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ABSTRACT

Genetic variability cryptic species and molecular phylogeny in the lichen-forming

fungal genus Parmelina (Parmeliaceae, Ascomycota)

ABSTRACT

Introduction

Recognition of species in different groups of lichens has been delimited under the
morphological species concept (MSC), in which macro and micro characters are
compared with those of differentiated species. However, recent studies show that
these characters may not be sufficient to delimit species, especially in species with a
wide distribution range. An alternative is the phylogenetic species concept (PSC), in
which the species are separated on the basis of differences between target DNA
sequences. Under this new assumption, two taxa may be recognized as different
species if they appear in different clades in a phylogenetic species tree, even though
the external morphology or chemistry is similar. This has allowed the recognition of
“cryptic species”, which is defined as “organisms that appear identical but are
genetically quite distinct”. Due to their similar morphology they have previously been
recognized as a single species. Moreover, molecular techniques have revolutionized
the species concept and increased the number of species in lichen-forming fungi and in
other organisms in general. Molecular phylogenetic trees have not only been useful for
delimiting or separating taxa, but also for establishing the phylogenetic relationships
between them. When all their internal branches have statistical support, molecular
trees give us the opportunity to trace the evolutionary history of a lineage, although
more tools are needed to testing a variety of evolutionary hypotheses. However, one
of the disadvantages of this method is the assumption of the bipartition of nodes as
the only evolutionary process, which undervalues potential cross-linked speciation
events. Nevertheless, this method currently represents the best available model for
inferring the evolutionary history of a family or genus. In lichens, phylogenetic
relationships have been studied mainly in mycobionts, either by isolation of cultures or
using primers specific to fungi. One of the groups in which these studies have been

emphasized is the family Parmeliaceae (Lecanoramycetes, Ascomycota), which
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comprises more than 80 genera and 2700 species. Delimitation of its lineages has been

explored, especially in one of its larger groups: the parmelioids.

Parmelioid lichens have mostly foliose, dorsiventral thalli, usually with rhizines on the
lower surface, laminal pycnidia and apothecia, Lecanora-type asci and simple hyaline
ascospores. On the basis of the polymorphic variability of four molecular markers,
eight major clades have been identified within this group: Parmotrema,
Xanthoparmelia, Cetrelia, Parmelina, Hypotrachyna, Parmeliopsis, Parmelia and
Melanohalea. These names are associated with the main genera, although other small
lineages are also included. Molecular phylogenies have recently been complemented
by paleontological and geological data in developing hypotheses about the
evolutionary history of the group. These studies have shown that parmelioid lineages
diversified during the globally changing climatic conditions of the early Oligocene,

Miocene, and early Pliocene.

All these advances and tools raise new questions about evolutionary events in lichens
— including speciation processes — which could be better understood by studying lower
levels, within a genus and even within a species. One of the parmelioid lichen groups
that is well represented in the Iberian Peninsula and Europe is the genus Parmelina.
The small number of species with a known distribution makes it an ideal group for
studies of genetic differentiation at three levels: as a genus, between species, and at

the population level.

The genus belongs to the Parmelina clade, giving the clade its name, and is grouped
with the genera Myelochroa, Bulbothrix, Parmelinella and Remototrachyna. Species in
the Parmelina clade have isolichenan in the cell walls, a pored epicortex, lack

pseudocyphellae, and contain atranorin or usnic acid as cortical compounds.

Parmelina is a monophyletic genus of parmelioid lichens comprising seven species (as
recognized at the beginning of this study), and is mainly distributed in Europe, North of
Africa, Middle East, India and western North America. Similar morphological genera
are Myelochroa, which differs mainly in its chemistry and geographical distribution,
and Austroparmelina, which also has a different geographical distribution (Australia

and Africa) and some morphological differences in ascoma anatomy and ascospore

3
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size. Austroparmelina is phylogenetically distant from Parmelina and belongs to
another parmelioid clade (the Parmotrema clade). The genus Parmelina was described
by Hale (1974) as a segregate of Parmelia sensu lato to accommodate species with a
gray-colored upper surface, narrow lobes, an upper surface maculate or not, a pored
epicortex, a black lower surface, rare marginal cilia, simple rhizines, adnate apothecia,

some species with isidia but not soredia, and hyaline and simple spores.

