
From one to five putative species: an unexpected 
high genetic diversity in Usnea flavocardia (lichenized 
Ascomycetes, Parmeliaceae) with the discovery of a new 
clade within the subgenus Usnea s.str.
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Abstract. In this study, we analyzed the genetic diversity within Usnea flavocardia, a wide-
spread species found in all continents except Antarctica. The species is characterized by 
a shrubby thallus growth form, the presence of soralia, a yellow central axis and/or the 
presence of red dots on the cortex. Using ITS rDNA and two protein-coding genes (mcm7 
and rpb1) in a multispecies coalescent (MSC) approach, we showed that U. flavocardia 
comprises five different lineages, four of which can be considered as putative new species. 
Each of the five lineages, except one, is characterized by specific chemical compounds. 
Within the outgroup that was used in this study, we furthermore showed that U. gaudi-
chaudii and U. eulychniae, both endemic to Chile, constitute a new major clade in the 
subgenus Usnea s.str.
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Introduction

In lichenized Ascomycetes species, delimitation has 
always been challenging due to the often-extreme var-
iability characterizing these organisms. Because lichens 
are perennial, long-lived organisms, they are especially 
subject to changing environmental conditions affecting 
their external morphology in multiple ways (Pintado et al. 
1997; Nayaka et al. 2009; Vondrák et al. 2010; Leavitt 
et al. 2011; Pérez-Ortega et al. 2012; Muggia et al. 2013). 
In large foliaceous and fruticose lichens, delineating spe-
cies boundaries using morphology only, as it was the 
case in early times of lichen systematics, has often been 
a puzzle for lichen taxonomists (e.g., Printzen 2009). 
Later, the use of chemical substances produced by these 

symbiotic organisms resolved many problems, but added 
new challenges at the same time (Culberson 1969; Brodo 
1978, 1986; Egan 1986). In the last 30 years, the use of 
molecular markers has revolutionized systematics and 
lichen taxonomy in which most revisions published today 
are primarily based on molecular data (Miadlikowska 
& Lutzoni 2000; Leavitt et al. 2011; Otálora et al. 2014; 
Spribille et al. 2014; Zhao et al. 2016; Kistenich et al. 
2018; Barcenas-Peña et al. 2023; Davydov et al. 2024). 
However, the road ahead is long and still full of obsta-
cles and challenges even using molecular markers. For 
instance, recognizing independent evolutionary lineages 
can be problematic since evolutionary processes, such as 
selection, introgression and gene flow, as well as incom-
plete lineage sorting (ILS) might lead to misinterpretation 
while delimiting species (Naciri & Linder 2015). At least 
one of the former processes, ILS, that strongly impacts 
species delimitation with recent divergence histories, is 
now considered within the multispecies coalescent model 
(MSC, Yang & Rannala 2010) as implemented in several 
software programs used for species delimitation based 
on DNA sequence data (Jones et al. 2015; Jones 2017). 

Usnea Adans constitutes a strongly supported mono-
phyletic lineage within the family Parmeliaceae (Crespo 
et al. 2007). The genus is characterized by the presence 
of usnic acid in the cortex and by shrubby to pendant 
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thalli with radially symmetrical branches containing 
a central elastic axis made of chondroidal tissue (Clerc 
1998; Ohmura 2001). Until the late 20th century, the world 
monograph of Motyka (1936–1938) was considered as the 
cornerstone of the genus systematics, with 451 accepted 
species, of which 229 (52%) were newly described. 
Although several taxonomic treatments were published 
during the last decades (Awasthi 1986; Clerc 1998, 2004, 
2011; Halonen et al. 1998; Stevens 1999; Ohmura 2001, 
2012; Hinds et al. 2007; Rodriguez et al. 2011; Truong 
et al. 2011, 2013b; Truong & Clerc 2012, 2013; Herre-
ra-Campos 2016; Gerlach et al. 2017, 2020; Bungartz 
et al. 2018; Clerc & Otte 2018), the genus Usnea remains 
one of the most difficult genera in lichen systematics. For 
instance, the high phenotype variability of many Usnea 
species (Swinscow & Krog 1978; Clerc 1987, 1998) has 
led to more than 1,200 described species worldwide. 
Today, the estimated number of Usnea species varies from 
350 to over 400 taxa (Nadel & Clerc 2022). According 
to previous phylogenies, the genus Usnea is divided into 
4 clades named USNEA-1 to USNEA-4 (Truong et al. 
2013a; Lücking et al. 2020). In addition, phylogenetic 
analyses carried out within the Usnea cornuta group high-
lighted the importance of secondary chemistry to delimit 
species by showing that several clades were characterized 
by a specific chemotype (Gerlach et al. 2019, 2020). This 
led to the description of several new species, all of them 
being recognized by subtle morphological and anatom-
ical characters previously overlooked in this aggregate 
(Gerlach et al. 2020). Therefore, taxonomic significance 
of chemotypes, as well as the existence of previously 
undetected, subtle morphological and anatomical charac-
ters in many Usnea species remain to be investigated in 
light of DNA analysis. Lücking et al. (2020) mentioned 
that only 30% of the known accepted species in Usnea 
s.lat. were so far sequenced with both taxonomic and 
geographic bias. In this context, it is clear that we are 
still far from knowing the final word on the number of 
species within this genus.

In this study, we aim to clarify several issues in Usnea 
flavocardia Räsänen using molecular tools. Usnea flavo-
cardia is easily recognized by its short, shrubby sorediate 
thallus, its yellow pigmented medulla around the central 
axis and/or the presence of cortical red dots (Clerc 2007). 
Clerc (1984) described Usnea wirthii P. Clerc as a species 
containing psoromic acid based on material collected in 
south-western France by the Swiss lichenologist Eduard 
Frey. Later, Isabelle Tavares from Berkeley University 
drew Clerc’s attention to the fact that Räsänen (1936) 
had already described a species from central-southern 
Chile named Usnea flavocardia characterized by a yellow 
central axis, as in U. wirthii, but with norstictic acid in 
the medulla instead of psoromic acid. Clerc (2004) conse-
quently reduced U. wirthii to synonymy with U. flavocar-
dia. However, looking at the important chemical diversity 
within the group, as well as discovering further herbarium 
material recently collected in the Andes, we suspected 
that the systematics of this group is much more complex 
than currently understood. The aims of this article are (1) 

to test that all the specimens U. flavocardia group fall 
within USNEA-3 as suggested by Truong et al. (2011), but 
only based on one sample; (2) to determine whether the 
observed chemical diversity corresponds to an equivalent 
genetic diversity and whether the psoromic (U. wirthii) 
and the norstictic (U. flavocardia) strains are genetically 
identical, thus supporting the synonymy proposed by 
Clerc (2004); and (3) to take the opportunity of our broad 
sampling to place two endemic species from Chile within 
the Usnea main clades. This study presents the results of 
a worldwide study of the Usnea flavocardia group based 
on chemical and molecular data.

Materials and methods

Taxon sampling

We sampled tissue from 45 Usnea specimens identified 
as belonging to the U. flavocardia group following Clerc 
(1998, 2007). All of the former specimens were character-
ized by a short, shrubby, sorediate thallus with a yellow 
pigmented medulla around the central axis and/or the pres-
ence of cortical red dots. Seventeen specimens contained 
psoromic acid and were identified as U. wirthii. Eleven 
specimens contained norstictic acid and were identified 
as U. flavocardia s.str. An additional 17 specimens had 
a different chemistry (see Fig. 1).

Our sampling covered a broad geographical area 
including Australia (3), Brazil (3), Canada (1), the Canary 
Islands (4), Chile (15), Costa Rica (2), the Czech Repub-
lic (1), France (2), Portugal (3), New Zealand (2), Swit-
zerland (2), Taiwan (2), Tanzania (1), the Netherlands 
(1) and the USA (3). All of the Chilean samples were 
collected during a field trip conducted in 2019 by PC, DR 
and IP. The remaining U. flavocardia samples were pro-
vided by some of the other authors of this paper (TG, AG, 
RH and YO). Altogether, the sampling included 77 speci-
mens (26 species) selected to represent all clades defined 
by Truong et al. (2013a) in the subgenus Usnea s.str. This 
sampling allowed to test for the belonging of the U. flavo-
cardia group to USNEA-3 with regards to its sister group 
USNEA-4 (Truong et al. 2013a). Taking advantage of this 
large sampling, we added two endemic Usnea species 
collected in the Atacama Desert, U. gaudichaudii Motyka 
(3 specimens) and U. eulychniae Follmann (1 specimen) 
to determine their phylogenetic position within subgenus 
Usnea s.str. Finally, U. durietzii (2 specimens for which 
only ITS was retrieved from GenBank) was also included 
to test whether and how the latter species, which also 
displays a reddish spotted pigmentation in the basal part 
of its main branches, is related to Usnea flavocardia. 
The voucher material sequenced by Wirtz et al. (2006) 
consists of several dozen thalli corresponding to two 
different species, one of which is indeed U. durietzii. 
Unfortunately, no thallus was marked as having been 
sequenced and uncertainty therefore remains as to the 
identity of the sequenced specimens. All information 
about the 128 specimens used in this study is given in 
Table 1. All specimens newly sequenced are preserved 
in the G fungarium.
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USNEA-3*
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flavocardia
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U. flavocardia DN105
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Figure 1. Species tree from STACEY analysis of the Usnea flavocardia aggregate nested into USNEA-3 as described by Truong et al. (2013a) 
with specimen localities colored according to the map on the lower side and chemotypes on the right side (SAL: salazinic acid STI: stictic acid; 
NOR: norstictic acid; PSO: psoromic acid; THA: thamnolic acid; BAR: barbatic acid; FA: fatty acids). The whole phylogeny is inserted on the 
left with the USNEA-3 clade highlighted in grey. Only posterior probabilities (PP) higher than 0.9 are shown above branches.
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Chemical analyses

In Usnea, thin-layer chromatography (TLC) is a major 
tool for species identification. Secondary metabolites of all 
specimens studied and cited in this paper were determined 
by TLC based on standard procedures using solvent sys-
tems A, B and C (Culberson & Ammann 1979), with sol-
vent B modified following Culberson & Johnson (1982).

