species, presence of singletons, ultra-
metric tree dating, and even by the number of markers chosen (Fujita 
et al., 2012; Tang et al., 2012, 2014; Ritchie et al., 2016; Pentinsaari 
et al., 2017; Luo et al., 2018; Mason et al., 2020). On the other hand, 
ABGD tends towards more conservative results of under-estimation of 
potential new species although its precision depends to a great extent on 
the priors specifications given by the user and, like GMYC, is very sen-
sitive to the presence of singletons (Puillandre et al., 2012; Pentinsaari 
et al., 2017). Our GMYC analyses, however, either using a single or 
multiple approach, inferred a lower number of species compared to PTP 
or ABGD. 

DNA regions used as barcodes can nevertheless fail to provide 
enough variation in some organisms, including fungi, particularly when 
incomplete lineage sorting, recombination or hybridization has 
occurred (Chambers and Hillis, 2020). Therefore, it is critical to consider 
that delimiting species based on just one or a few DNA regions may be 
inaccurate, independently of the method applied. Moreover, the output 
of species delimitation analyses should be critically evaluated and 

combined with available data before proposing taxonomic treatments 
(Cao et al., 2021). An integrative approach, considering other data such 
as the ecology of the species – understanding ‘ecology’ in this case as 
host selection – can be a valuable aid to understand species boundaries. 
Based on our analyses, and on morphological and host data, formal 
descriptions are being prepared and will be published in a separate 
manuscript. Nevertheless, we anticipate that further studies will be 
necessary to correctly interpret diversity and evolution in this system. 
One additional issue is the large diversity of lichens in the Teloschistales 
(Arup et al., 2013; Gaya et al., 2015; Bungartz et al., 2020; Wilk et al., 
2021), which could harbour a much larger diversity of tremellalean 
fungi – both symptomatic and asymptomatic – than detected in our 
study. We have screened a considerable and representative number of 
species in the Teloschistaceae in search of galls, but a larger diversity of 
lichen-inhabiting tremellalean species in this complex is surely present. 
Despite being aware of these limitations, our approach constitutes a first 
and valid exploration of the diversity included in Tremella caloplacae. 

Lichenicolous Tremella species are in general considered host- 
specific, and species in the Tremella caloplacae complex are not an 
exception, although the factors governing host selection are unknown 
(Werth et al., 2013; Millanes et al., 2014a). Acquisition of carbon from 
the lichen host must be a critical ability and must depend, at least in 
part, on the capacity of the lichenicolous fungus to produce appropriate 
cell wall-degrading enzymes (Lawrey and Diederich, 2003). Moreover, 
adaptation to secondary lichen compounds is most probably another key 
aspect of the interaction. Lawrey (1997) demonstrated experimentally 
that some unrelated lichenicolous fungi grew better on lichen thalli 
containing lichen compounds, than on thalli from which such com-
pounds were removed. Some lichenicolous fungi tolerate the secondary 
compounds of their hosts, but not those of other lichens (Lawrey et al., 

Table 4 
Results of Jane v.4.0 cophylogenetic analyses. Each cost combination was tested for each species delimitation hypotheses presented in Fig. 3. P-values of the tests were 
< 0.05.  

Cost combination Cospeciation Duplication Host switching Loss Failure to diverge Total cost 

1 GMYCs 4 0 1 3 2 7 
1 GMYCm 4 1 1 3 2 8 
1 ABGD/PTP 6 2 1 3 0 7 
1 PCI 3 0 1 1 0 3 
2 GMYCs 2 0 3 0 2 5 
2 GMYCm 2 1 3 0 2 6 
2 ABGD/PTP 4 2 3 0 0 5 
2 PCI 2 0 2 0 0 2 
3 GMYCs 0 0 5 0 2 7 
3 GMYCm 0 1 5 0 2 8 
3 ABGD/PTP 0 2 7 0 0 9 
3 PCI 0 0 4 0 0 4 
4 GMYCs 0 0 5 0 2 2 
4 GMYCm 0 1 5 0 2 2 
4 ABGD/PTP 0 2 7 0 0 0 
4 PCI 0 0 4 0 0 0 
5 GMYCs 0 0 5 0 2 5 
5 GMYCm 0 1 5 0 2 6 
5 ABGD/PTP 0 2 7 0 0 9 
5 PCI 0 0 4 0 0 4 
6 GMYCs 0 0 5 0 2 7 
6 GMYCm 0 1 5 0 2 8 
6 ABGD/PTP 0 2 7 0 0 9 
6 PCI 0 0 4 0 0 4 
7 GMYCs 0 0 5 0 2 5 
7 GMYCm 0 1 5 0 2 6 
7 ABGD/PTP 0 2 7 0 0 9 
7 PCI 0 0 4 0 0 4 
8 GMYCs 2 0 3 0 2 5 
8 GMYCm 2 1 3 0 2 5 
8 ABGD/PTP 4 2 3 0 0 3 
8 PCI 0 0 2 0 0 2 
9 GMYCs 2 0 3 0 2 10 
9 GMYCm 2 1 3 0 2 11 
9 ABGD/PTP 4 2 3 0 0 12 
9 PCI 2 0 2 0 0 6  
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1999). Some highly specialized lichenicolous fungi are also adapted to 
the secondary metabolites of their hosts in the way that they are capable 
of degrading these carbon-based secondary compounds (CBSCs) (Law-
rey, 1993; Lawrey and Diederich, 2003; Asplund et al., 2018). In 
tremellalean lichenicolous fungi, secondary metabolites have also been 
suggested to create a selective environment that only adapted fungal 
strains could survive (Werth et al., 2013). Pino-Bodas et al. (2018a,b) 
tested this hypothesis for the first time in a lichenicolous hetero-
basidiomycete (Zyzygomyces bachmannii, growing on Cladonia) and 
found that host species and host secondary metabolites were the most 
relevant factors influencing the genetic structure of Z. bachmannii, 
although both effects were difficult to separate. Adaptation to new 
chemical environments still needs to be further investigated as a possible 
driving force in the diversification of lichenicolous fungi. 

