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ABSTRACT

This manuscript-based thesis is divided into four chapters. Chapter one is an
introduction to lichens and the Antarctic. It introduces the goal of the thesis and the
problems related with lichen systematics and the lack of knowledge about Antarctic
lichens. The Antarctic is one of the last wildernesses, isolated from the other
continents by the Antarctic Circumpolar Current, the Subantarctic Front, the Antarctic
Polar Front, and the Drake Passage. Terrestrial life in Antarctica is restricted to
widely separated and small ice-free areas that cover only 0.3% of the continent.
Colonization of the Antarctic is a challenge for many taxa and is related to their ability
for long-range dispersal and their adaptation to the harsh climate. Antarctic terrestrial
ecosystems are significantly threatened by climate change, invasive species, and
their interactions. Glacial retreat caused by higher than average temperatures
exposes new habitats that can be easily colonized from local biota, but non-native
species can also be favored by the new climatic conditions. In addition, propagule
movement mediated by humans can introduce new species or change the population
structure of many taxa. The terrestrial biota is comprised almost exclusively by “lower
organisms” (invertebrates, bryophytes, algae, lichenized fungi, and microorganisms).
Lichens are the dominant component, and the most important primary producers.
Lichens are symbiotic associations consisting of a fungus (mycobiont) and one or
more photosynthetic (photobiont) partners. They can disperse sexually or
vegetatively. There are several problems related to the symbiotic nature of lichens
that do not facilitate easy identification; although molecular data offers additional
evidence, species delimitation in lichens is still not straightforward. The true number
of species is underestimated due to the presence of cryptic species and species
pairs. Recommended universal fungal barcode sequences (e. g. ITS) sometimes fail
to delimit species pairs. Thus, it is necessary to identify fast-evolving markers that
allow for the delimitation of closely related species before proceeding with the
analysis of lichen populations. The goal of this thesis is to elucidate the so far

unknown genetic structure among Antarctic lichen populations because of the



immediate consequences for conservation strategies. The thesis focuses not only on
patterns of differentiation and gene flow, but also investigates the question of human-
mediated propagule transfer into Antarctica and among Antarctic sites. This project
provides data on the genetic structure of Antarctic lichens that is urgently needed to
develop conservation strategies in the face of global warming and increased human
activities in the region. Due to the fact that it is not possible to apply all of the
unspecific fingerprinting methods to lichens, microsatellites or simple sequence
repeats (SSRs) are one of the best tools to investigate the genetic structure of lichen
populations. SSRs offer the possibility to discriminate the lichen partners, but
species-specific microsatellites have been developed for only a few species.
Regarding the Antarctic, only one species has been studied with SSRs.

The second chapter describes new methods and tools to delimit closely
related species of lichens and provides fast evolving markers to characterize their
genetic structure. The chapter introduces the lichen species analysed in this thesis
and the problems related to their correct identification by morphological methods and
molecular data. Chapter two explains the sampling methods for lichen populations
and the localities from small areas in which the species pairs occur together. Then
the methods used to generate and validate fungal specific microsatellites that cross-
amplify species pairs are described. This chapter focuses on the species pair Usnea
antarctica and U. aurantiacoatra because they are the most common lichens in the
Maritime Antarctic. An internal transcribed spacer (ITS) marker do not discriminate
between these species, and some authors have suggested to synonymize them.
Unpublished results from another Antarctic species pair, Placopsis antarctica and P.
contortuplicata, are included to confirm the capability of SSRs to discriminate closely
related lichen species. This thesis is the first study to generate SSRs that cross
amplify species pairs, using BLAST to compare one genome against the other to
obtain markers with the same length in flanking regions. The de novo developed
SSRs are able to discriminate the two closely related species, and can detect
variability at the population level. In the end of the chapter, ITS sequences,
microsatellites, and SNPs are used to delimit the species of Usnea antarctica and U.
aurantiacoatra. The chapter exposes the importance of a correct species delimitation
and the ability of SSRs and SNPs to delimit the Antarctic Usnea species pair
compared with the recommended universal fungal barcode sequence ITS.



