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Abstract
Lichen specific metabolites (LSMs) have interesting biological activities and quantitative variations may be present intraspe-
cifically. For example, variations in medullary fumarprotocetraric acid (FA) and cortical usnic acid (UA) were observed in 
the lichen Cladonia foliacea, but the mechanism of variation is not well understood. The current study aimed to characterise 
the quantitative variation of FA and UA and to investigate the association between lichen metabolite content and ecological / 
biological variables. Fungal and algal trees were constructed using fungal (nrITS, RPB2) and algal (nrITS) loci, respectively. 
Using a chiral chromatographic method, the contents of (-)-UA were determined in 29 C. foliacea specimens and range 
from 6.88 to 34.27 mg/g dry wt. The FA contents were lower and varied from 1.44 to 9.87 mg/g dry wt. Although the fungal 
tree showed two well resolved clades, no significant differences of UA or FA contents were found between the two fungal 
clades. However, a significantly higher UA/FA ratio as well as a unique habitat were found to be associated with specimens 
which contained the alga Asterochloris lobophora than those specimens associated other Asterochloris algae. Taking all 
predictive variables into account (i.e. substrate type, elevation, collection season, photobiont identity), the multivariate data 
analysis indicated that photobiont identity explained most of the variance of LSM contents in C. foliacea. Thus future LSM 
biosynthetic studies should take the photobiont into consideration when dealing with intraspecific quantitative variation.

Keywords  Asterochloris photobionts · Cladonia convoluta · Fumarprotocetraric acid · HPLC-PDA · UHPLC-PDA-MS · 
Usnic acid enantiomers

Edit Farkas and Maonian Xu are Shared authorship.

 *	 Edit Farkas 
	 farkas.edit@ecolres.hu

	 Maonian Xu 
	 maonian@hi.is

	 Arthur Macharia Muhoro 
	 arthmacharia@yahoo.com

	 Krisztina Szabó 
	 szabo.krisztina@ecolres.hu

	 Attila Lengyel 
	 lengyel.attila@ecolres.hu

	 Starri Heiðmarsson 
	 starri@nnv.is

	 Elvar Örn Viktorsson 
	 eov@hi.is

	 Elín Soffia Ólafsdóttir 
	 elinsol@hi.is

1	 Institute of Ecology and Botany, HUN-REN Centre 
for Ecological Research, Alkotmány u. 2‑4, H‑2163 Vácrátót, 
Hungary

2	 Faculty of Pharmaceutical Sciences, University of Iceland, 
Hofsvallagata 53, IS‑107 Reykjavik, Iceland

3	 Doctoral School of Biological Sciences, Hungarian 
University of Agriculture and Life Sciences, Páter K. u. 1, 
H‑2100 Gödöllő, Hungary

4	 HUN-REN-EKKE Lendület Environmental Microbiome 
Research Group, Leányka u. 6, H‑3300, Eger, Hungary

5	 Northwest Iceland Nature Research Centre, 
IS‑550 Sauðárkrókur, Iceland

http://crossmark.crossref.org/dialog/?doi=10.1007/s13199-024-00982-8&domain=pdf
http://orcid.org/0000-0002-5245-1079
http://orcid.org/0000-0002-4346-8020


404	 E. Farkas et al.

1  Introduction

Lichens are microbial consortia where the lichen forming 
fungi (mycobionts) provide a framework hosting photosyn-
thesizing partners (algae and/or cyanobacteria) and other 
microbes (e.g. bacteria) (Hawksworth and Grube 2020). 
These miniature ecosystems produce at least a thousand 
lichen specific metabolites (LSMs) made by mycobionts, 
which comprise depsides, depsidones and dibenzofurans 
and most of which is restricted to this group of organisms 
(Stocker-Wörgötter 2008). Lichens produce other second-
ary metabolites also found in non-lichen fungi and algae, 
but in this study we focus only on LSMs. LSM profiles 
were historically used for chemotaxonomic purposes (Cul-
berson 1968) and their concentrations were not considered 
important in this respect (Hawksworth 1976). The increas-
ing interest of LSMs nowadays relates to their antibiotic 
activities against various microbial pathogens, insects or 
vectors of pathogens (Khadri et al. 2019; Molnár and Far-
kas 2010; Muhoro and Farkas 2021; Xu et al. 2016). Con-
siderable intraspecific LSM variation has been reported in 
either qualitative or quantitative manner (Armaleo et al. 
2008 and references therein; Bokhorst et al. 2021; Egbert 
et al. 2022; Xu et al. 2017). Such variations have led to 
uncertainties with respect to species delimitation (Culber-
son 1986) even before molecular phylogenetics took hold. 
Advances in genomics have helped us to understand the 
qualitative differences between species and even popula-
tions (Singh 2023; Singh et al. 2021a, b), but the causes of 
intraspecific quantitative LSM differences are still under 
study. It has been suggested that water potential is a strong 
determinant for depside/depsidone production by mycobi-
onts, both in vitro (Culberson and Armaleo 1992) and in 
natural lichens, where the combination of differing light/
temperature effects on water potential in individual thalli 

is thought to underlie intraspecific variation of depside/
depsidone concentrations (Armaleo et al. 2008).

The LSMs provide contributions for both partners ena-
bling them to survive in various environments. Recently 
there has been an increasing interest as to how the various 
photosynthesizing partners affect the success and distribu-
tion of the lichen holobiont in nature (Dal Grande et al. 
2018; Škvorová et al. 2022; Vančurová et al. 2021). For 
example, photobiont switching may expand the climatic 
niches colonised by Stereocaulon species (Vančurová et al. 
2018). However, Škvorová et al. (2022) demonstrated on 
the basis of a large dataset that most Cladonia species are 
unable to increase their ecological niches by changing their 
photobiont partners, possibly because photobiont switching 
in this genus is limited to algae with similar ecological pref-
erences. Climate and soil parameters are the main limiting 
factors for both partners.

The lichen Cladonia foliacea (Huds.) Willd. is an ideal 
example for investigating the mechanisms of intraspecific 
quantitative chemical variation of LSMs as it exhibits 
morphological variation in lobe shapes (Fig. 1), occurs 
in different habitat types (e.g. calcareous and siliceous 
soils) and has a wide distribution in North Africa and 
Europe, particularly in the Mediterranean region (Bur-
gaz et al. 2020; Pino-Bodas et al. 2010). Our previous 
studies revealed quantitative differences in major LSMs 
between lowland and mountain populations in Hungary 
that was accompanied by a significant seasonal fluctua-
tion (Veres et al. 2022b). Fumarprotocetraric acid (FA) 
and usnic acid (UA) are the major specialized metabo-
lites and are produced in the medulla and cortex (Fig. 2), 
respectively (Veres et al. 2022b). Different localization of 
LSMs may imply their different biological and ecological 
roles. Being a cortical compound, UA primarily protects 
the photosynthesizing algal partner and the fungal hyphae 

Fig. 1   Habitat photograph of 
the lichen Cladonia foliacea. 
a Thalli in a typical lowland 
steppe habitat in Hungary; b, c 
specimens with round lobes, d, 
e specimens with divided lobes. 
Photo E. Farkas
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from solar UV irradiation (Farkas et al. 2020a, b; Veres 
et al. 2022a, b), UA from C. foliacea also exerts a phy-
totoxic or even a herbicidal effect on nearby bryophytes 
(Giordano et al. 1999). Furthermore, UA also shows anti-
microbial effects (Lauterwein et al. 1995), insecticidal 
potential (Emmerich et al. 1993) and antioxidant activity 
(Anar et al. 2016; Odabasoglu et al. 2006). FA with a low 
pKa1 value of 2.7 enhances tolerance to substrate acidity 
(Hauck et al. 2009), and has anti-herbivore effects (Nimis 
and Skert 2006; Tigre et al. 2015). FA also has moder-
ate antibiotic activity against microbes and tumor cells 
(Bézivin et al. 2004; Yilmaz et al. 2004.

While seasonal, geographic and environmental factors 
are likely to drive intraspecific LSM variation (Armaleo 
et al. 2008; Bokhorst et al. 2021; Gauslaa et al. 2013), 
roles of fungal or algal partners in such variation have 
not been investigated. Therefore, the present study aimed 
to 1) characterize quantitative variation of UA and FA in 
the lichen C. foliacea in Central and Southern Europe, 
and 2) investigate the association between quantitative 
LSM variation and the following variables (season, sub-
strate, altitude). Combined phytochemical, phylogenetic 
and statistical analyses were used to answer the following 
questions: (a) How much phytochemical quantitative vari-
ation is present in C. foliacea, (b) What is the mycobiont 
and photobiont diversity in C. foliacea, and (c) which 
variables (e.g. photobionts, mycobionts and substrates) 
could explained most of the variance in LSM contents?

2 � Materials and methods

2.1 � The investigated species

Cladonia foliacea  (Huds.) Willd. (Cladoniaceae, 
lichenised Ascomycota) (Fig.  1) is characterized in 
detail in numerous publication (Burgaz and Ahti 2009; 
Farkas et al. 2020b; Poelt and Vězda 1977; Verseghy 
1994; Wirth 1995). This lichen is relatively frequent 
in Hungary and widely distributed over Europe both in 
open, dry and sun-exposed habitats in lowland steppe 
and in mountain grassland communities. The thallus is 
dimorphic with very rare podetia and a dominant pri-
mary thallus of squamules with a stratified structure 
(Veres et al. 2022b). This consists of a thickened upper 
cortex containing the dibenzofuran UA, a photosynthetic 
layer containing a coccoid green alga photobiont (Aster-
ochloris sp., Trebouxiaceae), a medullary layer produc-
ing the depsidone FA. The lichen has a yellowish white 
to white lower surface. Localisation of lichen secondary 
metabolites in the primary thallus is shown (Fig. 2) by 
microscopic views taken with a Nikon DS-Fi1c camera 
(with NIS-Elements BR software, Nikon Corporation, 
Tokyo, Japan) mounted on a Nikon Eclipse/NiU com-
pound microscope (Nikon Corporation, Tokyo, Japan).

Based on extensive sampling of variation of the sib-
ling species, C. convoluta (Lam.) Anders, was suggested 
to be treated as C.’convoluta’-like morphotype under the 

Fig. 2   Localisation of lichen 
secondary metabolites in Cla-
donia foliacea thallus presented 
in light microscopic views. 
a Cortical layer of thickened 
hyphae with larger (near the 
surface) and smaller (between 
the thickened hyphae) yellow 
UA crystals (see arrows) in 
water; FA crystals (see arrows) 
b on lower surface medullary 
hyphae stained orange, c on 
hyphae in photosynthetic layer 
(near algae) and d on hyphae in 
photosynthetic (ph) and medul-
lary (med) layer stained strongly 
orange-red by p-phenylenedi-
amine. Scales: a = 50 µm, b, 
c = 20 µm, d = 10 µm. Micro-
graphs: E. Farkas
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species C. foliacea (Pino-Bodas et al. 2018). This practice 
was followed in this study, because both morphological 
and phylogenetic analyses were unable to distinguish the 
two taxa. The morphological variation within this species 
complex was interpreted as a response to environmental 
conditions. The morphological features of our specimens 
were carefully studied by using a Nikon SMZ18 stereo 
microscope (Nikon Corporation, Tokyo, Japan). This 
revealed a similarity between the former C. convoluta and 
C. foliacea. In the literature description (Poelt and Vězda 
1977), C.’convoluta’-like specimens of C. foliacea were 
identified when wide rounded lobe ends were found mostly 
or exclusively on a specimen. In contrast C.’foliacea’-
like specimens were characterised by lobe ends that were 
divided into several thinner lobes. The colours of the lower 
surface and of cilia (fibrils) were also recorded but found 
not to be as useful as lobe shapes.

