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Introduction

Tundra community, Norway
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Mycobiont Photobiont= Lichen taxonomy



Introduction

Usnea trichodeoides, Tanzania
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origins of lichenized fungi

Lecanoromycetes



Introduction

Divakar et al. 2015
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Bryocaulon

Bryoria

Nodobryoria

Parmeliaceae
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Pseudephebe minuscula Pseudephebe pubescens

Velmala et al. 2014

Brodo & Hawksworth 1977



Main Objectives

• Perform an integrative taxonomical study of Bryoria section Implexae and Pseudephebe.

• Study the extrolite composition, location and taxonomical utility in Bryoria and

Pseudephebe.

• Study the interaction between Bryoria fuscescens and the environment.

• Understand the evolutive processes that are producing the phenotypical variability

observed in Bryoria fuscescens s. str.



Materials and Methods
Sampled areas

Pseudephebe: aprox. 120 specimens Bryoria: aprox. 2.100 specimens



Materials and Methods
Example of three sampled regions

Norway Norway Portugal



Materials and Methods

Distribution

Phenotypical

Morphological characters

Chemical characters

Molecular

7 standard DNA markers (6 +1)

5 new DNA markers

18 microsatellite markers

Phenograms: “R”.

Recombination detection: RDP, GENECONV, Chimaera, 

Maxchi, Bootscan, SiScan, PhylPro, 3Seq.

Phylogenetic reconstruction: RAxML, MrBayes, MAFFT, 

Partitionfinder, Mega, jModeltest, Beast, Figtree, CADM test.

Divergence time estimation: Beast.

Species delimitation programs: ABGD, GMYC, PTP, 

BP&P, DISSECT.

Genepool detection: PCoA, DAPC, haplotype network, 

STRUCTURE.

Genetic diversity: “R”, ADZE, GenAlEx, KGTESTS, 

Arlequin.

Population dynamics: Beast.

Spatial analyses: Migrate-n, ibd.

Potential distribution: Maxent.

Main data Main analyses

Main lab. techniques
Fluorescence microscopy

Thin layer chromatography

PCR

Sequencing

545 pyrosequencing

Pseudephebe:Bryoria:



Chapter 1

Pseudephebe species are cryptic with an environmentally 

modified morphology 



Chapter 1 Pseudephebe species concept

Pseudephebe pubescens P. minuscula Bryoria mariensis

Phylogenetic tree using:

nuITS, RPB1 & MCM7

120 specimens

37 specimens + 25 outgroup

Characters not reported

in bibliography

Not three phenotipic groups

can be obtained

Pseudocyphellae



Chapter 1 Pseudephebe species concept

9.5 Mya

26.5 Mya

4.3 Mya

1.25 Mya

ML and bayesian phylogenetic tree from the concatenated matrix

of ITS, RPB1 and MCM7. 



Chapter 1 Pseudephebe species concept

ML and Bayesian phylogenetic tree from the concatenated matrix

of ITS, RPB1 and MCM7. 

Species delimitation programs

New species concept:

P. minuscula
Syn: Bryoria mariensis

P. pubescens



Chapter 1 Pseudephebe species concept

P. minuscula

P. pubescensPseudocyphellae No discriminatory characters between species

P. minuscula and P. pubescens are cryptic species



Chapter 2

Molecular studies reveal a new species of Bryoria in Chile 



Chapter 2 Bryoria araucana sp. nov.

- nuITS, mtSSU, MCM7

Maximum likelihood tree

Bayesian tree

- Thin layer chromatography

- Morphological study

B. glabra / fuscescens Bryoria aff. trichodes

or B. sect. Implexae



Chapter 2 Bryoria araucana sp. nov.
B. araucana sp. nov. B. glabra Bryoria sect. 

Bryoria is

polyphyletic



Chapter 2 Bryoria araucana sp. nov.