The third chapter studies the genetic diversity and differentiation among lichen
populations to find the effects of dispersal strategies and migration history on the
population genetic structure of Antarctic lichens. Samples from South America and
the Maritime Antarctic were analysed to identify possible human-mediated gene-flow
among continents and Antarctic localities. Chapter three presents population genetic
analyses of three lichen species with different dispersal strategies (sexual,vegetative)
based on a high number of samples. Usnea aurantiacoatra reproduces sexually and
occurs disjunctively in South America and Antarctica. It is used to study
intercontinental gene flow from South America to the maritime Antarctic. Surprisingly,
the sterile, sorediate Usnea antarctica could only be found in Antarctica and is
probably endemic there. In order to study gene flow between the continents also for
an asexual lichen species, Cetraria aculeata was used. The two vegetative species
(C. aculeata and U. antarctica) displayed lower levels of genetic diversity than U.
aurantiacoatra. Low levels of genetic differentiation within the Antarctic populations
and higher levels of genetic differentiation within the Patagonia ones indicate a long-
lasting presence of U. aurantiacoatra in Antarctica and dispersal from there to South
America. Genetic differentiation between populations of U. antarctica are comparable
to the ones found in U. aurantiacoatra. Low diversity and strong genetic
differentiation of C. aculeata in the Antarctic populations confirmed that the species
colonized the Antarctic from Patagonia. Glacial refugia have been identified on
Navarino Island and in the South Shetland Islands. At the moment, there is no
evidence of migration or ongoing gene flow to the Antarctic.

Chapter four reports the main conclusions. Microsatellites are suitable tools to
discriminate species pairs and to study the genetic structure of lichen populations.
Phylogeographic history better explains the population genetic structure of each
species than mode of propagation. Contrasting patterns of genetic differentiation
provide evidence for glacial in situ survival of Usnea antarctica and U. aurantiacoatra
in the Antarctic. There is no clear evidence of human mediated propagule movement
between South America and Antarctica. The strong genetic structure of C. aculeata
calls for protective measures to avoid gene flow between isolated populations and to

prevent local extinctions.



ABBREVIATIONS

AFLP = Amplified Fragment Length Polymorphism

CTAB = Cetyltrimethylammonium bromide

DA = Discriminant Analysis

DAPC = Discriminant Analysis of Principal Components

HiSeq = High-throughput Sequencing System lllumina, sequencing by synthesis, 75 -
150 bp read length

ITS = Internal Transcribed Spacer

LGM = Last Glacial Maximum

MiSeq = High-throughput Sequencing System lllumina, sequencing by synthesis, 75
- 300 bp read length

MYA = million years ago

NGS = Next Generation Sequencing

PCs = Principal Components

PCA = Principal Component Analysis

PCR = Polymerase Chain Reaction

RADseq or RAD sequence = Restriction Associated DNA Sequencing

RFLP = Restriction Fragment Length Polymorphism

SNP = Single Nucleotide Polymorphism

SSR = Simple Sequence Repeat, microsatellite



CHAPTER 1: INTRODUCTION

1.1.BACKGROUND

Lichens are perplexing organisms. Biologists have had a troublesome time in
defining their nature. The first to correctly recognize lichens as a symbiotic organism
was Simon Schwendener in 1869 (Honegger 2000). Today, we know that lichens are
a symbiosis between a mycobiont and algae and/or cyanobacteria as photobionts
(Ahmadjian 1993). Recently, highly coevolved basidiomycete yeasts were also
discovered in the cortex of many lichens (Spribille et al. 2016). Lichens can also be
parasitized by other fungi (e.g. Millanes et al. 2016) and can provide habitat and
shelter for other organisms, such as mites and tardigrade species (Green et al. 1999;
@vstedal & Lewis-Smith 2001). In any case, we are far from understanding the
mechanisms that regulate this symbiosis. First, mycobionts are difficult to grow in the
laboratory. Even when axenic cultivations succeed, their growth is slow and the un-
lichenized mycobionts remain relatively amorphous (Nash 11l 2008). Second, the co-
cultures of lichen partners need to be carefully designed to keep the growth of both
symbionts in balance. Then, the resynthesis of thallus structures from pure cultures
of both symbionts requires special conditions and substrates (e.g. filters, artificial
soil), which help to mimic the conditions found in nature (Muggia et al. 2018). In
addition, no experiments have tested the survival success of lichens after removing
some partners (Wilkinson 2018).