2.2 � Sample collection

Altogether 29 lichen samples (each comprising several 
thalli) of Cladonia foliacea were collected in Hungary, 
Albania and North Macedonia from typical habitats between 
16 June 2013 and 9 June 2022. They were identified by Edit 
Farkas, László Lőkös and Nóra Varga (Supplementary 
Table S1 and Fig. S1). Voucher specimens were deposited 
in the Lichen Herbarium VBI at the Institute of Ecology 
and Botany of HUN-REN CER, Hungary (https://​sweet​gum.​
nybg.​org/​scien​ce/​ih/​herba​rium-​detai​ls/?​irn=​124855). Speci-
men information, including sampling date, elevation, loca-
tion and habitat type (acidic or basic calcareous soil) were 
recorded during collection. Elevation ranges of ≤ 200 m 
a.s.l. for lowland and ≥ 600 m a. s.  l. for mountain sites 
were established applying Gábris et al. (2018) and Whittow 
(1984), respectively. The sampling sites are presented in a 
map (Supplementary Fig. S1), constructed by the software 
QGIS 3.18.2 ‘Zürich’, released in 2020.

2.3 � Qualitative analysis of LSMs by HPTLC 
and UHPLC‑PDA‑MS

Collected samples were initially tested for the presence of 
UA and FA by HPTLC according to standard methods for 
analysing lichen samples described by Arup et al. (1993) 
and Molnár and Farkas (2011). A CAMAG horizontal cham-
ber of 10 cm × 10 cm (DONAU LAB Kft., Budapest, Hun-
gary), a CAMAG TLC Plate Heater III (DONAU LAB Kft., 
Budapest, Hungary), and 10 cm × 10 cm thin-layer chroma-
tographic plates (Merck, Kieselgel 60 F254) were used. 
LSMs were tested in all the three standard solvent systems 
(Arup et al. 1993). However, solvent system C (toluene: ace-
tic acid, 20: 3, v/v) was applied routinely. Compounds were 
identified by comparing their migration rates with UA and 

FA standards. Compound identity was further verified using 
ultrahigh performance liquid chromatography-photodiode 
array detection-mass spectrometry (UHPLC-PDA-MS). The 
Waters Arc UPLC system consisted of a quaternary solvent 
pump, an auto-sampler with temperature control at 10 °C, a 
column manager with temperature control at 25 °C, a PDA 
detector and a single quadrupole MS detector. One COR-
TECS C18 column (4.6 mm × 50 mm, 2.7 μm) was used for 
chromatographic separation with a flow rate of 0.5 ml min−1. 
Solvent A was 0.1% formic acid, and solvent B was acetoni-
trile. The gradient elution condition was: 0–1 min, 20%B; 
1–8  min, linear increase 20–100%B; 8–8.5  min, linear 
decrease 100–20%B; 8.5–10 min 20%B. UV spectra were 
recorded from 220 to 380 nm, and ions in negative ion mode 
were scanned from 100 to 1,000 m/z. Single ion monitoring 
for UA and FA was set at 343.1 and 355.1 m/z, respectively.

2.4 � Quantitative analysis of fumarprotocetraric acid 
by HPLC‑PDA

The amount of FA was measured at the Hungarian HUN-
REN CER Institute of Ecology and Botany by high-per-
formance liquid chromatography (HPLC, Alliance e2695, 
Waters Corporation, Milford, MA, USA) including a photo-
diode array detector (PDA, 2998, Waters Corporation, Mil-
ford, MA, USA). Thalli were chosen from the randomised 
material of each sample after cleaning and excluding thalline 
lobes with the obvious presence of lichenicolous fungi (cf. 
Asplund et al. 2018; Khadri et al. 2019). Thalli (of 1.5–2 g) 
were c. 4–5 cm in diameter. Portions (50 mg) of the homog-
enised material (20–30 g/sample) was suspended in 10 ml 
pure acetone and placed into an ultrasonic water bath for 
20 min. The suspensions were then centrifuged at 8500 g for 
20 min, and the supernatant was filtered through a Cronus Ø 
25 mm PTFE syringe filter (0.22 μm). For calibration pur-
poses, standard stock solutions (1 mg ml−1) were made from 
reference standards for fumarprotocetraric acid (Phytolab 
GmbH & Co. KG, Vestenbergsgreuth, Germany) dissolved 
in dimethyl sulfoxide. The lichen metabolites were quanti-
fied according to a five-point (5, 10, 20, 50, 100 μg ml−1) 
calibration. The chromatographic method based on Ji and 
Khan (2005) was used. For chromatographic separation, a 
Phenomenex Luna 5 μm C18, 150 × 4.6 mm column was 
used, and 10 μl of the filtered supernatant were injected. The 
temperature was 40 °C in the column oven and 5 °C in the 
sample cooler. For the baseline separation of LSMs, a gradi-
ent elution program was used. Solvent A consisted of ortho-
phosphoric acid and deionised (Milli-Q ultrapure) water 
(0.5:99.5, v/v), and solvent B contained ortho-phosphoric 
acid and acetonitrile (0.5:99.5, v/v). All the chemicals used 
were HPLC grade. The linear gradient started with a 60% 
A solvent after the volume decreased to 10% within 20 min 
and then to 0.5% in 30 s after which the volume remained 

https://sweetgum.nybg.org/science/ih/herbarium-details/?irn=124855
https://sweetgum.nybg.org/science/ih/herbarium-details/?irn=124855
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constant for 9.5 min. The volume of solvent A was changed 
back to 60% within 1 min. The flow rate of solvents was 
1 ml min−1. The lichen metabolite FA was detected (n = 5) 
at 240 nm.

2.5 � Determination of usnic acid enantiomers

The contents of UA enantiomers were determined at the 
University of Iceland (Faculty of Pharmaceutical Sci-
ences), using a chiral chromatographic method described 
in details in Xu et al. (2022). Lyophilized lichen powders 
(less than 20 mg) were weighed, and LSMs were extracted 
with acetone in a sonicator. Each specimen was prepared 
in triplicate (n = 3). After evaporating acetone, dry residues 
were re-dissolved in 2 ml methanol: acetonitrile (50:50, 
v/v). Solutions were subjected to reversed-phase solid phase 
extraction, prior to chiral high performance liquid chroma-
tography (HPLC) analysis on a Waters Arc HPLC system. 
Separation of enantiomers was carried out on an Amylose-1 
chiral column. Concentrations of UA enantiomers in test 
solutions were determined using external standard curves. 
The detection wavelength was set at 280 nm and the flow 
rate was 0.5 ml/min.

2.6 � DNA extraction, PCR and phylogenetic analysis

Lichen whole genomic DNA was extracted using a modified 
CTAB method (Cubero et al. 1999). DNA concentrations 
were determined using a NanoDrop. The fungal nuclear 
ribosomal internal transcribed spacer (nrITS) region, the 
second largest subunit of RNA polymerase II locus (RPB2) 
and algal nrITS region were amplified using the touchdown 
polymerase chain reaction (PCR) programs previously 
described (Xu et al. 2020). Amplicon sizes were assessed 
by 1.5% agarose gel electrophoresis. Gels were stained by 
SBYR safe. Amplicons were purified by ExoSAP and sent 
for Sanger sequencing to Macrogen Europe. The same prim-
ers were used for sequencing. Contig assembly and sequence 
alignment were made using the PhyDE software. Contig 
sequences were preliminarily identified by BLAST search 
against GenBank, followed by phylogenetic analyses incor-
porating references fungal and algal sequences. All fungal 
nrITS and RPB2 sequences obtained were from the fungus 
Cladonia foliacea (phylogenetic trees and reference Gen-
Bank accession numbers shown in Supplementary Fig. S2 
and S3), and the algal nrITS sequences obtained were from 
three Asterochloris species, i.e. A. lobophora, A. mediterra-
nea and A. woessiae (phylogenetic tree and reference Gen-
Bank accession numbers shown in Supplementary Fig. S4).

For fungal tree construction, Cladonia cervicornis (Ach.) 
Flot. and C. pulvinata (Sandst.) Herk & Aptroot were 
selected as the outgroup, since they are sister to C. folia-
cea (Pino-Bodas et al. 2010). The phylogenetic tree of each 

fungal locus was generated using maximum likelihood (ML) 
method. ML trees were inferred with the software raxmlGUI 
2.0 (Edler et al. 2020) assuming the GTRGAMMA model, 
and bootstrap values were calculated from 500 pseudorepli-
cates. Fungal nrITS and RPB2 sequences were concatenated 
for phylogenetic inference of the fungal tree, as there are 
no major topological conflicts (> 75% bootstrap support) 
between the fungal nrITS tree and RPB2 tree. The concat-
enated fungal sequence alignment contains 1293 nucleo-
tide positions (nrITS: 536; RPB2: 757). The evolutionary 
model for each partition was assessed using PartitionFinder 
v.2 (Lanfear et al. 2012) under the corrected Akaike infor-
mation criterion: HKY + G model was selected for fungal 
nrITS, and TrNef for fungal RPB2. MrBayes v3.2 (Ronquist 
et al. 2012). Bayesian inference (BI) was also implemented 
to infer phylogenetic relationship using the selected evolu-
tionary model for each partition. Bayesian analyses were run 
for ten million generations on four chains (one cold and three 
heated) where sampling was taken every 500 generations 
using Markov Chain Monte Carlo (MCMC) sampling. Two 
MCMC runs were carried out, and convergence between 
runs was checked for the average standard deviation of split 
frequencies (below 0.005). The first 25% trees were dis-
carded. Phylogenetic trees were visualized using FigTree 
v1.4.0 (http://​tree.​bio.​ed.​ac.​uk/​softw​are/​figtr​ee/). For the 
estimation of the algal tree, A. gaertneri Škaloud et Peksa 
was selected as outgroup for the algal nrITS tree according 
to its sister relationship to the three annotated Asterochloris 
species (Moya et al. 2015). The evolutionary model HKY 
was selected for the algal nrITS sequences. Both ML and 
BI methods were used for the phylogenetic analyses as per-
formed for fungal trees.

2.7 � Statistical analysis

The statistical analyses for comparing concentrations were 
carried out with the R software version 3.6.3 (R Core Team 
2020). Data normality was checked, and then T-test was 
applied pairwisely for comparing concentrations of samples 
containing the three algal photobionts.