How host specialization can influence speciation in lichenicolous 
fungi is also not well understood (Diederich, 1996; Millanes et al., 2012, 
2014a, 2015, 2016; Zamora et al., 2016). The first evolutionary study of 
host-specific lichenicolous fungi focused on Biatoropsis usnearum s. l. 
(Tremellaceae) and their Usnea and Protousnea (Parmeliaceae) hosts 
(Millanes et al., 2014a). That study showed that host switching, instead 
of cospeciation, was the evolutionary event that explained the high 
specificity of this system and the relationships between the two groups 
of organisms. Our study on Tremella caloplacae s. l. supports again pre-
dominant speciation by host switching although cospeciation could be 
also occurring in this system. The significance of the ParaFit and PACo 
test when considering the species delimitation hypotheses retrieved by 
GMYCm, PTP and ABGD (7 to 11 potential species) allows rejecting the 
null hypothesis of random association of hosts and parasites, although 
these tests are not significative when considering the 5 or 6 species 
delimited by PCI and GMYCs, respectively (Table 3). Moreover, it is well 
known that host switches can also result in congruent phylogenies and 
lead to cophylogenetic signal, particularly when parasites diversified 
more recently than their hosts (Balbuena et al., 2013; de Vienne et al., 
2013). The generally more recent dates of speciation events in Tremella 
compared to the Teloschistaceae (Table 2), and the predominance of 
host switch events reconstructed by Jane (Table 4) suggest host 
switching as a prevalent phenomenon in this system. However, the un-
certainty reflected in the large credible intervals for the inferred ages, 
highly overlapping in most nodes compared, does not allow discarding a 
codiversification scenario that could at least partly have led to the host- 
parasite congruence in this system (Table 2). Species in the Tremella 
caloplacae complex seem to be specialists restricted to grow on a single 
genus or species in the Teloschistaceae. The fact that parasites are often 
specialists with restricted host ranges and that at the same time they 
commonly switch onto different hosts along their evolutionary history 
has been referred to as the ‘parasite paradox’ (Agosta et al., 2010). The 
so-called ‘Stockholm Paradigm’ (e.g., McLennan and Brooks, 2002; 
Agosta et al., 2010; Janz, 2011; Hoberg and Brooks, 2015) solved this 
paradox suggesting that host switching and host range expansion are 
more often the consequence of taking advantage of opportunities offered 
by a changing host landscape than of the previous evolution of novel 
host-use capabilities of the parasite. The Stockholm paradigm lays, 
among others, on the concept of Ecological Fitting (Janzen, 1985). This, 
translated to host-parasites systems, suggests that phenotypic flexibility 
rather than evolution of genetic novelties related to increased fitness of 
the parasites, provides substantial opportunities for rapid host switching 
of parasites on suboptimal hosts (i.e., ‘sloppy fitness’, Agosta and Kle-
mens, 2008). The Oscillation Hypothesis (Janz and Nylin, 2008) – also 
part of the Stockholm Paradigm – predicts that, along their evolution, 
specialists will become colonizing generalists when opportunities arise, 
and those generalists will then produce new isolated specialists on new 
hosts. In lichenicolous Tremella species there is evidence suggesting that 
the asymptomatic yeast phase is less specific towards the lichen host 
than the filamentous phase (Tuovinen et al., 2021). It would be possible 
to speculate that yeast stages could then facilitate the permanence of the 
parasite in a ‘sloppy fitness space’, smoothing further the way for host 

switch. These are nevertheless hypotheses that would need further 
testing. 