Lichens are successful organisms. As a result of the symbiosis of both a
photobiont and a mycobiont, they now occur in many habitats where separately they

would be rare or absent. Lichens are found widespread across terrestrial



ecosystems; they are the conspicuous components in alpine, subalpine, and high
latitude habitats (Feuerer & Hawksworth 2007). Lichens are poikilohydric and
poikilothermic organisms with an outstanding ability to tolerate extreme conditions,
like low and rapidly fluctuating temperatures and intra-cellular water contents.
Consequentially, they are the dominant terrestrial life-form in Antarctica (Jvstedal &
Lewis Smith 2001)

The lichen symbiosis typically involves a close physiological integration of both
partners (Nash Il 2008). The photobiont provides carbohydrates (mostly sugar
alcohols) to the mycobiont while the latter provides shelter in the lichen thallus, for
example by producing secondary substances functioning as sunscreen and herbivore
defense (Eisenreich et al. 2011; Solhaug & Gauslaa 2012). More diversification is
encountered in the fungal component, which usually dominates the association and
produces diverse growth forms, sexual structures, and secondary substances (Grube
& Winka 2002). As occurs in most fungi, many lichenized ascomycetes have a sexual
and an asexual life cycle. In lichens, usually only the mycobiont expresses the full
sexual and, to a certain degree, also asexual reproduction. Sexual reproduction of
the photobiont is suppressed in the lichenized state. Small-sized meiotic and mitotic
fungal spores are considered ideal vehicles for long-distance dispersal by wind
(Tibell 1994); however, the principal problem with lichenization is the necessity of
fungal spores to meet their proper photosynthetic partner for the re-establishment of
the symbiosis. In addition to the typical sexual (teleomorph) and asexual (anamorph)
fruiting structures of the individual symbiont, lichenized ascomycetes have evolved a
number of vegetative propagules, by which both partners are distributed (Nash Il
2008) to overcome this problem. In addition, vegetative strategies allow both partners
to spread together and to start a new thallus when the growing conditions are
suitable.

Most lichens were originally described as morphospecies (Hausdorf & Hennig
2010). The occurrence of specific metabolites has also been widely applied to
circumscribe lichen species because morphological characters are often scarce or
show considerable phenotypic plasticity. The use of molecular phylogenetic
approaches based on the analysis of DNA at times suggest relationships that differ
from those that arise from traditional systematics (Cornejo & Scheidegger 2015).
Multilocus DNA sequence datasets are not often able to distinguish hypothesized

morphospecies in several groups of lichens (Lohtander et al. 1998; Myllys et al.
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2001; Articus et al. 2002; Altermann et al. 2014). On the other hand, traditional
systematics sometimes fails to correctly delimit species when dealing with “cryptic
species” or “species pairs”. Cryptic species are usually well defined by molecular
data, but they are not supported by differences in morphological characters and do
not possess any evident features to separate them. This situation not only occurs in
microscopic fungi, but also is widespread among macromycetes (Crespo & Pérez-
Ortega 2009). In some cases, the overestimation of species diversity based on
morphology and chemistry has occurred, while at the same time new lineages, often
represented by undescribed species, have also been reported (Mark et al. 2016).