Redundancy analysis (RDA) was carried out for ana-
lysing the effect of symbionts (species of the photobiont; 
categorical variable), substrate (acidic or basic; categorical 
variable), elevation of the collecting sites (numerical vari-
able in metres), season of collecting date (spring or autumn; 
categorical variable) on the UA and FA concentration of 
the sampled specimens. To equalize the weight of the two 
examined LSMs, UA and FA concentrations were standard-
ized to mean = 0 and standard deviation = 1. The effects of 
the predictors were tested using Wald tests and variation 
partitioning. The p-values were assessed by permutation 
tests, and they refer to individual unshared effect for each 
variable. The relationship between the individual LSMs and 

http://tree.bio.ed.ac.uk/software/figtree/
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the same dependent variables as in the RDA redundancy 
analysis were further tested independently by multiple linear 
regression (MLR). We also performed variation partition-
ing to explore shared effects of the explanatory variables. 
The redundancy analysis and its evaluation were carried out 
by the rda, anova.cca and varpart functions of the vegan 
(Oksanen et al. 2022) R package.

3 � Results

3.1 � Identification and quantification of LSMs

3.1.1 � Compound identification

The collected samples (20 from Hungary, 1 from Slovakia, 
7 from Albania and 1 from North Macedonia) were initially 
screened by high performance thin layer chromatography 
(HPTLC) and the bands corresponding to UA and FA were 
identified (Supplementary Fig. S5). The identification of 
the major LSMs, i.e. UA and FA, by ultrahigh performance 
liquid chromatography-photodiode array detection-mass 
spectrometry (UHPLC-PDA-MS) are shown in Fig. 3. These 
were initially identified by their retention times compared 
with standards: FA at 5.02 min and UA at 7.63 min. Com-
pounds identified were further verified by their UV and MS 
spectra. FA shows UV maximums at 240 and 316 nm, while 
UA has maxima at 235 and 281 nm. MS spectrum of FA 
has the base peak at m/z 355 as the major fragment ion, 
and the deprotonated molecular ion is m/z 471 (Xu et al. 
2018). UA has the deprotonated molecular ion as the base 
peak at m/z 343 (Xu et al. 2017). The MS total ion cur-
rent chromatogram (bottom one in Fig. 3a) shows a peak at 
m/z 387.07, which is annotated as methyl protocetraric acid 
according to published MS data on French C. convoluta/C. 
foliacea (Bézivin et al. 2004). This compound is in minor 
quantity and not detected by the PDA (upper chromatogram 
in Fig. 3a).

3.1.2 � Quantification of LSMs

The FA content was analysed in 29 specimens by 
HPLC–PDA and it was shown to be 1.44–9.87 mg/g dry 
wt, lower than that of UA (Table 1). All the 29 specimens 
were analysed by chiral chromatography and the presence 
of (-)-UA was confirmed and quantified (Table 1). The chi-
ral chromatogram (Fig. 4) shows that only the (-)-UA was 
produced by the lichenised fungus Cladonia foliacea in 
all samples. The ( +)-UA was not detected at the current 
limit of detection (ca. 18 ng/ml). In addition, the content of 
(-)-UA shows a substantial variation, ranging from 6.88 to 
34.27 mg/g lichen dry wt, and thus the isomer could account 
for up to 3.4% lichen dry wt (Table 1).

3.2 � Phylogenetic analysis

All 29 specimens were amplified by PCR and sequenced. 
In total 87 new sequences were generated from this study, 
and their GenBank accession numbers are listed in Sup-
plementary Table S1 (available online): fungal nuclear 
ribosomal internal transcribed spacer (fungal nrITS) 
OQ696346-OQ696374; algal nrITS OQ985218-985,246; 
fungal second largest subunit of RNA polymerase II (RPB2) 
OQ995179-OQ995207.

3.2.1 � Fungal tree

BLAST search suggested that fungal nrITS sequences are 
all C. foliacea, which is also shown in Supplementary Fig-
ure S2. Two well supported monophyletic clades are shown 
in the fungal tree (Fig. 5), constructed from a combined 
matrix containing fungal nrITS and RPB2 loci. Phyloge-
netically informative nucleotide variations are mainly from 
the RPB2 sequences. The two monophyletic clades are also 
found when reference C. foliacea RPB2 sequences were 
incorporated (Supplementary Fig. S3). Clade 1 in Fig. 5 of 
the fungal tree contains mostly the C.’convoluta’-like form 
and came from calcareous substrates and lower elevation 
sites. There were various exceptions (e.g. sample CLF22 
– C.’foliacea’-like form came from an acidic substrate in 
high elevation; others differed either in morphology (e.g. 
sample CLF15) or substrate type (e.g. sample CLF18) or 
elevation (e.g. samples CLF21, CLF28). Clade 2 in Fig. 5 
contains specimens mostly from acidic substrate type and 
high-elevation (Mediterranean) collections, and the speci-
mens were either C.’foliacea’-like or C.’convoluta’-like 
morphology or between C.’foliacea’- and C.’convoluta’-
like morphology. The UA contents as well as FA contents 
between two clades were compared, and no significant dif-
ferences were found.

3.2.2 � Algal tree

The algal nrITS phylogram (Fig. 6) shows three mono-
phyletic clades belonging to three species of Asterochloris 
photobionts. These photobionts were identified by com-
paring with reference algal nrITS sequences (Supplemen-
tary Fig. S4). A. lobophora Škaloud et Peksa were from 
C.’convoluta’-like specimens growing on calcareous sub-
strata under 200 m, and consisted of all lowland specimens 
(CLF16–17, CLF19) or low elevation (200–600 m) rocky 
grassland ones (CLF1–2). Specimen CLF15 should be 
like the specimens CLF16–18 depending on the habitat, 
but divided lobes were found in the majority. A. woes-
siae Škaloud et Peksa was found more often in acidic 
substrate-colonising specimens from higher elevations. 
Since the higher elevation specimens were only collected 
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from Albania and North Macedonia, these appear to be of 
Mediterranean distribution. The North Macedonian speci-
men was however, from calcareous substrate. According to 
the literature (Poelt and Vězda 1977), the C.’foliacea’-like 

specimens should be more likely to occur on acidic sub-
strate (and in rocky grasslands at higher elevation). Here 
both C.’foliacea’-like and C.’convoluta’-like specimens 
were found, although C.’convoluta’-like ones were more 

Fig. 3   Identification of lichen secondary metabolites using UHPLC-
PDA-MS. a Chromatogram with PDA detection (top), single ion 
monitoring (middle) and total ion current (bottom), b UV spectrum 

and structure of fumarprotocetraric acid, c UV spectrum and structure 
of usnic acid, d MS spectrum for fumarprotocetraric acid, e MS spec-
trum for usnic acid
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frequent. All noted morphological and habitat (substrate 
type, elevation) features in specimens containing A. medi-
terranea E. Barreno et al. showed a high diversity. UA and 
FA contents when compared to specimens containing other 
algal partners which shows the importance of algae in 
quantitative variations (Fig. 7). It is interesting that speci-
mens associated with the alga A. lobophora (AL group in 
boxplots of Fig. 7) tend to have higher UA contents, but 
the difference was not significant. Similarly the compari-
son of total metabolite contents (UA + FA) between dif-
ferent photobiont groups (Supplementary Fig. S6) resulted 
in no significant (p < 0.05) differences. On the other hand, 
FA content in the A. lobophora (AL) group was signifi-
cantly lower than that in the A. mediterranea (AM) group 
(p < 0.01) and in the A. woessiae (AW) group (p < 0.05). 

Here, an „inverse” trend in the quantities of UA vs. FA 
seems discernible, despite the lower significance among 
the UA differences.

To better define any differences in LSM pattern to pho-
tobiont types, a scatter plot was constructed by plotting 
the contents of UA against the contents of FA (Fig. 8a). 
Lichens containing the A. lobophora photobiont (AL) tend 
to separate from lichens containing A. mediterranea (AM) 
and A. woessiae (AW). The AL group seems to have rela-
tively lower FA contents but relatively higher UA contents 
(Fig. 8a). In fact, by combining the Fig. 7 data as UA/FA 
ratios according to photobiont groups (Fig. 8b), significantly 
(p < 0.01) higher UA/FA ratio is observed in the lichens 
containing A. lobophora as the major photobiont – the AL 
group.

3.2.3 � Model evaluation

The evaluation of RDA and MLR is summarized in Table 2. 
According to the RDA, the algal symbiont, the substrate, 
the elevation, and the collecting date altogether explained 
42.8% (F = 3.447, p = 0.001) of the total variance in the 
two LSM concentrations. Within these models, the algal 
symbiont had the strongest effect (F = 4.439, p = 0.005), 
followed by the substrate type (F = 4.102, p = 0.018) and 
the date (F = 3.272, p = 0.036), while the effect of altitude 
was not significant (F = 1.004, p = 0.342). In addition, vari-
ation partitioning revealed that the altitude and date had no 
interpretable unshared effect; their explained variations are 
due to shared effect with the algal symbiont. In contrast, 
the largest parts of the effect of the algal symbiont and the 
substrate are unshared (Fig. 9). The MLRs revealed that 
the concentration of FA is influenced by the same variables 
in similar magnitudes: the algal symbiont with the strong-
est effect (F = 7.519, p = 0.003), followed by substrate 
(F = 6.260, p = 0.020), while altitude (F = 0.778, p = 0.387) 
and date (F = 1.649, p = 0.212) with negligible effects. In 
total, this model explained 51.0% of the total variation 
of FA (F = 4.796, p = 0.004). In contrast, the same set of 
variables had much weaker effect on the UA concentration. 
None of the variables had significant individual effect (see 
Table 2), and the total model explained only 34.6% variation 
(F = 2.437, p = 0.065).