At the beginning of the present study, Parmelina comprised seven species distributed
in the temperate regions of the Northern Hemisphere. Parmelina coleae was the only
species restricted to North America, P. gyrophorica is known only from southern China,
and five other species occur in Western Europe, with three of them extending to Asia
(P. quercina, P. tiliacea and P. pastillifera). Three of the five species always have
apothecia: P. quercina, P. carporrhizans, and P. atricha. Parmelina tiliacea and P.
pastillifera, characterized by the presence of isidia, are frequently sterile, although

individuals with apothecia are not unusual, especially in P. tiliacea.

In order to study the genetic variability between species, the genus Parmelina has
been selected because of its small number of species and the clear morphological
differences that exist between species. Additionally, genetic variability within a species
— in this case P. tiliacea — has been explored on the basis of collections in different
localities across its distributional range. With this purpose, the aims of the present
study were to evaluate the phylogenetic species concept, identify the molecular

differentiation between species, and elucidate the process of speciation.

Aims
The main objectives of this thesis are:

» To assess the diversity of species in the genus Parmelina, based on a combined
examination of morphological, ecological and molecular features, and to
establish the characters that discriminate it from other morphologically similar

genera such as Myelochroa;
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» To illustrate the genetic variability of Parmelina species, taking P. tiliacea as a
model, determine its genetic structure and the degree of differentiation of
their genetic populations;

» To elucidate the monophyly of the genus, determine the phylogenetic
relationships among species of Parmelina, and evaluate the monophyletic
status of each currently known species in the genus; and

» To sketch the evolutionary history of Parmelina, based on the molecular
phylogeny, estimating divergence time events, inferring ancestral areas and

migratory events that gave rise to the different lineages.

Methods

Data assembly- More than 1200 nuclear and mitochondrial ribosomal DNA sequences
were included in the present study. Most of them (approximately 1150) were included
in the population study of P. tiliacea and P. pastillifera, and the rest were included in
phylogenetic analyses of the Parmelina and Myelochroa clades, in which other
Parmelioid lichen sequences were included. For the P. tiliacea population study,
sequences were obtained from fresh material collected at 43 localities in Europe, 6
localities in North Africa and 7 localities in the Canary Islands. Samples of P. pastillifera
from 12 localities of different areas of Europe were also included. Samples of other
Parmelina species were collected in North America and Europe, whereas samples of
Mpyelochroa were mainly collected in Japan. Materials lodged in MAF Herbarium were

also included in this study.

Small fragments of vegetative thallus from fresh or frozen herbarium specimens were
ground with sterile glass pestles. Total DNA was extracted using the DNeasy Plant Mini
Kit (Qiagen, Barcelona) according to the manufacturer’s instructions. Double-stranded
DNA was amplified from five regions: ITS (Internal Transcribed Spacer), nuLSU (nuclear
Large Subunit), mtLSU (mitochondrial Large Subunit), mtSSU (mitochondrial Small
Subunit) and EFA (Factor Elongation 1-a). Amplification was done in an automatic
thermocycler (Techne Progene) using the appropriate parameters for each region. PCR

products were cleaned and sent to the Unidad de Gendmica (Parque Cientifico de

5



ABSTRACT

Madrid) to obtain sequences fragments, which were assembled and manually adjusted
in BioEdit 7.0.9.0 and SeqMan 4.03 (DNAStar). Sequence identity was confirmed using
the ‘megaBLAST’ search function in GenBank. Alignments were performed using the
Clustal W Multiple Alignment, Muscle, or MAFFT programs. The program Gblocks
v0.91b was used to remove regions of alignment uncertainty, using options for a “less
stringent” selection on the Gblocks web server

(http://molevol.cmima.csic.es/castresana/Gblocks server.html). For each data matrix,

the RDP3 and DNASP 5 programs were used to detect recombination events and

estimate molecular diversity indices, respectively.