Du Rietz (1924) was the first to develop the concept of species pairs. Later,
Poelt (1970) went back to the idea of a sexual and a vegetative lineage of lichens
that are indistinguishable except for their mode of reproduction. Vegetative lineages
produce soredia or isidia (small propagules that contain both fungal and algal cells),
but in rare circumstances can produce fruiting bodies under ecologically favorable
conditions, although apothecia and their ascospores may be poorly developed. The
driver forcing lichens to switch reproductive strategies has been identified as
conflicting reproductive (favouring sexual reproduction) and nutritional (favouring
vegetative reproduction that disperses both symbiotic partners) requirements
imposed by the obligate symbiotic lifestyle of these fungi (Buschbom & Barker 2006;
Buschbom & Mueller 2006). However, this phenomenon appears more in
sorediate/fertile species pairs, while isidiate species usually form distinct lineages in
phylogenetic studies (Lumbsch & Leavitt 2011). The idea of the species pair in
Poelt's sense has been intensively discussed (Tehler 1982; Mattsson & Lumbsch
1989; Crespo & Perez-Ortega 2009). The idea, which suggests that “sorediate
species may harbor lower genetic diversity because they may indeed represent
evolutionary dead ends or clones” (Del-Prado et al. 2016), is known as the dead-end
theory. However, genetic variation has been documented in several asexual
lineages, and sexual taxa have been shown to have arisen from asexual ancestors
(Buschbom & Barker 2006; Cornejo et al. 2009; Lendemer & Harris 2014; Widhelm et
al. 2016). Tripp (2016), using a model-based reconstruction of transitions between
sexual and asexual reproduction of 23 phylogenetic studies, demonstrated that
asexual lineages are able to undergo speciation, give rise to sexual lineages, and are
likely to be evolutionarily old. Hence, regarding the species pair question, the idea of

asexual lineages as an evolutionary dead-end must be rejected.
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A considerable amount of molecular research has tested the reciprocal
monophyly of species pairs, resulting in conflicting conclusions. In fact, the detection
of slow genetic drift in a lichen (Printzen et al. 2003) has made it likely that ancestral
polymorphisms might distort the outcome of phylogenetic analyses of closely related
lichen species. Methods for delimiting closely related lichens have had to struggle
with this potential problem of incomplete lineage sorting between recently diverged
species due to a young age in geological terms (Wirtz et al. 2012). Cornejo and co-
authors (2018) examined 25 studies about the Xanthoparmelia genus; 19 of those 25
studies rejected the species pair because specimens with different reproductive
modes were intermingled within one single monophyletic clade. Several studies that
rejected the occurrence of a species pair were based on the application of the
nuclear ribosomal locus ITS, while others applied up to four loci. Altermann and co-
authors (2014) attempted to recover six previously identified phylogenetic groups
within Letharia columbiana and L. vulpina (Kroken & Taylor 2000) using 15 gene loci,
and were unable to resolve all lineages. Together, these studies question the validity
of the species pair concept in lichens and it has been claimed to be obsolete
(Cornejo et al. 2018). Consequently, some negative findings led to taxonomical
revisions synonymizing names for both species pair counterparts (e.g. Tehler et al.
2013; Messuti et al. 2016). On the other hand, species pairs have been supported in
other studies because strong support was found for reciprocal monophyly between
the sexual and asexual counterparts. Lendemer and Harris (2014) detected the
species pair Porpidia degelii (H. Magn.) Lendemer vs. P. albocaerulescens (Wulfen)
Hertel & Knoph in each single-locus tree. Saag and co-authors (2014) used five
concatenated loci in Vulpicida J.-E. Mattsson & M.J. Lai to resolve reciprocal
monophyly. In Cornejo and Scheidegger (2015), a three-loci phylogeny unravelled
the species pairs Lobaria kurokawae Yoshim. (sexual) vs. L. retigera (Bory) Trevis.
(asexual), and L. sachalinensis Asah. (sexual) vs. L. kazawaensis (Asah.) Yoshim.
(asexual), although three other putative pairs within the L. meridionalis-group showed
only a weak indication of reciprocal monophyly similarly to previous results (Wei et al.
2016). In Widhelm et al. (2016), the morphology and chemistry of two species pairs
were concordant with monophyletic clades in a seven-loci phylogeny. Together,
these examples indicate a simple point: that large, multi-locus datasets may need to
be used to delimit recently diverged sister species. Only in one particular case (that

of Lendemer & Harris 2014), the monophyly of species pairs was reflected in each
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analysed locus in contrast to the concatenation of several loci; in contrast, several
loci were needed to unravel species pairs in all other cases (Miadlikowska et al.
2011; Altermann et al. 2014; Saag et al. 2014; Cornejo & Scheidegger 2015; Wei et
al. 2016). Leavitt et al. (2016) recently recovered consistent species phylogenies for
the Rhizoplaca melanophthalma complex using datasets comprising between 100-
1000 kb loci and a total of 16.8 Mb, whereas reconstructions using 25-100 kb loci
differed among each other. This study supports results from simulation studies
(Ogilvie et al. 2016) showing that genome-wide datasets might be necessary to
delimit recently diverged taxa.