4 � Discussion

Both UA and FA contents in Cladonia foliacea were com-
parable to those previously measured (Farkas et al. 2020a, 
b; Veres et al. 2022a, b. This is the first study using chiral 
chromatography to confirm the production of (-)-UA in C. 
foliacea collected in Hungary and nearby countries. Our 
wider sampling provided more support for the enantiomer 

Table 1   Mean concentrations (with standard deviation) of fumarpro-
tocetraric acid (n = 5) and (-)-usnic acid (n = 3) in the collected sam-
ples (More details found in Supplementary Table S1)

* Mean concentration measured by HPLC–PDA. ** Mean concentra-
tion measured by chiral HPLC

Sample ID Fumarprotocetraric acid*
[mg/g dry wt]

(-)-usnic acid**
[mg/g dry wt]

CLF1 5.36 ± 0.63 24.56 ± 1,13
CLF2 4.57 ± 0.58 34.27 ± 2,43
CLF3 5.54 ± 0.90 17.04 ± 0,41
CLF4 4.70 ± 0.41 21.58 ± 0,49
CLF5 4.09 ± 0.48 21.95 ± 1,19
CLF6 5.04 ± 0.37 10.24 ± 0,46
CLF7 5.05 ± 0.46 12.36 ± 0,53
CLF8 5.45 ± 0.27 8.05 ± 0,40
CLF9 4.34 ± 0.24 11.96 ± 0,51
CLF10 3.64 ± 0.38 11.11 ± 0,25
CLF11 4.60 ± 2.05 10.35 ± 0,37
CLF12 6.06 ± 1.62 19.51 ± 1,15
CLF13 4.41 ± 0.30 11.96 ± 0,73
CLF14 5.30 ± 0.87 15.35 ± 0,55
CLF15 3.29 ± 0.36 24.06 ± 0,70
CLF16 1.94 ± 0.14 7.37 ± 0,32
CLF17 1.71 ± 0.21 16.33 ± 0,68
CLF18 3.03 ± 0.73 6.88 ± 0,26
CLF19a 1.44 ± 0.07 16.37 ± 0,59
CLF19b 2.45 ± 0,04 30.55 ± 0,44
CLF20 5.28 ± 0.78 16.14 ± 0,23
CLF21 9.87 ± 2.27 19.87 ± 0,50
CLF22 4.60 ± 0.62 15.04 ± 0,22
CLF23 3.85 ± 0.57 17.38 ± 0,70
CLF24 4.90 ± 0.58 9.83 ± 0,19
CLF25 6.78 ± 0.59 21.27 ± 0,27
CLF26 5.98 ± 0.48 20.68 ± 0,13
CLF27 5.80 ± 0.19 13.35 ± 0,45
CLF28 7.02 ± 0.29 11.59 ± 0,22
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Fig. 4   Chiral separation of the usnic acid enantiomers. a The chiral 
HPLC chromatogram showing separation of the usnic acid enan-
tiomer mixture standard: ( +)-usnic acid elutes at 8.15  min and (-)-

usnic acid elutes at 9.23 min. b Sample chromatogram showing that 
only (-)-usnic acid is present in Cladonia foliacea 

Fig. 5   a  The Maximum Likelihood fungal tree of Cladonia folia-
cea using a concatenated matrix of fungal nrITS and RPB2. Speci-
men ID (CLF1-28) is provided (Supplementary Table S1). Posterior 
probabilities (PP) from Bayesian inference and bootstrap values (BS) 
from Maximum Likelihood method are shown at each node as PP/BS. 

b Concentration of UA. c Concentration of FA. In the boxplots, the 
vertical lines span the minimum and maximum values, and the boxes 
include from 25 to 75% of the data, with the horizontal line repre-
senting the median. Compound concentrations between clades are not 
significantly different (p ≥ 0.05)
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production pattern in the lichen, and also provided direct 
evidence that ( +)-UA is not present in detectable amounts. 
Previously isolated (-)-UA from Italian (Cavalloro et al. 

2021) and French samples (Bézivin et al. 2004), supports 
that C. foliacea is conservative in only producing the (-)-UA 
isomer. The quantitative variation in these lichen metabolites 

Fig. 6   Algal nrITS gene tree of Cladonia foliacea. Specimen ID (CLF1-28) is provided (Supplementary Table S1). Posterior probabilities (PP) 
from Bayesian analysis and bootstrap values (BS) from Maximum Likelihood method are shown at each node as PP/BS

Fig. 7   Lichen secondary metabolite contents in relation to algal 
partners associated with Cladonia foliacea. a  Concentration of UA 
according to photobionts.  b  Concentration of FA according to pho-
tobionts. In the boxplots, the lines represent the minimum and maxi-
mum values; the boxes include from 25 to 75% of the data, with the 

horizontal line representing the median. Levels of statistical signifi-
cance were marked with asterisks, where * and ** indicate p-values 
under 0.05 and 0.01, respectively. Abbreviations: AL ‒ Asterochloris 
lobophora, AM ‒ Asterochloris mediterranea, AW ‒ Asterochloris 
woessiae, FA ‒ fumarprotocetraric acid, UA ‒ usnic acid
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is large (5–6-times difference between the lowest and the 
highest) in both UA (6.88 to 34.27 mg/g dry wt) and FA 
(1.44 to 9.87  mg/g dry wt) content among the various 
tested lichen specimens. There was also up to two-fold dif-
ferences between the specimens collected in the same or 
very near sites (e.g. samples CLF1–3, CLF4–6; CLF16–17, 
CLF19a–19b or CLF26–27).

Previous studies (Veres et al. 2022b) showed that FA con-
centration is higher (p < 0.0001) in the specimens collected 
in mountain areas than those in the lowland, whereas the UA 
concentration was significantly higher (p < 0.0001) in low-
land samples than in mountain samples. The current study 
did not support these findings (Fig. 10). The difference may 
be explained by different sampling strategies. Sampling in 

our previous study (Veres et al. 2022b) was done regularly 
every six months at the same time (of year within 3 years 
in Hungary. In the current study, samples were collected at 
various months and seasons over some 10 years and across 
a broader geographic range. The seasonal variation is the 
result of alternating periods of decomposition and light-
induced production phases as a result of variation in humid-
ity as was shown earlier (Veres et al. 2022a). In that study a 
significant (p < 0.0001) seasonal change in UA concentration 
was found in C. foliacea, which was lower in summer and 
spring, and higher in winter and autumn. Furthermore, UA 
did not differ significantly between thalli collected in sunny 
and shaded sites. The conclusion is that UA and FA contents 
may be affected by temporal and environmental factors.

Despite temporal, environmental and geographic effects 
on the fluctuation of UA and FA contents, in this study we 
still found significant differences of FA contents and UA/FA 
ratios between specimen groups differing in algal partners. 
Asterochloris mediterranea, A. lobophora and A. woessiae 
have been reported to be associated with the mycobiont of 
C. foliacea (Moya et al. 2015, Pino-Bodas and Stenroos 
2021, Škvorová et al. 2022). Previous studies have shown 
that climatic factors (e.g. sun exposure, rain precipitation, 
etc.) and soil chemistry regulate photobiont switching in the 
genus Cladonia (Peksa and Škaloud 2011, Pino-Bodas and 
Stenroos 2021; Škvorová et al. 2022). Specimens containing 
the photobiont A. lobophora stand out by having a signifi-
cantly higher UA/FA ratio than the other photobiont groups 
(Fig. 8/b). Interestingly, a comprehensive study (Škvorová 
et al. 2022) linking symbiotic associations to climatic fac-
tors shows that mycobionts associated with A. lobophora 
represent a unique symbiosis, different from the symbiotic 
form for association with A. mediterranea or A. woessiae. 
The association with A. lobophora tends to prefer lower iso-
thermality, lower evapotranspiration and higher precipitation 
of warmest quarter during the year (Škvorová et al. 2022) 
and appears to be restricted to calcareous substrates in low 

Fig. 8   Lichen secondary metabolite contents in relation to algal part-
ners associated with Cladonia foliacea. a A scatter plot showing pat-
terns according to photobionts.  b  A bar plot showing significantly 
higher UA/FA content ratio in the specimens containing the AL pho-

tobiont. Level of statistical significance were marked with asterisks, 
where ** indicate p-value under 0.01. Abbreviations: AL ‒ Astero-
chloris lobophora, AM ‒ Asterochloris mediterranea, AW ‒ Astero-
chloris woessiae, FA ‒ fumarprotocetraric acid, UA ‒ usnic acid

Table 2   Evaluation statistics for models of relationship between 
explanatory variables (algal symbiont, substrate, altitude, collection 
date) and response variables (UA and FA contents)

Redundancy analysis on FA and UA concentrations
  explanatory variable df F p
  algal symbiont 2 4,4287 0,00199
  substrate 1 4,016 0,02283
  altitude 1 0,5835 0,5652
  date 1 0,7226 0,49,443

Multiple linear regression on FA
  explanatory variable df F p
  algal symbiont 2 7,5192 0,003071
  substrate 1 6,2597 0,019908
  altitude 1 0,7783 0,386,803
  date 1 1,6486 0,211,929

Multiple linear regression on UA
  explanatory variable df F p
  algal symbiont 2 2,1141 0,1436
  substrate 1 2,3357 0,1401
  altitude 1 0,4376 0,5148
  date 1 0,0291 0,8661
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elevation less than 280 m in Central European samples (Sup-
plementary Table S1).

Taking all environmental and biological variables into 
account, the RDA and MLR models indicated the impact of 
photobiont species on the quantitative variation of LSMs, 
particularly on the production of FA. However, the tested 
variables could not explain the significant variation in UA 
concentration.

Similar quantitative LSM variations (with no significant 
UA variation, but significant in FA variation) have been 
reported in Usnea antarctica (Bokhorst et al 2021). Low 
FA contents are associated with high nitrogen availability 
in Antarctic. This is also true in boreal forest lichens where 
high nitrogen availability may lower the LSM contents (Sol-
haug and Gauslaa 2012). It will be interesting to test the 
nitrogen contents in C. foliacea thalli in future studies.

Fig. 9   Variation partitioning 
of explanatory variables (algal 
symbiont, substrate, altitude, 
collection date). Adjusted 
R-squared (R2) values below 0 
are not interpreted

Fig. 10   Linear regressions 
(UA – top; FA – bottom) 
presenting lichen secondary 
metabolite contents (mg /g dry 
wt) in relation to altitude (m) 
of collecting sites of Cladonia 
foliacea samples. Spearman's 
rank correlation coefficients (ρ) 
are 0.260 and 0.090; p-values 
0.173 and 0.642 for FA and UA 
respectively. Abbreviations: FA 
‒ fumarprotocetraric acid (open 
circles), UA ‒ usnic acid (dots)



415The algal partnership is associated with quantitative variation of lichen specific metabolites…

According to former studies (Engelen et al. 2010; Osyc-
zka et al. 2021; Romeike et al. 2002; Vančurová et al. 2021) 
lichens facing to stress caused by their environment (cf. 
light stress caused by a considerable UV and solar radiation 
in open vegetation, like lowland steppe or rocky grassland 
which are the typical habitats of the here studied C. foliacea) 
have lower selectivity in their photobiont partner. It explains 
why C. foliacea has various photobionts over the investi-
gated areas across Europe where the environmental toler-
ance of the partners are expected to be matching (Casano 
et al. 2011; Peksa et al. 2022). The mechanisms for toler-
ating desiccation-rehydration stress evolved differently in 
two Trebouxia species according to habitat humidity (Catalá 
et al. 2016; Centeno et al. 2016; Hell et al. 2019, 2021). A 
species-specific induction of the antioxidant system suppos-
edly may exist in various Asterocholoris species though so 
far only the adaptation of A. irregularis containing Cladonia 
borealis in Antarctica has been studied by measuring eco-
physiological responses to various microclimatic conditions 
(Cho et al. 2020). As shown under controlled experimental 
conditions by Culberson and Armaleo (1992) the regulation 
of light influenced the changes in temperature and water 
relations, and this latter has the most important role in the 
induction of LSM production by the fungal partner even 
without the photobiont. Based on this former knowledge 
Armaleo et al. (2008) carried out LSM measurements in 
the corticolous Parmotrema hypotropum (Nyl.) Hale col-
lected from controlled natural environment (Durham, North 
Carolina, USA), where radiation was restricted to be the only 
variable. They could confirm that changing light conditions 
directly determined changes in temperature and humidity 
but with opposite trends: the growing temperature followed 
the increase of light and the tendencies were different in 
case of humidity. Though no microclimatic parameters of 
collecting sites were measured in our investigations, it can 
be assumed that these correlations exist in nature in general 
and are valid also at the investigated natural habitats of C. 
foliacea. The opposite trends in the change of environmental 
conditions (i.e., temperature and humidity) was coupled with 
opposite trends in the production between cortical and med-
ullary LSMs (Armaleo 1995; Armaleo et al. 2008; Culber-
son and Armaleo 1992; Hamada 1981, 1996; Hamada and 
Miyagawa 1995; Hamada et al 1996). Similar trends can be 
observed comparing the production of the cortical UA and 
medullary FA in specimens of C. foliacea containing differ-
ent Asterochloris species (Figs. 7 and 8) in the current study. 
Comparing the sites where these lichen specimens were col-
lected, it can be concluded that the A. lobophora contain-
ing specimens favour calcareous lowland sites where due 
to the high radiation, the higher temperature and more arid 
climate induce an increased production of UA in the cortex 
and opposite trends are prevailing in the production of FA in 
the medulla. Thus the various associated algal species (based 

on the RDA and LMR models) explaining largely the quan-
titative variation of LSMs produced by the fungal partner 
serve as a kind of indicators concerning to the microclimatic 
parameters (esp. humidity), and they are practically uniting 
and representing the otherwise not measured variables.