Molecular phylogenetic analyses- Separate and concatenated data matrices were
analyzed using Maximum Parsimony (MP), Maximum Likelihood (ML) and Bayesian
inference (B/MCMC) methods. Two different matrices were derived. The first included
regions of ITS, nuLSU and mtSSU of Parmelina and Myelochroa species; the second
contained the regions of ITS, mtLSU and EFA solely of Parmelina species. The
heterogeneity of phylogenetic signals in the different datasets was examined by the
ML and Bayesian approaches. The level of bootstrap support and posterior
probabilities were used to detect significance levels of localized incongruence among
different gene partitions. The set of topologies 275% bootstrap under ML and the 0.95
posterior probabilities for the Bayesian approach were estimated. If no conflict was

evident, it was assumed that the data sets were congruent and could be combined.

Maximum Parsimony analyses were carried out using PAUP* 4.0b10 performed at

www.bioportal.uio.no, with equally weighted characters and gaps being interpreted as

missing data. A nonparametric bootstrap method was used to assess the robustness of
clades. Bootstrapping was performed using 4000 pseudoreplicates with random

sequence additions.

ML analyses were done using an online version of the program RaxML v.7.2.7, as

implemented at the CIPRES Science Gateway (http://phylo.org). The GTRGAMMA

model was used, which includes a parameter () for rate heterogeneity among sites.
We chose not to include a parameter for estimating the proportion of invariable sites.

Support values were assessed using the ‘rapid bootstrapping’ option with 1000
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replicates. For combined datasets, the ML analyses were conducted using locus-
specific model partitions in RAXML v7.2.7. All loci were treated as separate partitions.
Search parameters and assessment of nodal support were performed as described

above.

Separate and concatenated datasets were also analyzed by a Bayesian inference
method, as implemented in MrBayes v3.1.2. Analyses assumed models of nucleotide
substitution estimated by jModelTest v0.1 to each region of DNA using the AIC
criterion. The Metropolis-coupled Markov chain Monte Carlo (MC?) method consisted
of two independent runs of 5 million generations, starting with a random tree and
employing 8 simultaneous chains each, in which one every 1000 trees was sampled.
The outputs of MrBayes were examined with Tracer v1.5 to check for convergence of
parameters. Posterior probabilities of clades were obtained on the basis of the 50%
majority rule consensus of sampled trees after excluding the initial 10% as burn-in.

Majority rule consensus trees were drawn using the FigTree program.

Hypothesis testing- To corroborate the differentiation of P. cryptotiliacea as a distinct
lineage of P. tiliacea, we compared the ML tree constrained to have P. tiliacea and P.
cryptotiliacea as a monophyletic clade, and the unconstrained ML tree. The
Shimodaira—Hasegawa test (SH) and the expected likelihood weight (ELW) test,
implemented in the program Tree-PUZZLE 5.2, were performed with the combined
dataset from a sample of 200 unique trees and the unconstrained ML tree. These trees

were inferred in Tree-PUZZLE employing the GTR + I+ G nucleotide substitution model.

Molecular dating analyses- To complement the information of phylogeny, ages of
divergence events were estimated using an uncorrelated Bayesian relaxed molecular
clock model implemented in the Beast v1.7.5 program. Two types of analyses were
performed to compare the age estimates. In the first we used points of calibration
estimated in previous studies (fossil records and data specific to Parmelioids); in the
second we used substitution rates at the ITS locus. For the first analysis, a data matrix
of three regions (ITS, nuLSU and mtSSU) was derived from 19 samples of Parmelina, 14
samples of Myelochroa and 89 samples of other Parmelioid species. We used a user-