Previous studies suggested that the diversification of the Teloschis-
taceae hosts started 102.89 Mya (68.97–140.62 Mya) in the Cretaceous 
(Gaya et al., 2015). The adaptive radiation of the Teloschistaceae has 
been linked to a combination of abiotic (sun exposure or rock substrate) 
and biotic (chemical phenotypic innovations) ecological factors (Gaya 
et al., 2015). According to Gaya et al. (2015), the Teloschistaceae un-
derwent rapid diversification approximately 100 Mya, as a consequence 
of their change to rocky sunny habitats and the appearance of anthra-
quinone pigments. New evolved anthraquinones in these lichens, in 
conjunction with an ecological switch to exposed, rocky environments, 
allowed them to colonize unexploited habitats worldwide and triggered 
an acceleration in their diversification (Gaya et al., 2015). Our study is 
the first one to incorporate times of divergence to cophylogeny studies in 
lichenicolous fungi and their hosts. Although we performed the dating 
analyses based on few loci, the divergence estimations obtained for the 
Teloschistaceae hosts included in our analyses and the other groups of 
Lecanoromycetes (Table 2) are congruent with those in the literature 
(Amo de Paz et al., 2011; Prieto and Wedin, 2013; Beimforde et al., 
2014; Gaya et al., 2015). According to our analyses, at least part of the 
diversification of Tremella caloplacae s. l. would have occurred around 
30 Mya in the Oligocene, although most probably the actual origin of 
Tremella caloplacae predates this age, if we consider potential unknown 
diversity. The trend observed in the divergence times of the new species 
of T. caloplacae s. l. shows that the diversification dates of the parasites 
and hosts are coincident in a wide sense. This supports, in addition to the 
results from ParaFit and PACo tests, that speciation in the two groups of 
organisms in this system is not independent from each other. For the 
associated Tremella species, exposure to different chemical environ-
ments provided by the Teloschistaceae represented new niches to 
explore and ‘acclimatize’ to, leading to processes of adaptation and 
specialization finally resulting in speciation. These patterns of ‘sequen-
tial’ or ‘cascade’ speciation have been widely studied in host plants and 
phytophagous insects and their parasitoids and may either be considered 
special cases of cospeciation or derived from host switches occurring 
after speciation of the hosts (Janz et al., 2006; Feder and Forbes, 2010; 
Forister and Feldman, 2011; Hood et al., 2015). The adaptive radiation 
of the Teloschistaceae associated to an ecological shift, followed by 
speciation of the associated Tremella species by specializing on new host- 
niches, could constitute a particular case of cascade speciation by 
sequential ecological adaptations. 

In two particular cases, however, the time of divergence or the origin 
of particular putative new species of T. caloplacae s. l. predates that of 
their hosts. This is the case of the taxa growing on Rusavskia (nodes 5 and 
8, Fig. 4, Table 2) for which the age of the nodes is significantly older in 
the parasite, compared to the host. The existence of parasite lineages 
that are much older than current host lineages has also been reported, 
resulting from persistence of the parasite after episodes of host coloni-
zation (Hoberg and Brooks, 2008). If a host lineage gets extinct but the 
parasite survives in an alternative host, extinction of the optimal host 
does not necessarily imply extinction of the parasite lineage (Araujo 
et al., 2015). For species delimitation hypotheses in which a single po-
tential species is recovered growing on Rusavskia elegans and R. sorediata 
(GMYCs and GMYCm, Fig. 3), this is resolved by Jane as a failure to 
diverge (Table 4). Alternatively, for species delimitation hypotheses 
considering several Tremella host-specific putative species on the 
different Rusavskia hosts (PTP, ABGD, and PCI, Fig. 3) this situation is 
resolved by Jane as a host switch (Table 4). In these cases a host switch 
would need to be interpreted as the switch of a parasite onto a host 
population that is undergoing a process of speciation. This could finally 
result in an earlier speciation of the parasite compared to the host. An 
intriguing hypothesis to test further is whether, in such cases, host 
switches and continued establishment of tremellalean lichenicolous 
fungi onto suboptimal hosts could in turn have contributed to accelerate 
the speciation rate in the Teloschistaceae in the late Cretaceous (Gaya 
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et al., 2015). In that case, emerging lichen species in the Teloschistaceae 
would have needed to adapt not only to previously identified factors 
promoting their diversification – as the ecological shift to sunny rocky 
habitats (Gaya et al., 2015) – but also to the newly emerging associated 
Tremella species. It is not impossible to imagine that groups of organisms 
that share tangled evolutionary paths could alternatively trigger or 
follow each other diversification (Forbes et al., 2009). 

We foresee that additional and still undiscovered diversity within the 
Tremella caloplacae complex will provide a better picture of the shared 
evolutionary history between the Teloschistaceae and their associated 
tremellalean fungi, in the future. For the time being, Tremella caloplacae 
is here clearly revealed as another example of a tremellalean lichen-
icolous species complex in which host specialization is a driving force 
behind speciation. Hypotheses on speciation modes associated to host 
shifts, including potential ecological fitting followed by reproductive 
isolation, chemical adaptation, and potential cascade speciation, 
constitute exciting starting points for future investigations in this group 
of organisms. 
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