DNA extraction and amplification and alignments

DNA was extracted from a total of 54 specimens: 
Usnea flavocardia (45 specimens), U. gaudichaudii and 
U. lusitanica ined. (3 specimens each), U. eulychniae, 
U. esperantiana and U. dasaea (1 specimen each). In 
each case, an entire branch of the specimen (algal and 
fungal tissues) was used for DNA extraction. We applied 
a modified protocol from Zolan & Pukkila (1986), i.e., 
an SDS-Phenol-Chloroform protocol with 2% sodium 
dodecyl phosphate (SDS) to break the cell walls and 
a Phenol:Chloroform:IAA mix (15:24:1) to remove pro-
teins. We also used 3 DNA extracts from U. erinacea 
(2 specimens) and U. rubicunda (1 specimen; Table 1), 
previously obtained by Gerlach et al. (2019) for which 
only the Internal Transcribed Spacer (ITS) was sequenced. 

For the molecular studies we used three markers that 
already showed good efficacy in separating the differ-
ent clades within the subgenus Usnea s.str.: ITS, a pro-
tein-coding gene (mcm7) and the largest subunit of RNA 
polymerase II (rpb1) (Truong et al. 2013a; Mark et al. 
2016; Truong & Clerc 2016; Gerlach et al. 2017, 2019; 
Table S1). For ITS, 54 PCR amplifications were performed 
using UsITS4-R and UsITS3-F primers (Truong et al. 
2013a). A total of 57 PCR amplifications were processed 
for each of mcm7 using UsMCM7-R and UsMCM7-F 
primers (Gerlach et al. 2017) and rpb1 using primers 
UsRPB1-R/UsRPB1-F (Gerlach et al. 2017) and primers 
Rpf-Usn 2R/Rpf-Usn 3F (Mark et al. 2016). Amplified 
products were checked on a 1.5 or 2% agarose gel, stained 
with SYBER Green I (Thermo Fisher Scientific) and with 
a migration time ranging between 30 min. and 1 hour, 
depending on the fragment length. The PCR products 
were then purified using NucleoFast© plates (Mache-
rey-Nagel) before being sent to Macrogene Europe for 
Sanger sequencing. PCR parameters were the same as in 
Gerlach et al. (2019) for all primer pairs, except for Rpf-
Usn 2R/Rpf-Usn 3F for which we followed Mark et al. 
(2016) recommendations. All the amplification conditions 
are given in Table S1.

The DNA sequences were assembled and corrected in 
Sequencher software (Nishimura 2000). The alignment of 
DNA sequences was next generated using the ClustalW 
Multiple Alignment with the default settings, as imple-
mented in BioEdit (Hall 1999), then manually corrected. 
The corrected ITS alignment was quality-checked using 
the GUIDANCE online server (Penn et al. 2010) which 
issued a good score and validated the alignment.

Species delimitation analysis

To estimate the potential number of species, we used 
STACEY version 1.2.5 (Jones et al. 2015; Jones 2017), Sp
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a multispecies coalescent approach (MSC, Yang & Ran-
nala 2010), as implemented in BEAST 2.6.2 (Bouckaert 
et al. 2014). We used U. subaranea Truong & P. Clerc 
to root the tree according to Truong et al. (2013a) since 
it belongs to the basal clade of the subgenus Usnea s.str. 
(Clade I). Compared to other MSC approaches, STACEY 
considers each specimen as a putative species, thus 
avoiding improper assignment of individual sequences 
to species that could seriously bias the analysis outcome. 
This is a great advantage when the studied group is tax-
onomically poorly understood, as in lichens for which 
STACEY has been successfully used in different stud-
ies (e.g., Kanz et al. 2015; Mark et al. 2016; Gerlach 
et al. 2019; Boluda et al. 2019, 2021). STACEY analy-
sis eventually builds MSC clusters (MSCC) on pairwise 
probabilities that two individuals fall within the same 
cluster. The xml input file was prepared with the STACEY 
template supplied by BEAUTI2 (Bouckaert et al. 2014). 
Substitution models were determined using MEGA X 
v10.0.5 (Kumar et al. 2018) as TN93 for ITS and JC69 
for mcm7 and rpb1, respectively. We assumed a relaxed 
exponential molecular clock with a clock rate of 1.0, an 
offset of 0.0, and lower and upper bounds of 0.0 and 5.0, 
respectively. The species tree priors were set as follows: 
birth-death model with collapse height (ε) of 1.10–4 and 
a relative death rate of 0.5, as recommended by Jones 
(2016). For the growth rate (bdcGrowthRte.t:Species), 
we chose a log-normal distribution with a mean of 1 and 
a standard deviation of 1.25. The initial value for node 
collapse weight (ω) was set at 0.5 according to a beta 
distribution [0.0, 1.0], with alpha and beta parameters 
set at 1.0. Population size was set to [0.0, 2000], under 
popPriorScale, adding a Gamma distribution with param-
eters alpha = 2 and beta = 259. All the other parameters 
were set as default.

The input xml file was run for 200 million generations 
on three parallel chains, by sampling every 10,000 log 
and 100,000 trees. Chain convergence was checked using 
Tracer v1.7.1 (Rambaut et al. 2018). Species and genes 
trees were combined using Log Combiner and summa-
rized using Tree Annotator v2.6.0 using a 10% burn-in. 
The trees were viewed with Figtree v1.4.3 (Rambaut 
2017). The resulting species tree file was run with Spe-
cies Delimitation Analyser (SDA; Jones et al. 2015; Jones 
2016) to calculate the probability that pairs of specimens 
belong to the same MSC cluster. We defined 10% of 
burn-in, 1.10–4 of collapse height and 1.0 similarity cut 
off. The output file was uploaded on RStudio v1.1.456 
(R Team 2016) using the script provided by Jones et al. 
(2015) and modified by Simon Crameri (https://github.
com/scrameri/smtools/tree/master/SpeciesDelimitation) 
to get the similarity matrix. 

Results

Sequence data

In this study, we generated 153 new sequences for the 
genus Usnea from 57 specimens. A total of 13 sequences 
failed (two and eleven for ITS and rpb1, respectively). 

Among those, 123 were obtained from the 45 speci-
mens of U. flavocardia (73.3% of which were sequenced 
for three loci and 22.2% for two loci). Twenty-six (26) 
sequences were obtained from U. gaudichaudii, U. lusi-
tanica, U. dasaea U. eulychniae and U. esperantiana 
(three, three, one, one and one specimen, respectively) 
with only one rpb1 failed sequence for U. eulychniae. 
The remaining 4 sequences were obtained from the DNA 
extracts of Gerlach et al. (2019) and helped to provide 
sequences for three loci for most specimens (Table 1). We 
obtained at least two sequences for 98.4% of our speci-
mens, except for the South American taxon U. durietzii 
since only the ITS sequence was available on GenBank for 
these. Overall, 88.3% of the specimens have three markers 
(113 specimens), 10.2% display two markers (13 speci-
mens) and 1.5% display only one marker (2 specimens). 
Among the 128 specimens analyzed, 1.6% are missing 
ITS and mcm7, and 10.2% rpb1 (Table 1). All sequences 
were deposited in GenBank repository under accession 
numbers PX105447-PX105498, PX095166-PX095220 and 
PX103805-PX103850 for ITS, mcm7 and rpb1, respec-
tively. The data matrix consists of 505 nucleotide charac-
ters for ITS, 439 for mcm7 and 533 for rpb1, respectively. 

Gene trees, species trees and supported lineages

In our study, we discovered a new highly supported clade 
(Posterior Probabilities (PP) = 1), made up of two species, 
Usnea gaudichaudii and U. eulychniae, endemic to Chile, 
here named as USNEA-5 (Fig. 1 and Fig. S1) distinct 
from USNEA-1, USNEA-2, USNEA-3 and USNEA-4 
of Truong et al. (2013a). 

Our study additionally shows that all specimens iden-
tified as U. flavocardia, as well as both specimens of 
U. durietzii, fall within USNEA-3 according to Truong 
et al. (2013a).