specified chronogram as the starting tree, which was generated by an ML analysis
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using the Garli 0.96 program. The ML topology was converted to an ultrametric tree
with the divergence of parmelioid node set at 60.28 Ma. The partitioned molecular
data set was analyzed in BEAST, with unlinked substitution models across the loci, and
a relaxed clock model (uncorrelated lognormal) for each partition. A Yule prior was
assigned to the branching process. Two calibration points were used: (C1), with prior
estimates of the crown group of parmelioids of 49.81-73.55 Ma, and (C2), in which the
diversification node of Parmelia was calibrated with fossils from the Dominican amber
(Parmelia ambra, 15-45 Ma). In the second analysis, a data matrix of three other
regions (ITS, mtLSU and EFA) was derived including solely samples of Parmelina,
because EFA was missing from other Parmelioids. The molecular data set was analyzed
with unlinked substitutions models across the loci. A Yule tree model was used as a
prior for the node heights, and a relaxed clock model (uncorrelated log normal) was
assumed for each partition. We used molecular evolution rates for the ITS locus of
Parmelina itself (estimated from the previous analysis), and ITS rates from other two
organisms: Melanelixia (Parmeliaceae) and Erysiphales fungi (Ascomycota). For both
analyses, two independent MCMC runs of 10 million generations were conducted,
sampling one tree every 1000 generations. The program Tracer v1.5 was used to
evaluate each chain, determine appropriate burn-in cut-off (10% of sampled trees).
The two chains were combined (with LogCombiner v1.6.2 and TreeAnotator v1.6.2) to
obtain the mean node height posterior distributions of estimated divergence dates.
Mean node age and the 95% highest posterior density (HPD) were mapped onto the

maximum clade credibility tree.

Ancestral area reconstructions- To infer the origin and migration events of lineages,
biogeographical analyses were performed with the dataset including Parmelina and
Myelochroa using three programs: S-Diva analysis implemented in the program RASP,
LaGrange and Simmap v1.5. Five biogeographical regions were delimited, based on the
distribution of species of the two genera in the North Hemisphere: North and Central
America, Europe and North Africa, India, North and Central Asia, and Southeast Asia.
The differences between these programs reside in the likelihood search of ancestral
areas, whereby the first and third use Bayesian inference while the second uses the

maximum likelihood approach. Another difference appears in the results: S-Diva and



ABSTRACT

LaGrange can combine biogeographic areas whereas Simmap only assigns probabilities
to each preselected area. S-Diva analysis complements the Dispersion-Vicariance
analysis (DIVA) with Bayesian inference to determine the statistical support in the
reconstruction of ancestral area. An initial condensed tree was elaborated from 5000
trees generated by previous Bayesian analysis, and geographical distribution was
assigned to each taxon. This program also computes vicariance, dispersion and
extinction events. LaGrange analysis assumes the Dispersion-Extinction-Cladogenesis
(DEC) model that specifies instantaneous transition rates between discrete states
(ranges) along phylogenetic branches and applies this to the estimation of probabilities
of ancestral states. For this analysis, an initial tree was elaborated using an ML
approach with the Garli program, and then converted to an ultrametric tree using the
TreeEdit program. This tree was imported into the LaGrange 2.0 program

(http://lagrange.googlecode.com) using the LaGrange configuration module

(http://www.reelab.net/lagrange/configurator/index), including a data matrix

distribution for each taxon. Finally, Simmap analysis takes an indirect Bayesian
approach that integrates the combined uncertainty of the trees, branch lengths and
substitution models using Markov chain Monte Carlo, and thus attempts to reconstruct
the ancestral state of a character. For this analysis, the last 1000 trees of Bayesian
analysis were combined with geographic data, and analyzed using the option Ancestral

State Reconstruction (ASR) of Simmap.

Genetic diversity and population structure- Genetic variability in populations of P.
tiliacea and P. pastillifera were studied using sequences of ITS, mtLSU and EFA.
Haplotype diversity in each region and in the combined matrix was detected by the
Arlequin program. To show the relatedness of haplotypes, we constructed haplotype
networks using the median network method and the EqualAngle algorithm
implemented in SplitsTree v.4; the relationship between haplotypes was also studied
through a phylogenetic analysis including only one sample per haplotype, following the

same parameters as described above for phylogenetic analyses.