Boluda et al. 2015



Chapter 3
Bryoria fuscescens s. l. show a mismatch between haplotypes and 

chemotypes

Typical lichen community of B. fuscescens s.l. in Spain



Chapter 3 Bryoria fuscescens mismatch

45 morphologically invariable B. fuscescens

specimens from three close localities

Each specimen was divided

into four regions:
- Base

- Branches (without soralia)

- Soralia

- TipsTLC & nuITS



Chapter 3 Bryoria fuscescens mismatch
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Specimen1 Specimen2

nuITS Haplotype network showing the chemotypesnuITS phylogenetic tree



Chapter 4
Fluorescence microscopy as a tool for the visualization of lichen 

substances within Bryoria thalli

Autofluorescence of psoromic acid crystalls



Chapter 4 Fluorescence microscopy

Pseudocyphellae Pd+ red

Fumarprotocetraric acid

Chlorophyll

Fumarprotocetraric acid
Norstictic acid

Pseudocyphellae 

K+ red

UV 450-490 nm



Chapter 4 Fluorescence microscopy

Atranorine

Usnic acid

Atranorine

Salazinic acid

ChlorophyllPseudocyphellae

White light

Parmelia sulcata UV 450-490 nm

UV 450-490 nm



Chapter 4 Fluorescence microscopy
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Psoromic acid

Pseudocyphellae of Bryoria 

bicolor (no extrolites)
Apothecia of 

Bryoria capillaris

Fluorescence microscopy is a good tool

to locate and sometimes identify

extrolites inside the lichen thallus



Chapter 5
Characterization of microsatellite loci in lichen-forming fungi of 

Bryoria section Implexae

Microsatellites PCR products



Obtaining the microsatellites and FRBi markers

Spanish specimens

Swiss specimens

Finnish specimens

454 Pyrosequencing

533.962 reads
(average length 812 bp)

30 morphologically variable specimens

MSATCOMMANDER
(Scanning for microsatellites)

6.329 putative

microsatellites

397 putative

microsatellites

Unfavorable primers

Duplicates

58 putative

microsatellites

Algae and other

microsatellites

44 putative

microsatellites

Trebouxia

microsatellites Trebouxia

cultures18 microsatellites

PCR conditions

Invariable microsatellites

36 flanking

regions
5 flanking regions

Unfavorable primers

Invariable regions

Bryoria sect. Implexae

NCBI

Bryoria sect. 

Implexae specimens

Chapter 5 Mirosatellites development



B. fuscescens B. implexa B. capillaris

Chapter 6

Towards an integrative taxonomy of Bryoria sect. Implexae



Velmala et al. 2014

Main key characters:

- Extrolites

- Soralia

- Pseudocyphellae

- Thallus colour

- Branching angles

Chapter 6 Bryoria sect. Implexae taxonomy



Velmala et al. 2014

142 specimens from:

- Morphology (incl. lichenicolous)

- Chemistry

- DNA sequences

nuITS, IGS, GAPDH

FRBi15, FRBi16 (not showed)

- Microsatellites

Chapter 6 Bryoria sect. Implexae taxonomy



Phenetic analyses
Extrolites + morphology

Chapter 6 Bryoria sect. Implexae taxonomy

The species concept in Bryoria sect. Implexae, established mainly using septentrional 

specimens, break down when meridional specimens are studied.

Extrolites



ML and Bayesian tree form the concatenated matrix (ITS, IGS 

& GAPDH)

G

Ko

NA

WD

Chapter 6 Bryoria sect. Implexae taxonomy

Tree backbone well supported

Bryoria sect. Implexae

Bryoria fuscescens agg.



Chapter 6
ML and Bayesian tree form the concatenated matrix (ITS, IGS 

& GAPDH)

Tree backbone well supported
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Chapter 6
Extrolite 

composition
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Chapter 6

DISSECT
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Chapter 6

Haplotype network

gaps missing

95% connection limit
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Chapter 6

Principal coordinate analyses using microsatellites
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Chapter 6
STRUCTURE using microsatellites
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Chapter 6

Divergence time estimation

G

Ko

NA

WD



Chapter 6

Past population dynamics

X = Million years ago

Y = Population size
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Chapter 6

Bryoria fuscescens

Bryoria pseudofuscescens

Bryoria kockiana

Bryoria glabra

Proposed species concept

Cryptic

1 Mya of 

divergence

Syn: B. capillaris, B. implexa, B. kuemmerleana, 

B. vrangiana.

Syn: B. friabilis, B. inactiva, B. pikei.