Within U. flavocardia, at least four different lineages 
were detected with high posterior probabilities (PP ≥ 0.96; 
lineages 1, 2, 3 and 4) (Fig. 1). Lineages 1 and 2 form 
a monophyletic clade (PP = 1) with which the relation-
ship with lineages 3 and 4 is not resolved. One additional 
clade, lineage 5, is not supported (PP < 0.8). The topolo-
gies of individual gene trees were generally in agreement 
with each other and with that of the species tree with the 
notable exception of lineage 5 (Figs S2–S4). This lineage 
is only supported for mcm7 (PP = 0.97). The specimens 
with psoromic acid (U. wirthii) and with norstictic acid 
(U. flavocardia s.str.) were found together within lineage 1.

Species delimitation

The similarity matrix (Fig. 2) gives the posterior proba-
bility that two individuals belong to the same Multi-Spe-
cies Coalescent cluster (MSCC) according to the species 
tree of Fig. 1. The five lineages highlighted above are 
confirmed here. All of the samples of lineage 1 display 
high probabilities to belong to lineage 1, except for two 
of them (U. flavocardia_DN181 and U. flavocardia_
DN106) for which the probabilities are lower. Still, they 
were not attributed to any other MSCC. In lineage 2, 4 
and 5, two or more sub-clusters were evidenced, whereas 

https://github.com/scrameri/smtools/tree/master/SpeciesDelimitation
https://github.com/scrameri/smtools/tree/master/SpeciesDelimitation
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lineage 3 corresponds to a MSCC to which all individuals 
are strongly attributed.

A putative correlation between lineages and specific 
chemotypes

Usnea flavocardia is shown to be highly diverse from the 
chemical point of view. The major secondary metabolites 
found in this aggregate belong to depsidones (salazinic 
and norstictic acids) and β-orcinol depsidones (psoromic 
acid). Other secondary compounds such as depsides (bar-
batic acid) and β-orcinol depsides (thamnolic acid,) are 
present in some samples. The latter two are new chemo-
types for U. flavocardia, as well as a set of four different 
new and unknown fatty acids: FA1 (Rf classes values: 
A:5, B:3-4, C:5), FA2 (A:5-6, B:6-7, C:5-6), FA3 (A:6, 
B:5, C:5-6) and FA4 (A:1-2, B:2, C:2). 

We also found a putative correspondence between the 
different lineages and their chemistry pattern (Fig. 1). 
According to our sampling, each lineage is characterized 
by a specific chemistry except lineage 1 (29 specimens), 
which may include at least six different chemotypes, 
namely the psoromic acid chemotype (PSO ± FA1; 
16 specimens; 55%), the norstictic acid chemotype (NOR 
± FA1; 8 specimens; 27.5%), the thamnolic-norstictic 
acid chemotype (THA-NOR; 1 specimen; 3.5%), the stic-
tic acid chemotype (STI; 1 specimen; 3.5%), the psoro-
mic-barbatic acids chemotype (PSO-BAR, 1 specimen; 
3.5%) and a fatty acid chemotype (FA1; 2 specimens; 7%).

Lineage 2 (7 specimens) includes specimens with two 
different fatty acids (FA3 and FA4) which can be accom-
panied by norstictic acid (NOR). Lineage 3 (3 individuals) 
contains one individual with stictic acid and the remaining 
two belonging to U. durietzii whose chemotypes were 
not available as the sequences were retrieved from Gen-
Bank. Lineage 4 (4 specimens) displays a unique fatty acid 
chemotype profile (FA2). The phylogenetically weakly 
supported lineage 5 (4 specimens) includes specimens 
with salazinic acid (SAL) only. 

In our study, norstictic acid is present only in spec-
imens from South America (60% of the 10 specimens 
collected in South America) and from North America 
(100% of the 3 specimens collected in North America). 
The psoromic acid chemotype is predominantly present 
in specimens from Europe (78% of the 9 specimens 
collected in Europe), Macaronesia (100% of the 4 spec-
imens collected in Macaronesia), Asia (100% of the 
2 specimens collected in Asia) and Africa (one specimen 
collected), but also occurs in South American specimens 
(30% of the 10 specimens collected in South America). 
The stictic acid chemotype, new to U. flavocardia, seems 
to be rare in this aggregate since it was only found in 
two specimens from South America. The fatty acid FA1 
was found either alone (2 specimens from Europe) or 
occurring together with psoromic acid (3 specimens from 
Macaronesia and 1 from South America) or with norstic-
tic acid (1 specimen from South America). Barbatic and 
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thamnolic acids were newly found in U. flavocardia, 
associated with psoromic acid (1 specimen) in Macar-
onesia, and with norstictic acid in South America (Chile; 
1 specimen), respectively. 

Discussion

As for the Usnea cornuta group (Gerlach et al. 2019), the 
use of molecular sequences has revealed an unexpected 
genetic diversity within a group previously thought to 
be a single species, namely U. flavocardia. This genetic 
diversity was first suggested by Lücking et al. (2020) in 
their Usnea phylogeny, using published ITS data from 
specimens collected worldwide, showing a main Usnea 
flavocardia clade with European and Macaronesian speci-
mens (lineage 1 in this study) sister of a clade containing 
a specimen from New Zealand (probably lineage 2 in this 
study). With our sampling, U. flavocardia now includes 
five different lineages, four of which are highly supported. 
Henceforth, we will refer to it as the U. flavocardia aggre-
gate. As with the U. cornuta group, chemotypes correlate 
well with the different lineages, at least in our sampling, 
and can be suggested as diagnostic characters that should 
further be confirmed. Once again, this result confirms that, 
specifically in difficult groups such as the genus Usnea, 
phylogenetics is a necessary tool to delineate species, 
together with morphological, anatomical, chemical and 
ecological data. 

An unexpected new clade within Usnea

The two species Usnea gaudichaudii and U. eulychniae, 
morphologically very different from U. flavocardia, were 
sequenced for the first time in this study to determine 
their placement within Usnea. The species tree (Fig. S1) 
shows that they belong to a new strongly supported clade, 
here named USNEA-5, adding to the four clades already 
known from the molecular phylogeny of the genus Usnea 
(Truong et al. 2013a), albeit with unresolved relationship 
to the other clades. Usnea gaudichaudii and U. eulychniae 
were originally described from specimens collected in 
the Atacama Desert along the coasts of northern Chile 
(Motyka 1936–1938; Follmann 1967). Although U. gau-
dichaudii is mentioned as having been found in Venezuela 
and Brazil (Motyka 1936–1938; Consortium of Lichen 
Herbaria 2025), these reports were most likely based on 
false determinations. Both species are endemic to the 
Atacama Desert and live in one of the driest and prob-
ably oldest deserts on Earth (Jung et al. 2019). Usnea 
gaudichaudii is a short, shrubby species with numerous 
apothecia and branches that are purple red pigmented 
in their terminal parts, a unique color in the genus. It 
produces diffractaic and barbatic acids in the medulla. 
Usnea eulychniae is a subpendulous to pendulous taxon 
with capillaceous terminal parts, small punctiform soralia 
and thamnolic acid in the medulla. Both species grow 
among a rich biological community, mostly on cande-
labriform or arborescent cacti of the genus Eulychnia 
living in a narrow coastal desert strip strongly influenced 
by frequent maritime orographic fogs, called the Desert 
Fog zone (Rundel 1978). This peculiar endemism, linked 

to a very specific habitat, most probably resulted from 
strong genetic isolation leading to the differentiation of 
this highly supported fifth clade in the genus. Another 
example of such isolation due to similar extreme con-
ditions in South America is given with the genus Ceno-
zosia, a fruticose genus belonging to the Ramalinaceae, 
whose species are endemic to the Atacama Desert Fog 
zone and furthermore associated with a Trebouxia pho-
tobiont that was recently demonstrated to also constitute 
a newly identified cluster within the Trebouxioid algae 
(Jung et al. 2023).

Usnea flavocardia Räsänen vs U. wirthii P. Clerc

One of our objectives in this work was to determine 
whether the molecular data confirms the synonymy of 
Usnea wirthii (chemotype psoromic acid) under U. flavo-
cardia s.str. (chemotype norstictic acid) (Clerc 2004). The 
species tree (Fig. 1) and the similarity matrix (Fig. 2) both 
show that no significant difference exists between the two 
taxa since they form a highly supported clade (PP = 0.97 
for the species tree) coined as lineage 1. We were not 
able to sequence the type specimens of U. flavocardia 
and U. wirthii, but morphological and anatomical studies, 
not presented here, as well as chemical evidence strongly 
suggest that lineage 1 is conspecific with U. flavocardia 
Räsänen s.str. (Clerc 1984, 1997, 2004; Clerc & Otte 
2018; Clerc & Kissling 2019). Lineage 1, indeed, con-
tains specimens DN33 and DN35 with psoromic acid col-
lected in South France previously identified as U. wirthii 
(U. wirthii could not be found in the vicinity of its type 
locality) and specimens DN82, 83 with norstictic acid col-
lected in Corral (Chile), the type locality of U. flavocardia 
s.str. Therefore, we consider that lineage 1 corresponds 
to U. flavocardia s.str. in the following and confirm the 
genetic proximity of U. wirthii with the former species.