Furthermore, the less obvious variations in LSM concen-
tration values can also be explained by the differences of the 
here investigated C. foliacea thalli originating from various 
environmental conditions (i.e., light, temperature, moisture) 
from the P. hypotropum thalli naturally growing among very 
similar conditions in the North Carolinian study (Armaleo 
et al. 2008). Additionally, the morphology of C. foliacea 
thalli also resulted in a varied surface with its often folding 
nature showing upper and lower surface of lobes alternating 
towards light.

Recent advances in fungal genomics and molecular biol-
ogy have considerably broadened our knowledge about 
the biosynthesis of LSMs, which are mostly catalysed by 
polyketide synthase and specific oxidative enzymes, e.g. 
cytochrome P450 (Armaleo et al. 2011; Singh et al. 2021a, 
Singh 2023). Considerable intraspecific variation of biosyn-
thetic genes has also been reported at the population level 
(Singh et al. 2021b). These studies explain qualitative, but 
not quantitative LSM variations. The correlation we found 
between photobiont species and LSM quantity in C. foliacea 
could have several explanations. It has been hypothesized 
that algae may produce signalling substances mediating the 
transformation between protocetraric acid and FA (Diaz 
et al. 2016) or inhibiting the oxidation from depside to dep-
sidone (Armaleo 1995). Algae may broadly influence LSM 
contents by controlling the supply of photosynthesized car-
bohydrates to lichen-forming fungi, and algal species may 
differ in their carbohydrate production capacity. A study in 
which cultured C. rangiferina was fed with different carbo-
hydrates, showed that only ribitol, a common transfer-polyol 
in lichens (Richardson et al. 1968) induced the production 
of FA from the fungus (Elshobary et al. 2016). However, 
changing algal carbohydrate fluxes alone cannot explain why 
cortical LSMs may increase while medullar LSMs decrease 
in the same lichen in response to the same stimulus (Armaleo 
et al. 2008, and references therein). Our data indicate that 
A. lobophora, in contrast to A. mediterranea and A. woes-
siae, prefers lower elevations, i.e. drier and warmer locations 
(Fig. 6). The lichens with A. lobophora contain the highest 
amounts of cortical UA and the lowest amounts of medullar 
FA (Figs. 7 and 8). Combining these findings with the data 
in Armaleo et al. (2008) which show a similar behaviour of 
cortical atranorin vs. medullary norstictic acid in response 
to light, temperature and moisture, we hypothesize that the 
correlation observed between algal species and lichen LSMs 
is due to the fact that the alga tracks the same light, moisture 
and temperature conditions that influence the production of 
an adaptive ratio of cortical vs. medullary LSMs.
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In addition to the present results in LSM production, analy-
sis of data for the circumscription of C. foliacea was per-
formed. The previously described “morph convoluta” (Pino-
Bodas et al. 2018), i.e. C. convoluta morphotype, has a broad 
geographic distribution in Europe that covers our sampling 
area. Specimens representing this morphotype occur with C. 
foliacea specimens (Supplementary Fig. S2 and S3), instead 
of forming their own monophyletic clade. Our phylogenetic 
analyses using either fungal nrITS or RPB2 loci did not 
support the monophyly of C. convoluta or the C. convoluta 
morphotype. The RPB2 gene tree shows two monophyletic 
clades, while each clade contains mixed morphotypes and 
habitat types. We have incorporated published sequences from 
C. convoluta and C. foliacea into our RPB2 data matrix, and 
the two monophyletic clades still exist with high bootstrap 
support values (Supplementary Fig. S3). In addition, we also 
found intermediate morphological forms between C. convo-
luta and C. foliacea morphotypes, that varied with habitat 
types, which has also been reported before (Pino-Bodas et al. 
2010; Burgaz and Escudero 1993). All lines of evidence sug-
gest the presence of incomplete lineage sorting (Pino-Bodas 
et al. 2010). This species delimitation challenge may be 
resolved by using advanced methods, such as phylogenomics.

It was shown that lichens of the same habitat share a group 
of photobiont specific to their environment (Peksa et al. 2022). 
It is not rare that a lichen is associated with different photobi-
onts and thus we found three species of the four taxa (OTUs) 
known from Cladonia foliacea worldwide (Pino-Bodas and 
Stenroos 2021). The increased number of photobionts sup-
port adaptation to various environmental conditions and it 
explains why this species is a relatively widely distributed 
species. Current study added interesting knowledge regard-
ing the ecological requirements (symbiotic feature / partner 
selection and habitat preference) of three Asterochloris spe-
cies (A. lobophora, A. mediterranea and A. woessiae). Selec-
tion of diverse photobionts allows the mycobiont to adapt to 
different habitats of the studied sites (Vančurova et al. 2018). 
From a global study, the alga A. lobophora differs from A. 
mediterranea and A. woessia in its habitat, being more com-
mon in anthropogenic habitats, especially soils rather than 
rocks (Vančurova et al. 2018). The present study shows that 
the lichens associated with A. lobophora prefer relatively 
low altitude and basic soil substrates, and A. mediterranea 
has a much wider geographical distribution. A. mediterranea 
is previously reported as a frequent photobiont associating 
with different lichen-forming fungi from the Canary Islands, 
Madeira, Sicily, and the Aeolian Islands (Vančurová et al. 
2021), and it was also detected in specimens from Central 
Europe (Škvorová et al. 2022). The presence of this species 
also predicts an adaptation to habitats with considerable water 
deficit for extended periods (Pino-Bodas and Stenroos 2021).

5 � Conclusions

This study combined phytochemical, phylogenetic and 
statistical analyses, in order to investigate the association 
between environmental / biological variables and LSM 
contents in the lichen Cladonia foliacea. The results 
showed that among these variables, the type of photobi-
ont has the most significant effect on quantitative LSM 
variations, particularly for FA and probably for UA in C. 
foliacea, in addition to previously recognized environmen-
tal factors. We suggest that the correlation between algal 
type and LSM is due to the fact that the alga tends to 
track the environmental factors that directly affect LSM 
production by the mycobiont. This insight suggests taking 
also the alga partner into consideration for future studies 
investigating quantitative LSM variation, instead of solely 
focusing on the fungal partner.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13199-​024-​00982-8.

Acknowledgments  Special thanks goes to Dr László Lőkös (Buda-
pest) for reading the English text of the manuscript and for the help 
in preparing Figures. Authors are grateful also to Dr Katalin Molnár 
(Komárom) and Dr Katalin Veres (Vácrátót) for reading and improving 
the manuscript and for their useful advice on chromatographic, molecu-
lar genetic and statistical methods respectively. Furthermore, the three 
reviewers are especially thanked for their stimulating thoughts. This 
research in Hungary was funded by the National Research Develop-
ment and Innovation Fund, grant number NKFI K 124341. The third 
author is holding a Stipendium Hungaricum Scholarship (2020–2024). 
The measurements in Iceland were funded by Icelandic Research Fund 
(grant number 2310001–051), University of Iceland Research Fund 
(grant number 92257) and the Landsvirkjun Fund (grant number 
NÝR-31–2021).

Author contributions  Conceptualization: Edit Farkas, Arthur Macharia 
Muhoro and Maonian Xu; Methodology: Edit Farkas, Krisztina Szabó, 
Attila Lengyel and Maonian Xu; Formal analysis: Edit Farkas, Maonian 
Xu, Arthur Macharia Muhoro and Attila Lengyel; Funding, resources: 
Edit Farkas, Elín Soffia Ólafsdóttir and Starri Heiðmarsson; Data cura-
tion: Edit Farkas, Krisztina Szabó and Maonian Xu; Writing—original 
draft preparation: Edit Farkas and Maonian Xu; Writing—review and 
editing: Edit Farkas, Maonian Xu, Arthur Macharia Muhoro, Krisztina 
Szabó, Attila Lengyel, Elín Soffia Ólafsdóttir, Elvar Örn Viktorsson 
and Starri Heiðmarsson; Visualization: Edit Farkas and Maonian Xu; 
Supervision: Edit Farkas, Elín Soffia Ólafsdóttir, and Starri Heiðmars-
son. All authors have read and agreed to the published version of the 
manuscript.

Funding  Open access funding provided by HUN-REN Centre for Eco-
logical Research.

Data availability  The following public databases were used: Index-
Fungorum (http:// www.​index​fungo​rum.​org/, accessed on 20 March 
2023); Index Herbariorum (http://​sweet​gum.​nybg.​org/​scien​ce/​ih/, 
accessed on 20 March 2023); MycoBank (https://​www.​mycob​ank.​org/, 
accessed on 20 March 2023); Recent literature on lichens (http://​nhm2.​
uio.​no/​botan​isk/​lav/ RLL/RLL.HTM, accessed on 10 March 2023). 
The data presented in this study are available in the Lichen Herbarium 
VBI (Vácrátót, Hungary) [see Index Herbarium at above link] and 

https://doi.org/10.1007/s13199-024-00982-8
http://www.indexfungorum.org/
http://sweetgum.nybg.org/science/ih/
https://www.mycobank.org/
http://nhm2.uio.no/botanisk/lav/
http://nhm2.uio.no/botanisk/lav/


417The algal partnership is associated with quantitative variation of lichen specific metabolites…

in the GenBank, if otherwise not, then data are available on request 
from the corresponding author [Edit Farkas] and the second author 
[Maonian Xu].