Syn: B. sp.

G
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Chapter 6
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Chapter 7

Phylogeography and evolution of Bryoria fuscescens



Chapter 7 Bryoria phylogeography

Bryoria morphospecies growing together
What is producing that phenotypes?



Phenotype-capillaris

- Usually pale

- With barbatolic acid

- Soralia rare

- Angles usually acute

Phenotype-fuscescens

- Usually dark

- Without barbatolic acid

- Soralia frequent

- Angles variable

Bryoria fuscescens s. str.

Cortical UV autofluorescence Cortical UV autofluorescence

Chapter 7 Bryoria phylogeography



Chapter 7 Bryoria phylogeography

1.400 specimens, 64 populations, 18 microsatellites

1.359 specimens

14 microsatellites

No missing data
35 specimens used for a phylogenetical reconstruction

(3 standard loci, and 5 new loci)



Chapter 7 Bryoria phylogeography

Higher diversity within populations than among.

Similar diversity in trunks and twigs.

AMOVA

Allelic richness



Chapter 7 Bryoria phylogeography

Scandinavia:

Alps:

Iberia:

Carpathians:

Great Britain:

High diversity

Low diversity



Chapter 7 Bryoria phylogeography
- Less clonallity than expected

- Saxicolous populations are 

genetically poor.

- Apotheciated populations are 

not significantly more diverse.

- Human activities can increase

genetic diversity.

- Recent colonization signals

- Putative sexual reproduction in 

non apotheciated populations.

Pops. 1-13 not showed

Pops. 33-64 not showed



Chapter 7 Bryoria phylogeography

Pops. 1-13 not showed

Pops. 33-64 not showed

- Less clonallity than expected

- Saxicolous populations are 

genetically poor.

- Apotheciated populations are 

not significantly more diverse.

- Human activities can increase

genetic diversity.

- Recent colonization signals

- Putative sexual reproduction in 

non apotheciated populations.



Chapter 7 Bryoria phylogeography

Pops. 1-13 not showed

Pops. 33-64 not showed

- Less clonallity than expected

- Saxicolous populations are 

genetically poor.

- Apotheciated populations are 

not significantly more diverse.

- Human activities can increase

genetic diversity.

- Recent colonization signals

- Putative sexual reproduction in 

non apotheciated populations.



Best genepools:

DAPC K3

Chapter 7 Bryoria phylogeography

Soralia: Absent

Fum.: No

Ph. capillaris : 100%

Ph. fuscescens : 0%

Soralia: Absent

Fum.: No

Ph. capillaris : 87%

Ph. fuscescens : 13%

Soralia: Frequent

Fum.: Variable

Ph. capillaris: 13%

Ph. fuscescens: 87%

Genepool 1

Genepool 2

Genepool 3



Best genepools:

DAPC K3

Chapter 7 Bryoria phylogeography

Bryoria fuscescens

B. pseudofuscescens

B. kockiana

nuITS, IGS & GAPDH

Phylogenetic tree

Soralia: Absent

Fum.: No

Ph. capillaris : 100%

Ph. fuscescens : 0%

Soralia: Absent

Fum.: No

Ph. capillaris : 87%

Ph. fuscescens : 13%

Soralia: Frequent

Fum.: Variable

Ph. capillaris: 13%

Ph. fuscescens: 87%

Genepool 1

Genepool 2

Genepool 3



Chapter 7 Bryoria phylogeography
Best genepools:

DAPC K3

Soralia: Absent

Fum.: No

Ph. capillaris : 100%

Ph. fuscescens : 0%

Soralia: Absent

Fum.: No

Ph. capillaris : 87%

Ph. fuscescens : 13%

Soralia: Frequent

Fum.: Variable

Ph. capillaris: 13%

Ph. fuscescens: 87%

Genepool 1

Genepool 2

Genepool 3



Chapter 7 Bryoria phylogeography
Best genepools:

DAPC K3

Analysis to detect genetic isolation by geographic distance

between pairs of populations

Soralia are not favouring dispersion ?
Soralia: Absent

Fum.: No

Ph. capillaris : 100%

Ph. fuscescens : 0%

Soralia: Absent

Fum.: No

Ph. capillaris : 87%

Ph. fuscescens : 13%

Soralia: Frequent

Fum.: Variable

Ph. capillaris: 13%

Ph. fuscescens: 87%

Genepool 1

Genepool 2

Genepool 3



Chapter 7 Bryoria phylogeography
Best genepools:

DAPC K3
Potential distribution prediction for each Genepool using

Maxent and 11 bioclimatic layers

Genepool 1 Genepool 2 Genepool 3

Phenotype-fuscescens Phenotype-capillaris B. fuscescens-pseudofuscescens Soralia: Absent

Fum.: No

Ph. capillaris : 100%

Ph. fuscescens : 0%

Soralia: Absent

Fum.: No

Ph. capillaris : 87%

Ph. fuscescens : 13%

Soralia: Frequent

Fum.: Variable

Ph. capillaris: 13%

Ph. fuscescens: 87%

Genepool 1

Genepool 2

Genepool 3



Chapter 7 Bryoria phylogeography
Best genepools:

DAPC K3

Potential distribution prediction

for the main chemotypes using

Maxent and 11 bioclimatic layers
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Barbatolic acid Fumar.  acid

Gyrophoric acid Norstictic acid

Psoromic acid

- Barbatolic acid

- Fumarprotocetraric acid

- Gyrophoric acid

- Norstictic acid

- Psoromic acid

Genetically fixed

Environmentally

influenced

Soralia: Absent

Fum.: No

Ph. capillaris : 100%

Ph. fuscescens : 0%

Soralia: Absent

Fum.: No

Ph. capillaris : 87%

Ph. fuscescens : 13%

Soralia: Frequent

Fum.: Variable

Ph. capillaris: 13%

Ph. fuscescens: 87%

Genepool 1

Genepool 2

Genepool 3



Chapter 7 Bryoria phylogeography

Potential distribution prediction for Bryoria fuscescens s. str. using Maxent and 11 bioclimatic layers

Glacial refugia candidates:

East of British Isles

Northwest of Iberian Peninsula

Alps lowlands

Black sea



Chapter 7 Bryoria phylogeography
Results from Migrate analysis



Chapter 7 Bryoria phylogeography
Results from Migrate analysis

Glacial refugia candidates

according to Maxent



Chapter 7 Bryoria phylogeography
Results from Migrate analysis

Glacial refugia candidates

according to Maxent

Hypothetical migrations



Chapter 7 Bryoria phylogeography
Results from Migrate analysis

Glacial refugia candidates

according to Maxent

Cryptic glacial refugia

Hypothetical migrations

Nunataks 

across Europe



Chapter 7 Bryoria phylogeography
Isolation by distance analysis

Sorediate genepool

Isolation by distance analysis

Esorediate genepool

Results from Migrate analysis

Glacial refugia candidates

according to Maxent

Cryptic glacial refugia

Hypothetical migrations

Nunataks 

across Europe

Migration:
Far pair populations much more differentiated

than closer ones.