The Usnea flavocardia aggregate contains five 
lineages that are well characterized by their 
chemistry

All of the specimens of the U. flavocardia aggregate used 
in this study fall within a single highly supported clade 
that also contains the saxicolous taxon U. durietzii which 
was not initially thought to belong to this aggregate. The 
U. flavocardia aggregate belongs to the USNEA-3 clade 
as defined by Truong et al. (2013a). The relationships 
between the five different lineages are poorly resolved 
as shown in the species tree (Fig. 1). This may be due 
to various factors such as the lack of information within 
the sequenced markers, incongruent histories among loci, 
and/or a recent diversification of this aggregate, leading 
to ILS. Whereas, the first cause could be leveraged using 
more genes, the two others (Naciri & Linder 2015) might 
be intimately related to the diversification process itself 
and its rate. In that latter case, it is expected that adding 
more genes would not necessarily help resolve the deeper 
relationships between the different lineages, as it is often 
recorded in radiating lineages (Naciri & Linder 2020). 

Usnea flavocardia Räsänen has often been noted for 
its chemical diversity with norstictic, galbinic, psoromic, 
salazinic and stictic acids (Clerc 2004; Truong et al. 2011; 
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Ohmura 2014). Our results confirm this chemical variabil-
ity and furthermore show that a good correspondence can 
be found between the lineages and particular chemotypes. 
Such a correlation between chemistry and genetics has 
already been described by Gerlach et al. (2019) in the 
U. cornuta group. 

Lineage 1 (Usnea flavocardia s.str.)
Our sampling was biased toward Chile and Europe since 
the aim of this study was to compare U. flavocardia 
described in Chile with U. wirthii described in Europe. 
Lineage 1 predominates as it contains, by far, most of 
the U. flavocardia aggr. specimens analyzed in this study 
(29 specimens; 64% of the sequenced specimens; Fig. 1). 
The species tree (Fig. 1) and the similarity matrix (Fig. 2) 
show that this lineage is quite homogeneous, with all 
the specimens displaying high probabilities of falling 
within the same cluster, except for two Chilean specimens, 
DN106 containing norstictic acid and FA1, and DN181 
containing stictic acid (Fig. 2). Lineage 1 contains the 
highest chemical and geographic diversities among the 
U. flavocardia aggr. with six chemotypes associated with 
an almost worldwide distribution (Brazil, Chile, USA, 
Canada, Canary Islands, Portugal, France, the Nether-
lands, Switzerland, Taiwan and Tanzania). 

Three out of these six chemotypes have previously been 
reported from Usnea flavocardia s.str. (Syn. U. wirthii): 
1. psoromic acid ± FA1 (Clerc 1984), 2. norstictic ± FA1 
(Clerc 1984, 2004; Clerc & Diederich 1991; Ohmura 2014) 
and 3. stictic acid, a chemotype that was first reported 
from South America by Truong et al. (2011). Although the 
probability of its belonging to lineage 1 is low according 
to the STACEY matrix (Fig. 2), the specimen DN106 
(norstictic acid, FA1) has no obvious anatomical, mor-
phological or chemical character differentiating it from 
other specimens of lineage 1. Specimen DN181 collected 
in central Chile (Maule), also with an unusual chemistry 
for lineage 1 (stictic acid), likewise shows no morpholog-
ical or anatomical differences from U. flavocardia s.str. 
Further studies using additional Chilean specimens would 
therefore be necessary to unravel the status of this stictic 
acid chemotype and possibly gain more information with 
further specimens sharing the same genetics as DN106.

Three further chemotypes are found in lineage 1 that 
have not been reported so far in U. flavocardia s.str.: 1. 
psoromic and barbatic acids, 2. psoromic and thamnolic 
acids and 3. the fatty acid FA1. Barbatic and thamnolic 
acids are new substances in U. flavocardia s.str. Barbatic 
acid was found together with psoromic acid in a speci-
men collected on the Canary Islands (specimen DN22). 
Complementary chemical analyses (P. Clerc, unpublished 
results) show that this chemotype is frequent and restricted 
to Macaronesia. Thamnolic acid was found only in one 
locality situated in the Atacama Desert (Chile) in the fog 
oasis “Las Lomitas” within the National Park “Pan de 
Azúcar” (specimen DN93). Finally, psoromic acid and 
the fatty acid FA1 are found exclusively in lineage 1 and 
seem to be diagnostic of this lineage. 

Lineage 1 occurs on all continents apart from Oce-
ania (Fig. 1). As previously noted, it contains specimens 

collected in Central and South America (10 specimens), 
Europe (9), Macaronesia (4), North America (3), Asia 
(2) and Africa (1). The number of specimens studied is 
not sufficient to draw any definitive conclusions, how-
ever some geographical trends can already be highlighted 
within lineage 1 with the norstictic acid chemotype pres-
ent only in South and North America, while the psoromic 
acid chemotype is predominantly present in Europe, but 
also occurring in South America, Macaronesia, Asia and 
Africa. This chemical pattern is not reflected in the genetic 
analysis after discarding DN181 and DN106. As a matter 
of fact, STACEY analysis showed a fairly homogenous 
MSC cluster. This could be due to ILS, a recurrent prob-
lem with species delimitation (Naciri & Linder 2015). 
This happens when the speciation is very recent and 
when the effective population sizes are important (Naciri 
& Linder 2015). Rosenberg (2003) suggested that 5.3 Ne 
generations are required for a lineage to acquire the mono-
phyly of 99% of its loci. Given the worldwide distribution 
of Lineage 1, we might hypothesize that the effective 
population size of lineage 1 is high resulting in putative 
strong ILS within the lineage and in weakly supported 
relationships among specimens (Naciri & Linder 2015). 
The lack of geographical or chemical patterns within Lin-
eage 1 could therefore be due to a recent diversification 
associated with high effective population sizes mediated 
by transoceanic long-distance dispersal (LDD) of vegeta-
tive diaspores (isidiomorphs, soredia, thallus fragments) 
via winds or birds as it has been described for other lichen 
species (Galloway & Aptroot 1995; Muñoz et al. 2004; 
Geml et al. 2010; Lewis et al. 2014). There is indeed evi-
dence in the Parmeliaceae that transoceanic LDD events 
occur and that they have played a major role in species 
diversification within this family (Amo de Paz et al. 2011; 
Fernández-Mendoza et al. 2011). Alternatively, the used 
loci might lack resolution at the scale of this rapid diver-
sification or might not be the most appropriate ones to 
highlight such a signal, if it exists, failing at showing 
a correlation between chemotypes and genetics.

In summary, Lineage 1 conforms well with U. flavo-
cardia s.str. with both the psoromic and norstictic acid 
chemotypes. Moreover, the placement of U. wirthii within 
U. flavocardia (Clerc 2004) is here confirmed. Using other 
markers such as RAD sequences, for instance (Grewe 
et al. 2018), would be necessary to further characterize 
this lineage and find putative signs of differentiation. 

Lineage 2
Seven specimens (16%) of the U. flavocardia aggr. col-
lected in Australasia and South America are included in 
lineage 2. This clade is strongly supported and appears 
sister to lineage 1 (Fig. 1). It is characterized by the pres-
ence of fatty acids FA3 and FA4. Neither FA3 or FA4 
occur in another lineage of this aggregate. In two speci-
mens (29%), norstictic acid co-occurs with FA3 or FA4. 
Lineage 2 has an intercontinental distribution, although 
restricted to the southern hemisphere where the two sub-
clades (Figs 1, 2) show a clear geographic separation 
between Chile (2 specimens) and Oceania (5). A specimen 
collected by H.U. Stauffer in South Africa (G261564) was 
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identified as belonging to this lineage, based on anatomi-
cal, morphological and chemical characters as it contains 
the fatty acid FA4, but it couldn’t be sequenced since it 
is an old specimen. Here again, long-distance dispersal 
events between Chile, South Africa and Oceania seem to 
be a straightforward hypothesis to explain this disjunction. 
According to Muñoz et al. (2004), winds are, for pterido-
phytes, bryophytes and lichens, the major long-distance 
dispersal vector in the southern hemisphere. 

Our results together with preliminary morphological 
and anatomical studies strongly suggest that lineage 2 
corresponds to a still undescribed new species, that inhab-
its both South America and Australia, and most probably 
South Africa, the two subclades identified so far showing 
no obvious morphological differences.

Lineage 3
This well-supported lineage contains two specimens of 
Usnea durietzii Motyka from Peru and a specimen of the 
Usnea flavocardia aggr. (DN99) from Chile displaying 
the stictic acid chemotype (Fig. 1). Its relationship to 
the other 4 lineages is not resolved. It was a surprise 
to find Usnea durietzii nested within the U. flavocardia 
aggr. Usnea durietzii occurs on rocks, mainly in South 
America throughout the Andean Cordillera from northern 
Venezuela to the Magellan Straits and Tierra del Fuego 
(Walter 1985). It usually contains salazinic and norstic-
tic acids, rarely one or the other alone. Walter (1985) 
considered this species to belong to the subgenus Neu-
ropogon, probably because the branch extremities were 
somewhat blackened. However, Rodriguez et al. (2011) 
questioned this placement since they showed unresolved 
relationships between U. durietzii and the Neuropogon 
clade. Our study seems to confirm that U. durietzii does 
not belong to the subgenus Neuropogon, but to the sub-
genus Usnea s.str. Morphologically, the presence of red 
cortical dots close to the basal part of its thallus, even 
though sometimes inconspicuous, as well as to the yel-
low pigmentation around its central axis (although very 
rare: 4 out of 90 specimens present in the fungarium 
G), is consistent with the inclusion of U. durietzii in the 
U. flavocardia aggr. Specimen DN99 with stictic acid and 
sister to U. durietzii is typical of the U. flavocardia aggr. 
with numerous red cortical dots over the whole thallus 
and a yellow-pigmented medulla around the central axis. 
This specimen, however, has a different type of soralia 
than the one found in U. flavocardia s.str. We collected 
several specimens in Chile with the same morphology 
and chemistry, suggesting that the singleton DN99 cor-
responds to a second putative undescribed new species 
that falls sister to U. durietzii. 