Declarations 

Competing interests  The authors have no relevant financial or non-
financial interests to disclose.

Compliance with Ethical Standards  Experimental research and field 
studies on the collected lichens in nature comply with relevant institu-
tional, national, and international guidelines and legislation. No threat-
ened species according to IUCN (IUCN Policy Statement on Research 
Involving Species at Risk of Extinction – https://​porta​ls.​iucn.​org/​libra​
ry/​efiles/​docum​ents/​PP-​003-​En.​pdf, accessed on 14 August 2023) 
were involved in the current research.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anar M, Orhan F, Alpsoy L, Gulluce M, Aslan A, Agar G (2016) The 
antioxidant and antigenotoxic potential of methanol extract of Cla-
donia foliacea (Huds.) Willd. Toxicol Ind Health 32(4):721–729. 
https://​doi.​org/​10.​1177/​07482​33713​504805

Armaleo D, Zhang Y, Cheung S (2008) Light might regulate diver-
gently depside and depsidone accumulation in the lichen Par-
motrema hypotropum by affecting thallus temperature and water 
potential. Mycologia 100(4):565–576. https://​doi.​org/​10.​3852/​
07-​162r

Armaleo D, Sun X, Culberson C (2011) Insights from the first puta-
tive biosynthetic gene cluster for a lichen depside and depsidone. 
Mycologia 103(4):103:741-754. https://​doi.​org/​10.​3852/​10-​335

Armaleo D (1995). Factors affecting depside and depsidone biosyn-
thesis in a cultured lichen fungus. Crypt Bot 5:14–21. https://​
www.​resea​rchga​te.​net/​publi​cation/​34304​9771_​Facto​rs_​affec​ting_​
depsi​de_​and_​depsi​done_​biosy​nthes​is_​in_a_​cultu​red_​lichen_​fun-
gus. Accessed 30 Jan 2024

Arup U, Ekman S, Lindblom L, Mattsson J-E (1993) High performance 
thin layer chromatography (HPTLC), an improved technique for 
screening lichen substances. Lichenologist 25:61–71. https://​doi.​
org/​10.​1006/​lich.​1993.​1018

Asplund J, Gauslaa Y, Merinero S (2018) Low synthesis of second-
ary compounds in the lichen Lobaria pulmonaria infected by 
the lichenicolous fungus Plectocarpon lichenum. New Phytol 
217(4):1397–1400. https://​doi.​org/​10.​1111/​nph.​14978

Bézivin C, Tomasi S, Rouaud I, Delcros JG, Boustie J (2004) Cyto-
toxic activity of compounds from the lichen: Cladonia convoluta. 
Planta Med 70:874–877. https://​doi.​org/​10.​1055/s-​2004-​827240

Bokhorst S, Asplund J, Convey P (2021) Intra-specific variation in 
lichen secondary compounds across environmental gradients on 

Signy Island, maritime Antarctic. In: Convey P, Zmudczyńska-
Skarbekc K, Bokhorst S (eds): Pathways and impacts of biot-
ically-mediated marine and other stored nutrient transfer 
between polar ecosystems. Polar Biol. https://​doi.​org/​10.​1007/​
s00300-​021-​02839-y

Burgaz AR, Ahti T (2009) Cladoniaceae Flora Liquenológica Ibérica. 
Sociedad Española de Liquenología, Madrid

Burgaz AR, Escudero A (1993) Morphometric variation in primary 
squamules of Cladonia foliacea and C. convoluta. Nova Hedwigia 
57:231–238

Burgaz AR, Ahti T, Pino-Bodas R (2020) Mediterranean Cladoniaceae. 
Spanish Lichen Society, Madrid

Casano L, Del Campo E, García Breijo FJ, Reig Armiñana J, Gasulla 
F, Del Hoyo A, Guéra A, Barreno E (2011) Two Trebouxia algae 
with different physiological performances are ever-present in 
lichen thalli of Ramalina farinacea. Coexistence versus competi-
tion? Environ Microbiol 13(3):806–818. https://​doi.​org/​10.​1111/j.​
1462-​2920.​2010.​02386.x

Catalá S, del Campo EM, Barreno E, García-Breijo FJ, Reig-Armi-
ñana J, Casano LM (2016) Coordinated ultrastructural and phy-
logenomic analyses shed light on the hidden phycobiont diver-
sity of Trebouxia microalgae in Ramalina fraxinea. Molecular 
Phylogen Evol 94(B):765–777. https://​doi.​org/​10.​1016/j.​ympev.​
2015.​10.​021

Cavalloro V, Marrubini G, Stabile R, Rossi D, Linciano P, Gheza 
G, Assini S, Martino E, Collina S (2021) Microwave-assisted 
extraction and HPLC-UV-CD determination of (S)-usnic acid 
in Cladonia foliacea. Molecules 26(2):455. https://​doi.​org/​10.​
3390/​molec​ules2​60204​55

Centeno DC, Hell AF, Braga MR, del Camp EM, Casano LM (2016) 
Contrasting strategies used by lichen microalgae to cope with 
desiccation-rehydration stress revealed by metabolite profiling 
and cell wall analysis. Environ Microbiol 18(5):1546–1560. 
https://​doi.​org/​10.​1111/​1462-​2920.​13249

Cho SM, Lee H, Hong SG, Lee J (2020) Study of ecophysiological 
responses of the Antarctic fruticose lichen Cladonia borealis 
using the PAM fluorescence system under natural and labora-
tory conditions. Plants 9(1):85. https://​doi.​org/​10.​3390/​plant​
s9010​085

Cubero OF, Crespo A, Fatehi J, Bridge PD (1999) DNA extraction and 
PCR amplification method suitable for fresh, herbarium-stored, 
lichenized, and other fungi. Plant Syst Evol 216:243–249. https://​
doi.​org/​10.​1007/​BF010​84401

Culberson WL (1968) The use of chemistry in the systematics of the 
lichens. Taxon 18:152–166. https://​doi.​org/​10.​2307/​12186​73

Culberson WL (1986) Chemistry and sibling speciation in the lichen-
forming fungi: Ecological and biological considerations. Bryolo-
gist 89:123–131. https://​doi.​org/​10.​2307/​32427​52

Culberson CF, Armaleo D (1992) Induction of a complete secondary-
product pathway in a cultured lichen fungus. Experimental Mycol-
ogy 16:52–63. https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​
01475​97592​90041O. Accessed 30 Jan 2024

Dal Grande F, Rolshausen G, Divakar PK, Crespo A, Otte J, Schleun-
ing M, Schmitt I (2018) Environment and host identity structure 
communities of green algal symbionts in lichens. New Phytol 
217(1):277–289. https://​doi.​org/​10.​1111/​nph.​14770

Diaz EM, Davo N, Vicente C, Legaz ME (2016) The role of lichenized 
algae in the production of Cladonia verticillaris depsidones, 
revealed by using alginate-immobilized cells. BioTechnology 
12(3):121–128. https://​www.​resea​rchga​te.​net/​publi​cation/​28658​
2485_​The_​role_​of_​liche​nized_​algae_​in_​the_​produ​ction_​of_​
Clado​nia_​verti​cilla​ris_​depsi​dones_​revea​led_​by_​using_​algin​ate-​
immob​ilized_​cells. Accessed 30 June 2023

Edler D, Klein J, Antonelli A, Silvestro D (2020) raxmlGUI 2.0: A 
graphical interface and toolkit for phylogenetic analyses using 

https://portals.iucn.org/library/efiles/documents/PP-003-En.pdf
https://portals.iucn.org/library/efiles/documents/PP-003-En.pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/0748233713504805
https://doi.org/10.3852/07-162r
https://doi.org/10.3852/07-162r
https://doi.org/10.3852/10-335
https://www.researchgate.net/publication/343049771_Factors_affecting_depside_and_depsidone_biosynthesis_in_a_cultured_lichen_fungus
https://www.researchgate.net/publication/343049771_Factors_affecting_depside_and_depsidone_biosynthesis_in_a_cultured_lichen_fungus
https://www.researchgate.net/publication/343049771_Factors_affecting_depside_and_depsidone_biosynthesis_in_a_cultured_lichen_fungus
https://www.researchgate.net/publication/343049771_Factors_affecting_depside_and_depsidone_biosynthesis_in_a_cultured_lichen_fungus
https://doi.org/10.1006/lich.1993.1018
https://doi.org/10.1006/lich.1993.1018
https://doi.org/10.1111/nph.14978
https://doi.org/10.1055/s-2004-827240
https://doi.org/10.1007/s00300-021-02839-y
https://doi.org/10.1007/s00300-021-02839-y
https://doi.org/10.1111/j.1462-2920.2010.02386.x
https://doi.org/10.1111/j.1462-2920.2010.02386.x
https://doi.org/10.1016/j.ympev.2015.10.021
https://doi.org/10.1016/j.ympev.2015.10.021
https://doi.org/10.3390/molecules26020455
https://doi.org/10.3390/molecules26020455
https://doi.org/10.1111/1462-2920.13249
https://doi.org/10.3390/plants9010085
https://doi.org/10.3390/plants9010085
https://doi.org/10.1007/BF01084401
https://doi.org/10.1007/BF01084401
https://doi.org/10.2307/1218673
https://doi.org/10.2307/3242752
https://www.sciencedirect.com/science/article/pii/014759759290041O
https://www.sciencedirect.com/science/article/pii/014759759290041O
https://doi.org/10.1111/nph.14770
https://www.researchgate.net/publication/286582485_The_role_of_lichenized_algae_in_the_production_of_Cladonia_verticillaris_depsidones_revealed_by_using_alginate-immobilized_cells
https://www.researchgate.net/publication/286582485_The_role_of_lichenized_algae_in_the_production_of_Cladonia_verticillaris_depsidones_revealed_by_using_alginate-immobilized_cells
https://www.researchgate.net/publication/286582485_The_role_of_lichenized_algae_in_the_production_of_Cladonia_verticillaris_depsidones_revealed_by_using_alginate-immobilized_cells
https://www.researchgate.net/publication/286582485_The_role_of_lichenized_algae_in_the_production_of_Cladonia_verticillaris_depsidones_revealed_by_using_alginate-immobilized_cells


418	 E. Farkas et al.

RAxML. Methods Ecol Evol 12:373–377. https://​doi.​org/​10.​1111/​
2041-​210X.​13512

Egbert S, Hoffman JR, McMullin RT, Lendemer JC, Sorensen JL 
(2022) Unraveling usnic acid: A comparison of biosynthetic gene 
clusters between two reindeer lichen (Cladonia rangiferina and 
C. uncialis). Fungal Biol 126:697–706. https://​doi.​org/​10.​1016/j.​
funbio.​2022.​08.​007

Elshobary ME, Osman ME, Abo-Shady AM, Komatsu E, Perreault 
H, Sorensen J, Piercey-Normore MD (2016) Algal carbohydrates 
affect polyketide synthesis of the lichen-forming fungus Clado-
nia rangiferina. Mycologia 108:646–656. https://​doi.​org/​10.​3852/​
15-​263