Hence, although molecular data offers additional evidence, species
delimitation in lichens is still not straightforward. The published studies have so far
almost exclusively relied on DNA sequence data from relatively few loci. Incomplete
lineage sorting (Printzen et al. 2003) may lead to incongruence between gene and
species trees (Aguileta et al. 2008) and between morphological and molecular
species concepts (e.g., Myllys et al. 2001; Lohtander et al. 2009). These problems
could be overcome by increasing the number of studied gene loci or by using faster
evolving markers. The delimitation of species is of basic importance because species
are the fundamental units in biology. Depending on the organismal group and the
specific focus of researchers, different species concepts have focused on phenotypic
and ecological differences, reproductive features, limitations of gene flow, or
phylogenetic and/or genealogical relatedness of individuals (morphological,
ecological, biological, phylogenetic, etc., species concepts). De Queiroz (2007)
recently highlighted that, despite their apparent differences, more or less all species
concepts agree in defining species as separately evolving population-level lineages
and summarized their commonalities in the general lineage concept of species.
Uncertain species delimitations can undermine population-level studies of lichens. “If
several unrecognized species are included in a study, the assumptions of null-
models (e.g. panmixia or certain modes of range expansion) may be violated”
(Printzen et al. 2013).

Antarctica is the most remote, cold, and isolated continent covering 14 million
square kilometers. Antarctica broke its Gondwanan connection with South America

over 40 million years ago (Mya; Scher & Martin 2006). By 42 Mya, the separation of
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Antarctica from South America started forming the Drake Passage, establishing the
Antarctic Circumpolar Current and the Subantarctic Front and Antarctic Polar Front
(32 Mya). By 28 Mya, those currents and the Drake Passage were in their present
positions (Lawver & Gahagan 2003). After, significant cooling events at roughly 37
Mya were followed by repeated cycles of glaciation throughout the Oligocene and
into the Miocene (Liebrand et al. 2017). Additional rounds of warming and cooling
followed (Crame 1999), with a major round of ice expansion 14-17 Mya, the
formation of the Western Antarctic Ice Shelf 5-6 Mya, and glaciation 2.4 Mya
(Halanych & Mahon 2018). The most common biota reported today were not present
at the Gondwana breakup, and the distribution of the present-day species are the
result of recent processes (dispersal, local extinction, local adaptation) rather than
continental drift (Halanych & Mahon 2018). Although vicariance certainly was
associated with the Drake Passage formation, the presence of the same or sister
taxa on either side of the Drake Passage is likely the result of more recent dispersal
rather than an old vicariance event caused by continental drift (Halanych & Mahon
2018). In fact, the Drake passage together with the currents prevent the colonization
of most vascular plants and keeps a floristic similarity of mosses and lichens in both
regions, which has led to levels of endemism between 35 and 100% in different
organismal groups (Rogers 2007). Glacial activity on the continent drove
phylogeographic patterns for species by causing isolation (Stevens & Hogg 2003;
Thatje et al. 2005). Allopatric fragmentation due to the continued glaciation cycles
explains the overall structure of biodiversity patterns in several animals (Thatje et al.
2005; Stevens et al. 2007; Wilson et al. 2007; Baird et al. 2011; Havermans et al.
2011; Harder et al. 2016; Soler-Membrives et al. 2017). Briefly, several factors have
historically interacted to shape today’s mosaic of genetic diversity in Antarctica:
isolation and recolonization, allopatric divergence among populations, low genetic
diversity due to genetic drift, rare dispersal events, and the occasional occurrence of
secondary contact zones (Domaschke et al. 2012; Nolan et al. 2006; Rogers 2007).
Terrestrial life in Antarctica is restricted to widely separated and small ice-free
areas that cover only 0.3% of the continent (Convey & Stevens 2007). Terrestrial
Antarctica has been divided into several zones based on climatic and biotic features,
and generally three zones have been described: the sub-Antarctic, the Maritime
Antarctic, and the continental Antarctic (Rogers 2007); however Terauds and co-

authors (2012) distinguished 15 Antarctic biogeographic regions, combining the
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published biogeographic studies with three spatial frameworks. Chown and Convey
(2007) suggested the “Gressitt Line” between the Antarctic Peninsula and the rest of
the continent as a biogeographical boundary comparable to the Southeast Asian
“Wallace Line”. Indeed, numerous studies indicate that the Maritime Antarctic and the
Continental Antarctic host distinct flora (Peat et al. 2007).