Lineage 4
Four specimens (9%) of the U. flavocardia aggr. are 
included in the strongly supported lineage 4 (Fig. 1). This 
lineage contains specimens from Brazil (2), Chile (1) and 
USA (1), therefore showing a distribution restricted to the 
Americas. This lineage, whose relationship to the other 
lineages is not resolved, is characterized by the fatty acid 
FA2 not found in any other lineage within the aggregate. 

The similarity matrix (Fig. 2) shows a weak genetic dif-
ferentiation into two groups (Fig. 2); however, these do 
not show geographic patterns. Preliminary morphological 
and anatomical studies show that these specimens are 
different from those in the other lineages. We collected 
several other specimens with the same morphology and 
chemistry, strongly suggesting that this fourth lineage 
corresponds to another undescribed new species. 

Lineage 5
Lineage 5 is not supported in the species tree, although 
a high PP (0.97) is found on the mcm7 gene tree. It 
comprises a group of specimens whose distribution is 
restricted to Central and South America: Chile (2) and 
Costa Rica (2). The presence of salazinic acid in this 
lineage is unique in this aggregate. The morphological 
and anatomical characters displayed by the specimens of 
lineage 5 are diverse and need a thorough morphological 
and anatomical investigation, as well as more sequence 
data to understand its circumscription.

Conclusion

According to our results, the Usnea flavocardia aggregate 
includes at least five different lineages, four of which 
are phylogenetically well supported, and one is weakly 
supported. Miralles & Vences (2013) suggested using at 
least five specimens per putative lineage for an efficient 
species delimitation analysis, a minimum threshold not 
reached by some of these putative species. It was indeed 
highly unexpected to find such a high diversity within the 
U. flavocardia aggregate; the sampling was only aimed at 
checking the synonymy of U. flavocardia and U. wirthii, 
while trying to encompass as much geographical diver-
sity as possible. Lineage 1 and 2, each with more than 
five specimens, are both highly supported, as is lineage 
4 with only four specimens. Only lineage 5 with four 
specimens is not supported and, together with the sin-
gleton within lineage 3, would need additional samples 
to reach a good species delimitation. Despite this draw-
back, it is still possible to identify several geographic 
trends. According to our sampling, lineage 1 is found 
worldwide, while lineages 3, 4 and 5 are restricted to 
the Americas and lineage 2 is found only in the southern 
hemisphere. Although the former statements should be 
confirmed with additional data, our results suggest an 
important intercontinental distribution in two of our five 
lineages that can be explained by long-distance dispersal 
by winds and birds.

These results show that the diversity of this group has 
been largely underestimated, both at the genetic and chem-
ical levels. We confirm the hypothesis of Clerc (1998) 
that chemistry is a good predictor of species delimitation 
in Usnea when correlated with other characters, as also 
shown by Gerlach et al. (2019) in the U. cornuta group.

Author Contributions

Conceptualization, P.C; fieldwork, D.R., P.C., I.P., T.G, 
R.H; formal analysis, D.R., P.C. and Y.N.; writing: original 



D. Rodrigues et al.: From one to five putative species: an unexpected high genetic diversity in Usnea flavocardia 51

draft preparation: D.R.; figures, sequence submission to 
ENA, C.P.; writing, review and editing, Y.N., P.C, C.P. 
and TG; lab work, D.R., P.C., S.J; provided sequences, 
Y.O., A.G.; funding acquisition, D.R., P.C. and Y.N. All 
authors have read and agreed to the published version 
of the manuscript.

Acknowledgments

This study was partly supported by the Conservatoire et Jardin 
botaniques de la Ville de Genève and the Fondation Ernst et 
Lucie Schmidheiny that supported the laboratory fees, the Ge-
neva University, the Association des Amis du Jardin botanique, 
the Société de Physique et d’Histoire naturelle de Genève 
(Bourse Augustin Lombard) and the Société Botanique Suisse 
that supported the different field trips. We thank Régine Niba, 
Luísa Carvalho and Antonio Castro for their help with lab work, 
as well as Shelly Benson and Stella Temu for providing us with 
freshly harvested specimens. We finally thank the curator of the 
lichen herbarium of F for sending us the sequenced voucher 
specimen of U. durietzii.

ORCID 

Philippe Clerc  https://orcid.org/0000-0003-1453-0865
Alice Gerlach  https://orcid.org/0000-0002-3568-0814
Trevor Goward  https://orcid.org/0000-0003-2655-9956
Yamama Naciri  https://orcid.org/0000-0001-6784-8565
Yoshihito Ohmura  https://orcid.org/0000-0003-2557-2761
Iris Pereira  https://orcid.org/0000-0002-4157-6220
Charles Pouchon  https://orcid.org/0000-0001-7766-3732
Daniel Rodrigues  https://orcid.org/0000-0001-8399-1222

Supplementary electronic materials

Figure S1. Species tree from STACEY analysis of 128 Usnea specimens 
with specimen localities colored according to the map on the lower 
left side and chemotypes on the right side (SAL: salazinic acid; CST: 
constictic acid; STI: stictic acid; NOR: norstictic acid; GAL: galbinic 
acid; PSO: psoromic acid; PRO: protocetraric acid; LOB: lobaric acid; 
THA: thamnolic acid; SQU: squamatic acid; BAR: barbatic acid; DIF: 
diffractaic acid; ALE: alectorialic acid; TER: terpenoids; FA: fatty acids). 
The clades are named after Truong et al. (2013). Only posterior proba-
bilities (PP) higher than 0.9 are shown above branches. Download file 

Figure S2. ITS individual gene tree STACEY analysis of 128 Usnea 
specimens. Download file

Figure S3. mcm7 individual gene tree STACEY analysis of 128 Usnea 
specimens. Download file

Figure S4. rpb1 individual gene tree STACEY analysis of 128 Usnea 
specimens. Download file

Table S1. List of the sequenced loci with indication of the primers 
used, their sequence, the PCR conditions per locus and the associated 
literature. Download file

References

Amo de Paz, G., Cubas, P., Divakar, P. K. & Crespo, A. 2011. Origin 
and diversification of major clades in parmelioid lichens (Parme-
liaceae, Ascomycota) during the Paleogene inferred by Bayesian 
analysis. PLoS One 6(12): e28161. https://doi.org/10.1371/journal.
pone.0028161

Awasthi, G. 1986. Lichen genus Usnea in India. Journal of the Hattori 
Botanical Laboratory 61: 333–421.

Barcenas-Peña, A., Sipman, H. J., Wirth, V., Grewe, F. & Lumbsch, 
H. T. 2023. Using morphological, chemical, and molecular data 
to study the diversity of Xanthoparmelia species from South Af-
rica (Ascomycota, Parmeliaceae). The Lichenologist 55: 265–273. 
https://doi.org/10.1017/S0024282923000300

Boluda, C. G., Rico, V. J., Divakar, P. K., Nadyeina, O., Myllys, L., 
McMullin, R. T., Zamora, J. C., Scheidegger, C. & Hawksworth, 
D. L. 2019. Evaluating methodologies for species delimitation: The 
mismatch between phenotypes and genotypes in lichenized fungi 
(Bryoria sect. Implexae, Parmeliaceae). Persoonia 42: 75–100. 
https://doi.org/10.3767/persoonia.2019.42.04

Boluda, C. G., Rico, V. J., Naciri, Y., Hawksworth, D. L. & Scheide-
gger, C. 2021. Phylogeographic reconstructions can be biased by 
ancestral shared alleles: The case of the polymorphic lichen Bryoria 
fuscescens in Europe and North Africa. Molecular Ecology 30: 
4845–4865. https://doi.org/10.1111/mec.16078

Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C.-H., Xie, D., 
Suchard, M. A., Rambaut, A. & Drummond, A. J. 2014. BEAST 
2: A Software Platform for Bayesian Evolutionary Analysis. PLoS 
Computational Biology 10: e1003537. https://doi.org/10.1371/
journal.pcbi.1003537

Brodo, I. M. 1978. Changing concepts regarding chemical diversity 
in lichens. The Lichenologist 10: 1–11. https://doi.org/10.1017/
S0024282978000031

Brodo, I. M. 1986. Interpreting chemical variation in lichens for 
systematic purposes. The Bryologist 89: 132–138. https://doi.
org/10.2307/3242753

Bungartz, F., Truong, C., Herrera-Campos, M. & Clerc, P. 2018. The 
genus Usnea (Parmeliaceae, Lecanoromycetes) in the Galapa-
gos Islands. Herzogia 31: 571–629. https://doi.org/10.13158/
heia.31.1.2018.571

Clerc, P. 1984. Usnea wirthii – A new species of lichen from Europe 
and North Africa. Saussurea 15: 33–36.