Emmerich R, Giez I, Lange OL (1993) Toxicity and antifeedant activity 
of lichen compounds against the polyphagous herbivorous insect 
Spodoptera littoralis. Phytochemistry 33:1389–1394. https://​doi.​
org/​10.​1016/​0031-​9422(93)​85097-b

Engelen A, Convey P, Ott S (2010) Life history strategy of Lepraria 
borealis at an Antarctic inland site Coal Nunatak. Lichenologist 
42(3):339–346. https://​doi.​org/​10.​1017/​s0024​28290​99906​00

Farkas E, Biró B, Szabó K, Veres K, Csintalan Z, Engel R (2020a) 
The Amount of lichen secondary metabolites in Cladonia foliacea 
(Cladoniaceae, Lichenised Ascomycota). Acta Bot Hung 62:33–
48. https://​doi.​org/​10.​1556/​034.​62.​2020.1-​2.4

Farkas E, Biró B, Csintalan Z, Veres K (2020b) Acetone rinsing tol-
erance of the lichen species Cladonia foliacea is considerable. 
Lichenologist 52:325–327. https://​doi.​org/​10.​1017/​S0024​28292​
00002​37

Gábris G, Pécsi M, Schweitzer F, Telbisz T (2018) Relief. In: Kocsis 
K (ed.): National Atlas of Hungary – Natural Environment. MTA 
CSFK Geographical Institute, Budapest, Hungary, pp 42–57

Gauslaa Y, Bidussi M, Solhaug KA, Asplund J, Larsson P (2013) Sea-
sonal and spatial variation in carbon based secondary compounds 
in green algal and cyanobacterial members of the epiphytic lichen 
genus Lobaria. Phytochemistry 94:91–98. https://​doi.​org/​10.​
1016/j.​phyto​chem.​2013.​04.​003

Giordano S, Alfano F, Basile A, Cobianchi RC (1999) Toxic effects 
of the thallus of the lichen Cladonia foliacea on the growth and 
morphogenesis of bryophytes. Cryptogam Bryol 20(1):35–41. 
https://​doi.​org/​10.​1016/​S1290-​0796(99)​80005-4

Hamada N (1981) The effect of temperature on the content of the med-
ullary depsidone salazinic acid in Ramalina siliquosa (lichens). 
Can J Bot 60:383–385. https://​doi.​org/​10.​1139/​b82-​053

Hamada N (1996) Induction of the production of lichen substances 
by non-metabolites. Bryologist 99(1):68–70. https://​doi.​org/​10.​
2307/​32444​40

Hamada N, Miyagawa H (1995) Secondary metabolites from isolated 
lichen mycobionts cultured under different osmotic conditions. 
Lichenologist 27(3):201–205. https://​doi.​org/​10.​1016/​s0024-​
2829(05)​80018-0

Hamada N, Miyagawa H, Miyawaki H, Inoue M (1996) Lichen sub-
stances in mycobionts of crustose lichens cultured on media with 
extra sucrose. Bryologist 99(1):71–74. https://​doi.​org/​10.​2307/​
32444​41

Hauck M, Jürgens SR, Huneck S, Leuschner C (2009) High acidity 
tolerance in lichens with fumarprotocetraric, perlatolic or tham-
nolic acids is correlated with low pKa1 values of these lichen 
substances. Environ Pollut 157:2776–2780. https://​doi.​org/​10.​
1016/j.​envpol.​2009.​04.​022

Hawksworth DL (1976) Lichen chemotaxonomy. In: Brown DH, 
Hawksworth DL, Bailey RH (eds) Lichenology: Progress and 
Problems. Academic Press, London, pp 139–184

Hawksworth DL, Grube M (2020) Lichens redefined as complex eco-
systems. New Phytol 227:1281–1283. https://​doi.​org/​10.​1111/​
nph.​16630

Hell AF, Gasulla F, González-Hourcade MA, Del Campo EM, Centeno 
DC, Casano LM (2019) Tolerance to cyclic desiccation in lichen 

microalgae is related to habitat preference and involves specific 
priming of the antioxidant system. Plant Cell Physiol 60(8):1880–
1891. https://​doi.​org/​10.​1093/​pcp/​pcz103

Hell AF, Gasulla F, González-Houcarde M, Pelegrino MT, Seabra AB, 
Campo EM, Casano LM, Centeno DC (2021) Polyols-related gene 
expression is affected by cyclic desiccation in lichen microalgae. 
Environ Exp Bot 185:104397. https://​doi.​org/​10.​1016/j.​envex​pbot.​
2021.​104397

Ji X, Khan IA (2005) Quantitative determination of usnic acid in Usnea 
lichen and its products by reversed-phase liquid chromatogra-
phy with photodiode array detector. J AOAC Int 88:1265–1268. 
https://​doi.​org/​10.​1093/​jaoac/​88.5.​1265

Khadhri A, Mendili M, Araújo MEM, Seaward MRD (2019) Com-
parative study of secondary metabolites and bioactive properties 
of the lichen Cladonia foliacea with and without the lichenicol-
ous fungus Heterocephalacria bachmannii. Symbiosis 79:25–31. 
https://​doi.​org/​10.​1007/​s13199-​019-​00630-6

Lanfear R, Calcott B, Ho SYW, Guindon S (2012) PartitionFinder: 
Combined selection of partitioning schemes and substitution 
models for phylogenetic analyses. Mol Biol Evol 29:1695–1701. 
https://​doi.​org/​10.​1093/​molbev/​mss020

Lauterwein M, Oethinger M, Belsner K, Peters T, Marre R (1995) 
In vitro activities of the lichen secondary metabolites vulpinic 
acid, (+)-usnic acid, and (-)-usnic acid against aerobic and anaer-
obic microorganisms. Antimicrob Agents Chemother 39:2541–
2543. https://​doi.​org/​10.​1128/​AAC.​39.​11.​2541

Molnár K, Farkas E (2010) Current results on biological activities of 
lichen secondary metabolites: A review. Z Naturforsch C 65:157–
173. https://​doi.​org/​10.​1515/​znc-​2010-3-​401

Molnár K, Farkas E (2011) Depsides and depsidones in populations 
of the lichen Hypogymnia physodes and its genetic diversity. Ann 
Bot Fenn 48:473–482. https://​doi.​org/​10.​5735/​085.​048.​0605

Moya P, Škaloud P, Chiva S, García-Breijo FJ, Reig-Armiñana J, 
Vančurová L, Barreno E (2015) Molecular phylogeny and ultra-
structure of the lichen microalga Asterochloris mediterranea sp. 
nov. from Mediterranean and Canary Islands ecosystems. Int J 
Syst Evol Microbiol 65:1838–1854. https://​doi.​org/​10.​1099/​ijs.0.​
000185

Muhoro AM, Farkas EÉ (2021) Insecticidal and antiprotozoal proper-
ties of lichen secondary metabolites on insect vectors and their 
transmitted protozoal diseases to humans. Diversity 13(8):342. 
https://​doi.​org/​10.​3390/​d1308​0342

Nimis PL, Skert N (2006) Lichen chemistry and selective grazing by 
the coleopteran Lasioderma serricorne. Environ Exp Bot 55:175–
182. https://​doi.​org/​10.​1016/j.​envex​pbot.​2004.​10.​011

Odabasoglu F, Cakir A, Suleyman H, Aslan A, Bayir Y, Halici M, 
Kazaz C (2006) Gastroprotective and antioxidant effects of usnic 
acid on indomethacin-induced gastric ulcer in rats. J Ethnophar-
macol 103:59–65. https://​doi.​org/​10.​1016/j.​jep.​2005.​06.​043

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, 
O'Hara R, Solymos P, Stevens M, Szoecs E, Wagner H, Barbour 
M, Bedward M, Bolker B, Borcard D, Carvalho G, Chirico M, 
De Caceres M, Durand S, Evangelista H, FitzJohn R, Friendly M, 
Furneaux B, Hannigan G, Hill M, Lahti L, McGlinn D, Ouellette 
M, Ribeiro Cunha E, Smith T, Stier A, Ter Braak C, Weedon J 
(2022) vegan: Community Ecology Package. R package version 
2.6–4. https://​CRAN.R-​proje​ct.​org/​packa​ge=​vegan. Accessed 26 
November 2023

Osyczka P, Lenart-Boroń A, Boroń P, Rola K (2021) Lichen-forming 
fungi in postindustrial habitats involve alternative photobionts. 
Mycologia 113:43–55. https://​doi.​org/​10.​1080/​00275​514.​2020.​
18134​86

Peksa O, Gebouská T, Škvorová Z, Lucie Vančurová L, Škaloud P 
(2022) The guilds in green algal lichens – an insight into the 
life of terrestrial symbiotic communities. FEMS Microbiol Ecol 
98:1–17. https://​doi.​org/​10.​1093/​femsec/​fiac0​08

https://doi.org/10.1111/2041-210X.13512
https://doi.org/10.1111/2041-210X.13512
https://doi.org/10.1016/j.funbio.2022.08.007
https://doi.org/10.1016/j.funbio.2022.08.007
https://doi.org/10.3852/15-263
https://doi.org/10.3852/15-263
https://doi.org/10.1016/0031-9422(93)85097-b
https://doi.org/10.1016/0031-9422(93)85097-b
https://doi.org/10.1017/s0024282909990600
https://doi.org/10.1556/034.62.2020.1-2.4
https://doi.org/10.1017/S0024282920000237
https://doi.org/10.1017/S0024282920000237
https://doi.org/10.1016/j.phytochem.2013.04.003
https://doi.org/10.1016/j.phytochem.2013.04.003
https://doi.org/10.1016/S1290-0796(99)80005-4
https://doi.org/10.1139/b82-053
https://doi.org/10.2307/3244440
https://doi.org/10.2307/3244440
https://doi.org/10.1016/s0024-2829(05)80018-0
https://doi.org/10.1016/s0024-2829(05)80018-0
https://doi.org/10.2307/3244441
https://doi.org/10.2307/3244441
https://doi.org/10.1016/j.envpol.2009.04.022
https://doi.org/10.1016/j.envpol.2009.04.022
https://doi.org/10.1111/nph.16630
https://doi.org/10.1111/nph.16630
https://doi.org/10.1093/pcp/pcz103
https://doi.org/10.1016/j.envexpbot.2021.104397
https://doi.org/10.1016/j.envexpbot.2021.104397
https://doi.org/10.1093/jaoac/88.5.1265
https://doi.org/10.1007/s13199-019-00630-6
https://doi.org/10.1093/molbev/mss020
https://doi.org/10.1128/AAC.39.11.2541
https://doi.org/10.1515/znc-2010-3-401
https://doi.org/10.5735/085.048.0605
https://doi.org/10.1099/ijs.0.000185
https://doi.org/10.1099/ijs.0.000185
https://doi.org/10.3390/d13080342
https://doi.org/10.1016/j.envexpbot.2004.10.011
https://doi.org/10.1016/j.jep.2005.06.043
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1080/00275514.2020.1813486
https://doi.org/10.1080/00275514.2020.1813486
https://doi.org/10.1093/femsec/fiac008