Genetic structure was analyzed by two methods: hierarchical analysis of molecular
variance (AMOVA) and a clustering model-based method. The alignment of the three

DNA regions was used for the AMOVA analysis to estimate the apportioning of genetic
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variation within and among populations, and also among species. Genetic structural
analysis based on clustering methods was performed using the programs Structure
v2.3, BAPS and Geneland. The best result with biological significance was detected
with the Structure program. The combined matrix was converted into haplotypes and
the number of clusters or genepools (K) inferred, using the MCMC procedure
implemented in Structure. The data matrix included the 362 samples with the locality
and haplotype numbers for each locus. The analyses were run under admixture model
considering that individuals may have mixed ancestry, with or without location
information. For each model, we performed a series of independent runs for each
value of K (between 1 and 10) with 10° iterations after a burn-in period of 10,000
iterations. Three replicates were considered for each value of K. The optimal value of
“K” for the clade P. tiliacea-P. pastillifera was determined by the method of Evanno via

the Structure Harvester portal (http://taylor0.biology.ucla.edu/structureHarvester).

Ecological requirement models for each genetic population (established previously
with Structure program) were developed using the Maximum Entropy program
MaxEnt v. 3.3, considering 19 bioclimatic variables obtained from the Worldclim

repository (www.worldclim.org). We selected the variables that explain 95% of the

cumulative variance of climate in the PCA analysis, and those variables were used to
model the most suitable ecological conditions. MaxEnt uses the geo-referenced
occurrences of species and the corresponding dataset of environmental variables (e.g.,
climate) to construct linear combinations of predictor variables that contain the
greatest variance. The program produces maps of the predicted probability that
conditions are suitable for a given set of samples. Using a cross-validation approach,
the analyses were run with 15 replicates and the samples grouped into four groups

(T1, T2, T3 and P1) corresponding to the clusters assigned by Structure.

To complement the information provided by the genetic structure, the partition of the
variance was estimated by redundancy analysis (RDA) to evaluate the relative
contributions of the climate, the spatial distribution of the samples (geography) and
the interaction between the two factors to the genetic structure of populations of the
P. tiliacea-P. pastillifera clade. We used the RDA function implemented in the vegan

package of R.

10
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Morphological studies- Thallus morphology was studied using a Leica L2 microscope to
measure lobe shape, size and width. All specimens of Parmelina and Myelochroa
included in the molecular analysis were studied. The morphology and anatomy of
other samples lodged in different herbaria (MAF, Faculty of Pharmacy, Madrid
Complutense University; B, Botanical Museum Berlin-Dahlem) were also studied.
Vertical sections of apothecia were cut using a razor blade and colored with
lactophenol blue. Ascospore sizes were observed and measured by light microscopy

(Leitz DMRB).

Results

Genetic variability within Parmelina has shown that the species diversity in the genus
was underestimated. Although previous studies have shown the correlation between
morphology and molecular data about species differentiation, one of our first
remarkable results was the discovery of a cryptic lineage inside the morphological and
isidiated species P. tiliacea. This new species, called P. cryptotiliacea, has the same
external morphology and habitat as P. tiliacea, although the range of its distribution is
more restricted. The main morphological differences were detected in the width of the
ascospores: P. cryptotiliacea has thinner ascospores than P. tiliacea. It is interesting to
note that a population study of P. tiliacea over its entire range of distribution confirms
that P. cryptotiliacea is only present in the central region of Iberian Peninsula, where it
is sympatric with P. tiliacea at lower elevations. Posterior analyses have shown that
the evolutionary history of the two lineages was different, and the separation of the
ancestors of the two species was one of the first divergence events of Parmelina’s

evolutionary history.