Clerc, P. 1987. Systematics of the Usnea fragilescens aggregate and its 
distribution in Scandinavia. Nordic Journal of Botany 7: 479–495. 
https://doi.org/10.1111/j.1756-1051.1987.tb00969.x

Clerc, P. 1997. Notes on the genus Usnea Dill. ex Adanson. The Liche-
nologist 29: 209–215. https://doi.org/10.1006/lich.1996.0075

Clerc, P. 1998. Species concepts in the genus Usnea (lichenized Asco-
mycetes). The Lichenologist 30: 321–340. https://doi.org/10.1006/
lich.1998.0150

Clerc, P. 2004. Notes on the genus Usnea Adanson. II. Bibliotheca 
Lichenologica 88: 79–90.

Clerc, P. 2006. Synopsis of Usnea (lichenized Ascomycetes) from 
the Azores with additional information on the species in Maca-
ronesia. The Lichenologist 38: 191–212. https://doi.org/10.1017/
S002428290600569X

Clerc, P. 2007. Usnea. In: Nash, T. H. III, Gries, C. & Bungartz, F. 
(eds), Lichen Flora of the Greater Sonoran Desert Region, Vol. 3., 
pp. 302–335. Lichens Unlimited, Arizona State University, Tempe, 
Arizona.

Clerc, P. 2011. Usnea. In: Thell, A. & Moberg, R. (eds), Nordic Lichen 
Flora, Vol. 4., pp. 107–127. Nordic Lichen Society.

Clerc, P. & Diederich, P. 1991. Usnea wirthii Clerc, new to North 
America and the British Islands. The Lichenologist 23: 405–407. 
https://doi.org/10.1017/S0024282991000555 

Clerc, P. & Kissling, A. 2019. Les Baillets (Russin, Genève, Suisse): un 
«hotspot» pour le genre Usnea Adans. (Parmeliaceae, Ascomycètes 
lichénisés) en Europe. Saussurea 48: 125–137.

Clerc, P. & Otte, V. 2018. Usnea viktoriana (Ascomycota, Parmelia-
ceae), a new European taxon of the Usnea barbata-dasopoga group, 
with a key to the shrubby-subpendulous sorediate Usnea species 
in Europe. The Lichenologist 50: 513–527. https://doi.org/10.1017/
S0024282918000312

Consortium of Lichen Herbaria 2025. Usnea gaudichaudii Motyka. 
https://lichenportal.org/portal/index.php. Accessed on 18.03.2025

https://orcid.org/0000-0003-1453-0865
https://orcid.org/0000-0002-3568-0814
https://orcid.org/0000-0001-6784-8565
https://orcid.org/0000-0003-2557-2761
https://orcid.org/0000-0002-4157-6220
https://orcid.org/0000-0001-7766-3732
https://orcid.org/0000-0001-8399-1222
https://pfsyst.botany.pl/SuppFile/208074/1/
https://pfsyst.botany.pl/SuppFile/208074/2/
https://pfsyst.botany.pl/SuppFile/208074/3/
https://pfsyst.botany.pl/SuppFile/208074/4/
https://pfsyst.botany.pl/SuppFile/208074/5/
https://doi.org/10.1371/journal.pone.0028161
https://doi.org/10.1371/journal.pone.0028161
https://doi.org/10.1017/S0024282923000300
https://doi.org/10.3767/persoonia.2019.42.04
https://doi.org/10.1111/mec.16078
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1017/S0024282978000031
https://doi.org/10.1017/S0024282978000031
https://doi.org/10.2307/3242753
https://doi.org/10.2307/3242753
https://doi.org/10.13158/heia.31.1.2018.571
https://doi.org/10.13158/heia.31.1.2018.571
https://doi.org/10.1111/j.1756-1051.1987.tb00969.x
https://doi.org/10.1006/lich.1996.0075
https://doi.org/10.1006/lich.1998.0150
https://doi.org/10.1006/lich.1998.0150
https://doi.org/10.1017/S002428290600569X
https://doi.org/10.1017/S002428290600569X
https://doi.org/10.1017/S0024282991000555
https://doi.org/10.1017/S0024282918000312
https://doi.org/10.1017/S0024282918000312
https://lichenportal.org/portal/index.php


52 Plant and Fungal Systematics 70(2): 39–53, 2025

Crespo, A, Lumbsch, H. T, Mattsson, J. E., Blanco, O., Divakar, P. K., 
Articus, K., Wiklund, E., Bawingan, P. A. & Wedin, M. 2007. 
Testing morphology-based hypotheses of phylogenetic relationships 
in Parmeliaceae (Ascomycota) using three ribosomal markers and 
the nuclear RPB1 gene. Molecular Phylogenetics and Evolution 44: 
812–824. https://doi.org/10.1016/j.ympev.2006.11.029

Culberson, W. L. 1969. The use of chemistry in the systematics of 
the lichens. Taxon 18: 152–166. https://doi.org/10.2307/1218673

Culberson, C. F. & Ammann, K. 1979. Standardmethode zur Dünn-
schichtchromatographie von Flechtensubstanzen. Herzogia 5: 1–24. 
https://doi.org/10.1127/herzogia/5/1979/1

Culberson, C. F. & Johnson, A. 1982. Substitution of methyl tert.-butyl 
ether for diethyl ether in the standardized thin-layer chromato-
graphic method for lichen products. Journal of Chromatography 
A 238: 483–487. https://doi.org/10.1016/S0021-9673(00)81336-9

Davydov, E. A., Himelbrant, D. E., Kuznetsova, E. S., Stepanchikova, 
I. S. & Yakovchenko, L. S. 2024. Multilocus molecular phylogeny 
of the Umbilicaria aprina group (Umbilicariaceae, Lichenized 
Ascomycota) supports species level and neo-endemic status of Um-
bilicaria krascheninnikovii. Plants 13: 729. https://doi.org/10.3390/
plants13050729

Egan, R. S. 1986. Correlations and non-correlations of chemical varia-
tion patterns with lichen morphology and geography. The Bryologist 
89: 99–110.

Fernández-Mendoza, F., Domaschke, S., Garcia, M. A., Jordan, 
P., Martin, M. P. & Printzen, C. 2011. Population structure of 
mycobionts and photobionts of the widespread lichen Cetra-
ria aculeata. Molecular Ecology 20: 1208–1232. https://doi.or-
g/10.1111/j.1365-294x.2010.04993.x

Follmann, G. 1967. Die Flechtenflora der nordchilenischen Nebeloase 
Cerro Moreno. Nova Hedwigia 14: 213–284.

Galloway, D. J. & Aptroot, A. 1995. Bipolar lichens: a review. Cryp-
togamic Botany 5: 184–191.

Geml, J., Kauff, F., Brochmann, C. & Taylor, D. L. 2010. Surviving 
climate changes: high genetic diversity and transoceanic gene flow 
in two arcti-alpine lichens, Flavocetraria cucullata and F. nivalis 
(Parmeliaceae, Ascomycota). Journal of Biogeography 37: 1529–
1542. https://doi.org/10.1111/j.1365-2699.2010.02287.x

Gerlach, A. da C. L., Clerc, P. & Borges da Silveira, R. M. B. 2017. 
Taxonomy of the corticolous, shrubby, esorediate, neotropical spe-
cies of Usnea Adans. (Parmeliaceae) with an emphasis on southern 
Brazil. The Lichenologist 49: 199–238. https://doi.org/10.1017/
S0024282917000196

Gerlach, A. da C. L., Toprak, Z., Naciri, Y., Caviró, E. A., Borges da 
Silveira, R. M. B. & Clerc, P. 2019. New insights into the Usnea 
cornuta aggregate (Parmeliaceae, lichenized Ascomycota): Molecu-
lar analysis reveals high genetic diversity correlated with chemistry. 
Molecular Phylogenetics and Evolution 131: 125–137. https://doi.
org/10.1016/j.ympev.2018.10.035

Gerlach, A. da C. L., Borges da Silveira, R. M. B., Rojas, C. & Clerc, P. 
2020. Naming and describing the diversity in the Usnea cornuta 
aggregate (lichenized Ascomycota, Parmeliaceae) focusing on 
Brazilian specimens. Plant and Fungal Systematics 65: 272–302. 
https://doi.org/10.35535/pfsyst-2020-0024

Grewe, F., Lagostina, E., Wu, H., Printzen, C. & Lumbsch, H. T. 2018. 
Population genomic analyses of RAD sequences resolves the phy-
logenetic relationship of the lichen-forming fungal species Usnea 
antarctica and Usnea aurantiacoatra. MycoKeys 43: 91–113. https://
doi.org/10.3897/mycokeys.43.29093

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment 
editor and analysis program for Windows 95/98/NT.  Nucleic Acids 
Symposium Series 41: 95–98.

Halonen, P., Clerc, P., Goward, T., Brodo, I. M. & Wulff, K. 1998. 
Synopsis of the Genus Usnea (Lichenized Ascomycetes) in Brit-
ish Columbia, Canada. The Bryologist 101: 36–60. https://doi.
org/10.2307/3244073

Herrera-Campos, M. 2016. Usnea in Mexico. Bibliotheca Lichenologica 
110: 505–620.

Hinds, J. W., Hinds, P. L. & Dibble, A. C. 2007. The macrolichens of 
New England. New York Botanical Garden Press.