419The algal partnership is associated with quantitative variation of lichen specific metabolites…

Pino-Bodas R, Stenroos S (2021) Global biodiversity patterns of the 
photobionts associated with the genus Cladonia (Lecanorales, 
Ascomycota). Microb Ecol 82:173–187. https://​doi.​org/​10.​1007/​
s00248-​020-​01633-3

Pino-Bodas R, Martín MP, Burgaz AR (2010) Insight into the Cladonia 
convoluta-C. foliacea (Cladoniaceae, Ascomycota) complex and 
related species, revealed through morphological, biochemical and 
phylogenetic analyses. Syst Biodivers 8:575–586. https://​doi.​org/​
10.​1080/​14772​000.​2010.​532834

Pino-Bodas R, Burgaz AR, Ahti T, Stenroos S (2018) Taxonomy of 
Cladonia angustiloba and related species. Lichenologist 50:267–
282. https://​doi.​org/​10.​1017/​S0024​28291​80001​8X

Poelt J, Vězda A (1977) Bestimmungsschlüssel europäischer Flechten. 
Erganzungsheft I. Bibl Lichenol 9:1–258

R Core Team (2020) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna. https: 
www.R-​proje​ct.​org. Accessed 20 October 2023

Richardson DHS, Jackson Hill D, Smith DC (1968) Lichen physiol-
ogy XI. The role of the alga in determining the pattern of carbo-
hydrate movement between lichen symbionts. New Phytologist 
67:469–86. https://​doi.​org/​10.​1111/j.​1469-​8137.​1968.​tb054​76.x

Romeike J, Friedl T, Helms G, Ott S (2002) Genetic diversity of algal 
and fungal partners in four species of Umbilicaria (Lichenized 
Ascomycetes) along a transect of the Antarctic Peninsula. Mol 
Biol Evol 19(8):1209–1219. https://​doi.​org/​10.​1093/​oxfor​djour​
nals.​molbev.​a0041​81

Ronquist F, Teslenko M, van der Mark P et al (2012) MrBayes 3.2: 
Efficient Bayesian phylogenetic inference and model choice across 
a large model space. Syst Biol 61(3):539–542. https://​doi.​org/​10.​
1093/​sysbio/​sys029

Singh G (2023) Linking lichen metabolites to genes: Emerging con-
cepts and lessons from molecular biology and metagenomics. J 
Fungi 9(2):160. https://​doi.​org/​10.​3390/​jof90​20160

Singh G, Armaleo D, Dal Grande F, Schmitt I (2021a) Depside and 
depsidone synthesis in lichenized fungi comes into focus through 
a genome-wide comparison of the olivetoric acid and physodic 
acid chemotypes of Pseudevernia furfuracea. Biomolecules 
11(10):1445. https://​doi.​org/​10.​3390/​biom1​11014​45

Singh G, Calchera A, Schulz M, Drechsler M, Bode HB, Schmitt I, 
Dal Grande F (2021b) Climate-specific biosynthetic gene clus-
ters in populations of a lichen-forming fungus. Environ Microbiol 
23:4260–4275. https://​doi.​org/​10.​1111/​1462-​2920.​15605

Škvorová Z, Černajová I, Steinová J, Peksa O, Moya P, Škaloud P 
(2022) Promiscuity in lichens follows clear rules: Partner switch-
ing in Cladonia is regulated by climatic factors and soil chemistry. 
Front Microbiol 12:781585. https://​doi.​org/​10.​3389/​fmicb.​2021.​
781585

Solhaug KA, Gauslaa Y (2012) Secondary lichen compounds as pro-
tection against excess solar radiation and herbivores. In: Lüttge 
U, Beyschlag W, Büdel B, Francis D (eds) Progress in Botany 73, 
Springer, Berlin, Heidelberg, pp 283–304. https://​doi.​org/​10.​1007/​
978-3-​642-​22746-2_​11

Stocker-Wörgötter E (2008) Metabolic diversity of lichen-forming 
ascomycetous fungi: culturing, polyketide and shikimatemetabo-
lite production, and PKS genes. Nat Prod Rep 25:188–200. https://​
doi.​org/​10.​1039/​B6069​83P

Tigre RC, Pereira EC, da Silva NH, Vicente C, Legaz ME (2015) 
Potential phenolic bioherbicides from Cladonia verticillaris 

produce ultrastructural changes in Lactuca sativa seedlings. South 
African J Bot 98:16–25. https://​doi.​org/​10.​1016/j.​sajb.​2015.​02.​
002

Vančurová L, Muggia L, Peksa O, Řídká T, Škaloud P (2018) The com-
plexity of symbiotic interactions influences the ecological amplitude 
of the host: a case study in Stereocaulon (lichenized Ascomycota). 
Mol Ecol 27(14):3016–3033. https://​doi.​org/​10.​1111/​mec.​14764

Vančurová L, Malíček J, Steinová J, Škaloud P (2021) Choosing the 
right life partner: Ecological drivers of lichen symbiosis. Front 
Microbiol 12:769304. https://​doi.​org/​10.​3389/​fmicb.​2021.​769304

Veres K, Csintalan Z, Laufer Z, Engel R, Szabó K, Farkas E (2022a) 
Photoprotection and high-light acclimation in semi-arid grass-
land lichens – a cooperation between algal and fungal partners. 
Symbiosis 86:33–48. https://​doi.​org/​10.​1007/​s13199-​021-​00823-y

Veres K, Sinigla M, Szabó K, Varga N, Farkas E (2022b) The long-
term effect of removing the UV-protectant usnic acid from the 
thalli of the lichen Cladonia foliacea. Mycol Prog 21:83. https://​
doi.​org/​10.​1007/​s11557-​022-​01831-y

Verseghy K (1994) Magyarország zuzmóflórájának kézikönyve. Mag-
yar Természettudományi Múzeum, Budapest

Whittow J (1984) Dictionary of physical geography. Penguin, London
Wirth V (1995) Flechtenflora, 2nd edn. Eugen Ulmer, Stuttgart
Xu M, Heiðmarsson S, Olafsdottir ES, Buonfiglio R, Kogej T, Omars-

dottir S (2016) Secondary metabolites from cetrarioid lichens: 
chemotaxonomy, biological activities and pharmaceutical 
potential. Phytomedicine 23:441–459. https://​doi.​org/​10.​1016/j.​
phymed.​2016.​02.​012

Xu M, Heiðmarsson S, Thorsteinsdottir M, Eiriksson FF, Omarsdottir 
S, Olafsdottir ES (2017) DNA barcoding and LC-MS metabolite 
profiling of the lichen-forming genus Melanelia: Specimen iden-
tification and discrimination focusing on Icelandic taxa. PLoS 
ONE 12:e0178012. https://​doi.​org/​10.​1371/​journ​al.​pone.​01780​12

Xu M, Heiðmarsson MS, Thorsteinsdottir M, Kreuzer M, Hawkins J, 
Omarsdottir S, Olafsdottir ES (2018) Authentication of iceland 
moss (Cetraria islandica) by UPLC-QToF-MS chemical profil-
ing and DNA barcoding. Food Chem 245:989–996. https://​doi.​
org/​10.​1016/j.​foodc​hem.​2017.​11.​073

Xu M, De Boer H, Olafsdottir ES, Omarsdottir S, Heiðmarsson S 
(2020) Phylogenetic diversity of the lichenized algal genus Tre-
bouxia (Trebouxiophyceae, Chlorophyta): a new lineage and 
novel insights from fungal-algal association patterns of Icelandic 
cetrarioid lichens (Parmeliaceae, Ascomycota). Bot J Linn Soc 
194:460–468. https://​doi.​org/​10.​1093/​botli​nnean/​boaa0​50

Xu M, Oppong-Danquah E, Wang X et al (2022) Novel methods to 
characterise spatial distribution and enantiomeric composition of 
usnic acids in four Icelandic lichens. Phytochemistry 200:113210. 
https://​doi.​org/​10.​1016/j.​phyto​chem.​2022.​113210

Yilmaz M, Türk AO, Tay T, Kivanç M (2004) The antimicrobial activ-
ity of extracts of the lichen Cladonia foliacea and its (-)-usnic 
acid, atranorin, and fumarprotocetraric acid constituents. Z Natur-
forsch C 59:249–254. https://​doi.​org/​10.​1515/​znc-​2004-3-​423

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00248-020-01633-3
https://doi.org/10.1007/s00248-020-01633-3
https://doi.org/10.1080/14772000.2010.532834
https://doi.org/10.1080/14772000.2010.532834
https://doi.org/10.1017/S002428291800018X
http://www.R-project.org
https://doi.org/10.1111/j.1469-8137.1968.tb05476.x
https://doi.org/10.1093/oxfordjournals.molbev.a004181
https://doi.org/10.1093/oxfordjournals.molbev.a004181
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.3390/jof9020160
https://doi.org/10.3390/biom11101445
https://doi.org/10.1111/1462-2920.15605
https://doi.org/10.3389/fmicb.2021.781585
https://doi.org/10.3389/fmicb.2021.781585
https://doi.org/10.1007/978-3-642-22746-2_11
https://doi.org/10.1007/978-3-642-22746-2_11
https://doi.org/10.1039/B606983P
https://doi.org/10.1039/B606983P
https://doi.org/10.1016/j.sajb.2015.02.002
https://doi.org/10.1016/j.sajb.2015.02.002
https://doi.org/10.1111/mec.14764
https://doi.org/10.3389/fmicb.2021.769304
https://doi.org/10.1007/s13199-021-00823-y
https://doi.org/10.1007/s11557-022-01831-y
https://doi.org/10.1007/s11557-022-01831-y
https://doi.org/10.1016/j.phymed.2016.02.012
https://doi.org/10.1016/j.phymed.2016.02.012
https://doi.org/10.1371/journal.pone.0178012
https://doi.org/10.1016/j.foodchem.2017.11.073
https://doi.org/10.1016/j.foodchem.2017.11.073
https://doi.org/10.1093/botlinnean/boaa050
https://doi.org/10.1016/j.phytochem.2022.113210
https://doi.org/10.1515/znc-2004-3-423

	The algal partnership is associated with quantitative variation of lichen specific metabolites in Cladonia foliacea from Central and Southern Europe
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 The investigated species
	2.2 Sample collection
	2.3 Qualitative analysis of LSMs by HPTLC and UHPLC-PDA-MS
	2.4 Quantitative analysis of fumarprotocetraric acid by HPLC-PDA
	2.5 Determination of usnic acid enantiomers
	2.6 DNA extraction, PCR and phylogenetic analysis
	2.7 Statistical analysis

	3 Results
	3.1 Identification and quantification of LSMs
	3.1.1 Compound identification
	3.1.2 Quantification of LSMs

	3.2 Phylogenetic analysis
	3.2.1 Fungal tree
	3.2.2 Algal tree
	3.2.3 Model evaluation


	4 Discussion
	5 Conclusions
	Acknowledgments 
	References