Another notable result was the detection of P. pastillifera within the P. tiliacea clade.
The species were phylogenetically closely related, the main differences being the
shape of the isidia (mainly cylindrical in P. tiliacea and button-like in P. pastillifera) and
their ecology (P. pastillifera is present in more humid or oceanic habitats). In our
molecular phylogenetic tree, samples of P. pastillifera formed a monophyletic group

nested within the P. tiliacea clade. This made us consider the possibility that P.
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pastillifera was a variation of P. tiliacea and not a different species. Although the
second part of this investigation focused on establishing the genetic diversity within P.
tiliacea, we included populations of P. pastillifera to analyze the genetic variability
within the P. tiliacea-P. pastillifera clade. The analysis also aimed to determine

whether P. pastillifera is a different species.

Parmelina tiliacea populations are divided into three genetic clusters and P. pastillifera
is a fourth cluster but with different characteristics. No morphological differences
between the three clusters of P. tiliacea were detected, and all the samples identified
as P. pastillifera had button-like isidia. The geographical distribution of the clusters was
relatively discriminatory. Only one of the clusters had a characteristic distribution in
the periphery of the Mediterranean Sea with the Alps as its north limit. A second
cluster was present mainly in the Iberian Peninsula, although it was also present in
Central Europe and west of the UK. The third cluster was distributed mainly in Central
and North Europe. The Canary Islands and west of the Anatolia peninsula (including
the Greek islands) had individuals of all three clusters. Analysis of ecological
requirements showed that precipitation in the driest and coldest quarters were the
most influential variables in the Mediterranean cluster, whereas isothermality and
precipitation in the coldest quarter were most important in the other two clusters of P.
tiliacea. On the other hand, precipitation in the driest quarter and temperature
seasonality were the variables with greatest influences in P. pastillifera populations.
Redundancy analysis showed that climatic conditions have an influence close to 20%
on the distribution of genetic groups of the P. tiliacea-P. pastillifera clade, whereas
geography (latitude and longitude) has less than 10% influence. Considering all this
information, we concluded that P. pastillifera is a different lineage that may have
arisen in a recent speciation process, but that has enough morphological and
ecological differences to be considered as a separate species of P. tiliacea.
Furthermore, it implies that P. tiliacea is a paraphyletic species not all of whose

descendants share the same morphology.

At the same time as exploring the genetic variability within Parmelina, another new
species was described from Alaska and northeast of Russia: P. yalungana. With this

new report, nine species could be included in the Parmelina genus: P. atricha, P.
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carporrhizans, P. coleae, P. cryptotiliacea, P. gyrophorica, P. pastillifera, P. quercina, P.
tiliacea and P. yalungana, all of which are distributed in the northern hemisphere. In
the third part of this project we analyzed the phylogenetic relationship between
species, although no samples of P. gyrophorica were included because it was not

possible to obtain fresh material.

Parmelina is a monophyletic clade with Myelochroa as its closest genus. All species of
Parmelina form monophyletic clusters, except P. tiliacea and P. atricha, which are
paraphyletic species with P. pastillifera and P. carporrhizans nested within their clades,
respectively. The relationships among species indicate the existence of three groups:
(1) P. quercina, P. yalungana and P. cryptotiliacea; (2) P. carporrhizans and P. atricha;
and (3) P. tiliacea, P. pastillifera and P. coleae. The last two groups have the closest
phylogenetic relationship. These results led us to consider how the evolutionary
history of this group occurred, given the position of P. coleae (a North American
species) as the closest species to P. tiliacea and P. pastillifera (both from Europe), and
the genetic proximity of P. quercina, P. yalungana, both of them being clustered with
P. cryptotiliacea. Molecular dating analysis shows that Parmelina is a lineage that was
separated from Myelochroa in the Upper Oligocene, approximately 28.5 Ma; the first
diversification in Parmelina occurred during Miocene, approximately 13.9 Ma, with a
subsequent differentiation until Pleistocene, when the contemporary species we are

f