Jones, G. 2017. STACEY: algorithmic improvements to species delim-
itation and phylogeny estimation under the multispecies coales-
cent. Journal of Mathematical Biology 74: 447–467. https://doi.
org/10.1007/s00285-016-1034-0

Jones, G., Aydin, Z. & Oxelman, B. 2015. DISSECT: an assignment-free 
Bayesian discovery method for species delimitation under the 
multispecies coalescent. Bioinformatics 31: 991–998. https://doi.
org/10.1093/bioinformatics/btu770

Jung, P., Emrich, D., Briegel-Williams, L., Schermer, M., Weber, L., 
Baumann, K., Colesie, C., Clerc, P., Lehnerts, L. W., Achilles, S., 
Bendix, J. & Büdel, B. 2019. Ecophysiology and phylogeny of new 
terricolous and epiphytic chlorolichens in a fog oasis of the Ata-
cama Desert. MicrobiologyOpen 8: e894. https://doi.org/10.1002/
mbo3.894

Jung, P., Werner, L., Briegel-Williams, L., Emrich, D. & Lakatos, M. 
2023. Roccellinastrum, Cenozosia and Heterodermia: Ecology and 
phylogeny of fog lichens and their photobionts from the coastal 
Atacama Desert. MycoKeys 98: 317–348. https://doi.org/10.3897/
mycokeys.98.107764

Kanz, B., von Brackel, W., Cezanne, R., Eichler, M., Hohmann, M. L., 
Teuber, D. & Printzen, C. 2015. DNA barcodes for the distinc-
tion of reindeer lichens: a case study using Cladonia rangiferina 
and C. stygia. Herzogia 28: 445–464. https://doi.org/10.13158/
heia.28.2.2015.445

Kistenich, S., Timdal, E., Bendiksby, M. & Ekman, S. 2018. Molecular 
systematics and character evolution in the lichen family Ramali-
naceae (Ascomycota: Lecanorales). Taxon 67: 871–904. https://
doi.org/10.12705/675.1

Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. 2018. MEGA 
X: molecular evolutionary genetics analysis across computing plat-
forms. Molecular Biology and Evolution 35: 1547–1549. https://
doi.org/10.1093/molbev/msy096

Leavitt, S. D., Johnson, L. A., Goward, T. & St. Clair, L. L. 2011. 
Species delimitation in taxonomically difficult lichen-forming 
fungi: An example from morphologically and chemically diverse 
Xanthoparmelia (Parmeliaceae) in North America. Molecular Phy-
logenetics and Evolution 60: 317–332. https://doi.org/10.1016/j.
ympev.2011.05.012

Lewis, L. R., Behling, E., Gousse, H., Qian, E., Elphick, C. S., Lamarre, 
J. F., Bety, J., Liebezeit, J., Rozzi, R. & Goffinet, B. 2014. First 
evidence of bryophyte diaspores in the plumage of transequatorial 
migrant birds. PeerJ: e424. https://doi.org/10.7717/peerj.424

Lücking, R., Nadel, M. R. A., Araujo, E. & Gerlach, A. 2020. Two 
decades of DNA barcoding in the genus Usnea (Parmeliaceae): 
how useful and reliable is the ITS?. Plant and Fungal Systematics 
65: 303–357. https://doi.org/10.35535/pfsyst-2020-0025

Mark, K., Saag, L., Leavitt, S. D., Will-Wolf, S., Nelsen, M. P., Tõrra, T., 
Saag, A., Randlane, T. & Lumbsch, H. T. 2016. Evaluation of tradi-
tionally circumscribed species in the lichen-forming genus Usnea, 
section Usnea (Parmeliaceae, Ascomycota) using a six-locus data-
set. Organisms Diversity and Evolution 16: 497–524. https://doi.
org/10.1007/s13127-016-0273-7

Miadlikowska, J. & Lutzoni, F. 2000. Phylogenetic revision of the 
genus Peltigera (lichen-forming Ascomycota) based on morpho-
logical, chemical, and large subunit nuclear ribosomal DNA data. 
International Journal of Plant Sciences 161: 925–958. https://doi.
org/10.1086/317568

Miralles, A. & Vences, M. 2013. New metrics for comparison of tax-
onomies reveal striking discrepancies among species delimitation 
methods in Madascincus lizards. PLoS One 8: e68242. https://doi.
org/10.1371/journal.pone.0068242

Motyka, J. 1936–1938. Lichenum generis Usnea studium monographi-
cum. Pars systematica. Leopoldi (privately printed).

https://doi.org/10.1016/j.ympev.2006.11.029
https://doi.org/10.2307/1218673
https://doi.org/10.1127/herzogia/5/1979/1
https://doi.org/10.1016/S0021-9673(00)81336-9
https://doi.org/10.3390/plants13050729
https://doi.org/10.3390/plants13050729
https://doi.org/10.1111/j.1365-294x.2010.04993.x
https://doi.org/10.1111/j.1365-294x.2010.04993.x
https://doi.org/10.1111/j.1365-2699.2010.02287.x
https://doi.org/10.1017/S0024282917000196
https://doi.org/10.1017/S0024282917000196
https://doi.org/10.1016/j.ympev.2018.10.035
https://doi.org/10.1016/j.ympev.2018.10.035
https://doi.org/10.35535/pfsyst-2020-0024
https://doi.org/10.3897/mycokeys.43.29093
https://doi.org/10.3897/mycokeys.43.29093
https://doi.org/10.2307/3244073
https://doi.org/10.2307/3244073
https://doi.org/10.1007/s00285-016-1034-0
https://doi.org/10.1007/s00285-016-1034-0
https://doi.org/10.1093/bioinformatics/btu770
https://doi.org/10.1093/bioinformatics/btu770
https://doi.org/10.1002/mbo3.894
https://doi.org/10.1002/mbo3.894
https://doi.org/10.3897/mycokeys.98.107764
https://doi.org/10.3897/mycokeys.98.107764
https://doi.org/10.13158/heia.28.2.2015.445
https://doi.org/10.13158/heia.28.2.2015.445
https://doi.org/10.12705/675.1
https://doi.org/10.12705/675.1
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1016/j.ympev.2011.05.012
https://doi.org/10.1016/j.ympev.2011.05.012
https://doi.org/10.7717/peerj.424
https://doi.org/10.35535/pfsyst-2020-0025
https://doi.org/10.1007/s13127-016-0273-7
https://doi.org/10.1007/s13127-016-0273-7
https://doi.org/10.1086/317568
https://doi.org/10.1086/317568
https://doi.org/10.1371/journal.pone.0068242
https://doi.org/10.1371/journal.pone.0068242


D. Rodrigues et al.: From one to five putative species: an unexpected high genetic diversity in Usnea flavocardia 53

Muggia, L., Pérez-Ortega, S., Fryday, A., Spribille, T. & Grube, M. 2013. 
Global assessment of genetic variation and phenotypic plasticity in 
the lichen-forming species Tephromela atra. Fungal Diversity 64: 
233–251. https://doi.org/10.1007/s13225-013-0271-4

Muñoz, J., Felicísimo, Á. M., Cabezas, F., Burgaz, A. R. & Martínez, I. 
2004. Wind as a long-distance dispersal vehicle in the Southern 
Hemisphere. Science 304: 1144–1147. https://doi.org/10.1126/
science.1095210

Naciri, Y. & Linder, H. P. 2015. Species delimitation and relation-
ships: The dance of the seven veils. Taxon 64: 3–16. https://doi.
org/10.12705/641.24

Naciri, Y. & Linder, H. P. 2020. The genetics of evolutionary radia-
tions. Biological Reviews 95: 1055–1072. https://doi.org/10.1111/
brv.12598

Nadel, M. R. A. & Clerc, P. 2022. Notes on the genus Usnea Adans. 
(lichenized Ascomycota, Parmeliaceae) from the islands of São 
Tomé and Príncipe in tropical West Africa. The Lichenologist 54: 
271–289. https://doi.org/10.1017/S0024282922000238

Nayaka, S., Upreti, D. K. & Bajpai, R. 2009. Diversity and adaptive 
response of lichens in Antarctica. In: Sridhar, K. R. (ed.), Frontiers 
in fungal ecology, diversity and metabolites, pp. 107–123. IK Inter-
national Publishing House Pvt. Ltd, New Delhi, India.

Nishimura, D. 2000. Sequence Analysis Star. Science 287: 453–454.

Ohmura, Y. 2001. Taxonomic study of the genus Usnea (lichenized 
Ascomycetes) in Japan and Taiwan. Journal of the Hattori Botanical 
Laboratory 90: 1–96.

Ohmura, Y. 2012. A synopsis of the lichen genus Usnea (Parmeliaceae, 
Ascomycota) in Taiwan. Memoirs of the National Museum of Nature 
and Science 48: 91–137.

Ohmura, Y. 2014. Usnea flavocardia (Parmeliaceae, lichenized Asco-
mycota) new to Asia. Bulletin of the National Museum of Nature 
and Science 40: 69–72.