Ancestral shared alleles:
Far pair populations not much more differentiated

than closer ones.
(usually linked to incomplete lineage sorting)



Chapter 7 Bryoria phylogeography
Evidence of incomplete

lineage sorting

nuITS, IGS, GAPDH

Secuencia intergénica

cercana al microsatélite 13

Secuencia intergénica

cercana al microsatélite 15

Secuencia intergénica

cercana al microsatélite 16

Secuencia intergénica

cercana al microsatélite 18

Secuencia intergénica

cercana al microsatélite 19
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ML & Bayesian phylogenetic

reconstruction of intergenic

loci FRBi15 & FRBi16

Evidence of recombination

Chapter 7 Bryoria phylogeography



Chapter 7 Bryoria phylogeography

Bryoria glabra

Bryoria fuscescens

Bryoria pseudofuscescens

Bryoria kockiana

Fenotype-fuscescens

Fenotype-capillaris

Morphology

Standard DNA sequences

GAPDH sequence

Microsatellites

Morphology

Microsatellites
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Speciating to:

Evolutive conclusions

B. fuscescens agg.



Main Conclusions
• 1. Fluorescence microscopy is confirmed as a useful tool to locate and sometimes identify 

the secondary metabolites stored in the lichen thalli.

• 2. In Bryoria fuscescens agg. the presence-absence and composition in extrolites are 

variable in different thallus parts and sometimes associated with pseudocyphellae or soralia.

• 3. In Bryoria fuscescens s. l. specimens, there is no correlation between extrolites 

composition, the genetic affinity and the morphospecies.

• 4. The populations of Bryoria fuscescens s. l. in the Mediterranean Region show a 

combination of characters that does not fit with the established morphospecies concept 

based on boreal specimens.

• 5. New microsatellite markers specific for Bryoria sect. Implexae has been obtained to 

perform phylogeographical studies at population level.



Main Conclusions
• 6. Integrative taxonomy allows to develop a species concept in Bryoria sect. Implexae that 

do not reveal taxonomies with single approaches. Of the 14 morphospecies analyzed, only 

four accomplish with the phylogenetic species concept, being Bryoria fuscescens, B. 

kockiana and B. pseudofuscescens cryptic and B. glabra distinguishable.

• 7. The species of Bryoria fuscescens agg. represent the most recent speciation event known 

in lichens.

• 8. Bryoria fuscescens s. str. includes three main genepools in Europe and North Africa, two 

of them widely distributed, whereas one is restricted to North Scandinavia. The genetic traits 

of the latter are intermediate between Bryoria fuscescens and B. pseudofuscescens.

• 9. The high dispersal capacities of Bryoria fuscescens s. str. detected here seems influenced 

by an artefact of shared ancestral polymorphisms.



Main Conclusions
• 10. The Scandinavian Peninsula, followed by the Alps and the Iberian Peninsula, have the 

richest genetic diversity of Bryoria fuscescens s. str. in Europe. The genetic diversity of the 

populations do not correlate with the presence or absence of apothecia.

• 11. Bryoria fuscescens s. str. seems involved in an evolutionary process influenced by 

genetic drift towards two phenotypic groups with high levels of incomplete lineage sorting.

• 12. The lichenicolous fungus Raesaenenia huuskonenii grows on Bryoria fuscescens agg. 

independently of the morphospecies, chemotype or genepool.

• 13. The Bryoria specimens collected in Chile belongs to an undescribed species here 

proposed as Bryoria araucana.

• 14. Bryoria mariensis must be considered a synonym with Pseudephebe minuscula.

• 15. Pseudephebe minuscula is a very variable species whose morphology overlaps with that 

of P. pubescens, so both species must be considered cryptic.



!Muchas gracias!
Collection pictures:



!Muchas gracias!
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Arthoniomycetes

Arthoniomycetes

Eurotiomycetes

Lecanoromycetes

Lecanoromycetes

Lecanoromycetes Lecanoromycetes

Sordariomycetes

Lichinomycetes



Introduction

Dispersal capacities

Population sizes
Sexual reproduction

Environment

Predators

Parasities

Photobiont

Human interactions

Environmental changues



Chapter 1 Pseudephebe species concept

P. minuscula

P. pubescens

9.5 Mya

26.5 Mya



Chapter 1 Pseudephebe species concept

A

B, C
D

E

F