Otálora, M. A., Jørgensen, P. M. & Wedin, M. 2014. A revised generic 
classification of the jelly lichens, Collemataceae. Fungal Diversity 
64: 275–293. https://doi.org/10.1007/s13225-013-0266-1

Penn, O., Privman, E., Ashkenazy, H., Landan, G., Graur, D. & Pupko, T. 
2010. GUIDANCE: a web server for assessing alignment confi-
dence scores. Nucleic Acids Research 38: W23–W28. https://doi.
org/10.1093/nar/gkq443

Pérez-Ortega, S., Fernández-Mendoza, Raggio, F. J., Vivas, M. & As-
caso, C. 2012. Extreme phenotypic variation in Cetraria aculeata 
(lichenized Ascomycota): adaptation or incidental modification? An-
nals of Botany 109: 1133–1148. https://doi.org/10.1093/aob/mcs042

Pintado, A., Valladares, F. & Sancho, L. G. 1997. Exploring pheno-
typic plasticity in the lichen Ramalina capitata: morphology, water 
relations and chlorophyll content in north- and south-facing pop-
ulations. Annals of Botany 80: 345–353. https://doi.org/10.1006/
anbo.1997.0453

Printzen, C. 2009. Lichen Systematics: The role of morphological 
and molecular data to reconstruct phylogenetic relationships. In: 
Lüttge, U. et al. (eds), Progress in Botany 71, pp. 233–275. Springer‐
Verlag, Berlin, Heidelberg 2010. https://doi.org/10.1007/978-3-642-
02167-1_10

Rambaut, A. 2017. FigTree-version 1.4.3, a graphical viewer of phylo-
genetic trees. Computer program distributed by the author, website: 
http://tree.bio.ed.ac.uk/software/figtree

Rambaut, A., Drummond, A. J., Xie, D., Baele, G. & Suchard, M. A. 
2018. Posterior summarization in Bayesian phylogenetics using 
Tracer 1.7. Systematic Biology 67: 901–904. https://doi.org/10.1093/
sysbio/syy032

Räsänen, V. 1936. Collationes ad lichenologiam Chilensem pertinentes. 
Revista Universitaria 21: 137–148.

Rodriguez, J. M., Estrabou, C., Truong, C. & Clerc, P. 2011. The saxic-
olous species of the genus Usnea subgenus Usnea (Parmeliaceae) 
in Argentina and Uruguay. The Bryologist 114: 504–525. https://
doi.org/10.1639/0007-2745-114.3.504

Rosenberg, N. A. 2003. The shape of neutral gene genealogies in two 
species: probabilities o monophyly, paraphyly, and polyphyly 
in a coalescent model. Evolution 57: 1465–1477. https://doi.
org/10.1111/j.0014-3820.2003.tb00355.x

Rundel, P. W. 1978. Ecological relationships of desert fog zone lichens. 
The Bryologist 81: 277–293. https://doi.org/10.2307/3242189

Saag, L., Tõrra, T., Saag, A., Del-Prado, R. & Randlane, T. 2011. 
Phylogenetic relations of European shrubby taxa of the genus 
Usnea. The Lichenologist 43: 427–444. https://doi.org/10.1017/
S0024282911000375

Spribille, T., Resl, P., Ahti, T., Pérez-Ortega, S., Tønsberg, T., 
Mayrhofer, H. & Lumbsch, H. T. 2014. Molecular systematics of 
the wood-inhabiting, lichen-forming genus Xylographa (Baeomyce-
tales, Ostropomycetidae) with eight new species. Acta Universitatis 
Upsaliensis. Symbolae botanicae Upsalienses 37: 1–87.

Stevens, G. N. 1999. A revision of the lichen family Usneaceae in 
Australia. Bibliotheca Lichenologica 72: 1–128.

Swinscow, T. D. V. & Krog, H. 1978. Pendulous species of Usnea in 
East Africa. Norwegian Journal of Botany 25: 221–241. https://
doi.org/10.1017/S0024282911000375

Truong, C. & Clerc, P. 2012. The lichen genus Usnea (Parmeliaceae) in 
tropical South America: species with a pigmented medulla, reacting 
C+ yellow. The Lichenologist 44: 625–637. https://doi.org/10.1017/
S0024282912000400

Truong, C. & Clerc, P. 2013. Eumitrioid Usnea species (Parmelia-
ceae, lichenized Ascomycota) in tropical South America and the 
Galapagos. The Lichenologist 45: 83–395. https://doi.org/10.1017/
S0024282912000904

Truong, C. & Clerc, P. 2016. New species and new records in the genus 
Usnea (Parmeliaceae, lichenized Ascomycota) from tropical South 
America. The Lichenologist 48: 71–93. https://doi.org/10.1017/
S0024282915000419

Truong, C., Bungartz, F. & Clerc, P. 2011. The lichen genus Usnea 
(Parmeliaceae) in the tropical Andes and the Galapagos: species 
with a red-orange cortical or subcortical pigmentation. The Bry-
ologist 114: 477–503. https://doi.org/10.1639/0007-2745-114.3.477

Truong, C., Divakar, P. K., Yahr, R., Crespo, A. & Clerc, P. 2013a. Test-
ing the use of ITS rDNA and protein-coding genes in the generic 
and species delimitation of the lichen genus Usnea (Parmeliaceae, 
Ascomycota). Molecular Phylogenetics and Evolution 68: 357–372. 
https://doi.org/10.1016/j.ympev.2013.04.005

Truong, C, Rodriguez, J. M. & Clerc, P. 2013b. Pendulous Usnea species 
(Parmeliaceae, lichenized Ascomycota) in tropical South America 
and the Galapagos. The Lichenologist 45: 505–543. https://doi.
org/10.1017/S0024282913000133

Vondrák, J., Soun, Y., Søgaard, M. Z., Søchting, U. & Arup, U. 2010. 
Caloplaca phlogina, a lichen with two facies; an example of in-
fraspecific variability resulting in the description of a redundant 
species. The Lichenologist 42: 685–692. https://doi.org/10.1017/
S0024282910000435

Walter, F. J. 1985. The lichen genus Usnea subgenus Neuropogon. Bulletin 
of the British Museum (Natural History), Botany series 13: 1–130.

Wirtz, N., Printzen, C., Sancho, L. G. & Lumbsch, H. T. 2006. The 
phylogeny and classification of Neuropogon and Usnea (Parme-
liaceae, Ascomycota) revisited. Taxon 55: 367–376. https://doi.
org/10.2307/25065584

Yang, Z. & Rannala, B. 2010. Bayesian species delimitation using 
multilocus sequence data. Proceedings of the National Academy of 
Sciences 107: 9264–9269. https://doi.org/10.1073/pnas.0913022107

Zhao, X., Leavitt, S. D., Zhao, Z. T., Zhang, L. L., Arup, U., Grube, M. 
& Lumbsch, H. T. 2016. Towards a revised generic classification of 
lecanoroid lichens (Lecanoraceae, Ascomycota) based on molec-
ular, morphological and chemical evidence. Fungal Diversity 78: 
293–304. https://doi.org/10.1007/s13225-015-0354-5

Zolan, M. E. & Pukkila, P. J. 1986. Inheritance of DNA methylation in 
Coprinus cinereus. Molecular and Cellular Biology 6: 195–200. 
https://doi.org/10.1128/mcb.6.1.195-200.1986

https://doi.org/10.1007/s13225-013-0271-4
https://doi.org/10.1126/science.1095210
https://doi.org/10.1126/science.1095210
https://doi.org/10.12705/641.24
https://doi.org/10.12705/641.24
https://doi.org/10.1111/brv.12598
https://doi.org/10.1111/brv.12598
https://doi.org/10.1017/S0024282922000238
https://doi.org/10.1007/s13225-013-0266-1
https://doi.org/10.1093/nar/gkq443
https://doi.org/10.1093/nar/gkq443
https://doi.org/10.1093/aob/mcs042
https://doi.org/10.1006/anbo.1997.0453
https://doi.org/10.1006/anbo.1997.0453
https://doi.org/10.1007/978-3-642-02167-1_10
https://doi.org/10.1007/978-3-642-02167-1_10
http://tree.bio.ed.ac.uk/software/figtree
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1639/0007-2745-114.3.504
https://doi.org/10.1639/0007-2745-114.3.504
https://doi.org/10.1111/j.0014-3820.2003.tb00355.x
https://doi.org/10.1111/j.0014-3820.2003.tb00355.x
https://doi.org/10.2307/3242189
https://doi.org/10.1017/S0024282911000375
https://doi.org/10.1017/S0024282911000375
https://doi.org/10.1017/S0024282911000375
https://doi.org/10.1017/S0024282911000375
https://doi.org/10.1017/S0024282912000400
https://doi.org/10.1017/S0024282912000400
https://doi.org/10.1017/S0024282912000904
https://doi.org/10.1017/S0024282912000904
https://doi.org/10.1017/S0024282915000419
https://doi.org/10.1017/S0024282915000419
https://doi.org/10.1639/0007-2745-114.3.477
https://doi.org/10.1016/j.ympev.2013.04.005
https://doi.org/10.1017/S0024282913000133
https://doi.org/10.1017/S0024282913000133
https://doi.org/10.1017/S0024282910000435
https://doi.org/10.1017/S0024282910000435
https://doi.org/10.2307/25065584
https://doi.org/10.2307/25065584
https://doi.org/10.1073/pnas.0913022107
https://doi.org/10.1007/s13225-015-0354-5
https://doi.org/10.1128/mcb.6.1.195-200.1986