The colonization of the Antarctic is a challenge for many taxa and related to
their ability for long-range dispersal and their adaptation to the harsh climate. Cold
temperatures and little availability of ice-free terrain limit “temperate” taxa in
establishing populations on Antarctica. Migration and gene flow between populations
is limited by the small extension of habitable areas and often reduced dispersal
abilities of organisms. Strong local and regional genetic differentiation has been
observed in most Antarctic terrestrial organisms, for example mosses, flowering
plants, nematodes, springtails, mites, midges, and even prokaryotes (Allegrucci et al.
2012; Chong et al. 2015; Courtright et al. 2000; McGaughran et al. 2010; Mortimer et
al. 2011; Skotnicki et al. 2004; van de Wouw et al. 2008). Molecular studies highlight
the complexity of Antarctic populations, with substantial landscape genetic diversity
even over relativity limited spatial extents (Terauds et al. 2012). However, the local
genetic diversity registered in Antarctica is lower compared to other latitudes
(Halanych & Mahon 2018), due to climatic pressure and the selection for well-
adapted genotypes to the Antarctic habitat. From a biological perspective, the
Antarctic thus presents an assemblage of widely spaced “habitat islands” (Bergstrom
& Selkirk 1997) with sufficiently long continuity to support considerable genetic
diversity (Convey et al. 2014). In other continents, habitat fragmentation is a threat to
biodiversity (Liu et al. 2018). Habitat fragmentation is defined as the breaking-up of
habitats into smaller and isolated patches that hamper ecological flows across a
landscape (Wu 2009). Positive species interactions suffer from habitat fragmentation
(Hagen et al. 2012; Peh et al. 2014), especially in case of mutualistic interactions
(Magrach et al. 2014), leading to decreased complementarity (Smith & Knapp 2003).
“The effects of habitat fragmentation on populations, communities, and ecosystems
can take years to decades before becoming apparent, suggesting that patches will
continue to lose species and see declines in ecosystem functions for considerable
time periods” (Wilson et al. 2016). In addition, the rarity of natural dispersal events
has, until recently, allowed the Antarctica’s biota to evolve and diversify in relative

isolation (Barnes et al. 2006). Patterns shaped by natural dispersal, colonization, and
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diversification in Antarctica are now at risk of being overridden by impacts associated
with changing climates and rapidly increasing human movement both into the region
and between its distinct eco-regions (Chown et al. 2015).

Antarctic terrestrial ecosystems are significantly threatened by climate change,
invasive species, and their interaction (Walther et al. 2002; Frenot et al. 2005).
Climate change is affecting all regions in several ways. The Western Antarctic
regions (south of the Pacific Ocean) are warming rapidly (Shepherd et al. 2018),
while the Eastern Antarctic regions (south of the Indian Ocean and Australia) are
experiencing a cooling trend in terrestrial environments and notable increases in
snowfall (Winkelmann et al. 2012; Thomas et al. 2015). The Antarctic Peninsula and
Bellingshausen Sea have experienced the most rapid regional warming during the
last decades of the past century (Hansen et al. 1999; Vaughan et al. 2001). However,
a recent analysis has shown a more complex situation. Mean annual temperatures in
the Antarctic Peninsula rose at a rate of 0.32 + 0.20 °C per decade from 1979 to
1997 and have fallen since then -0.47 + 0.25 °C per decade from 1998 to 2014
(Turner et al. 2016). The climatic modifications that are taking place are affecting the
water and soil availability and could radically alter biodiversity in the continent’s ice-
free areas on a near-immediate time scale, such as by increasing growth rates and
activity periods, therefore increasing abundance and richness (Chown et al. 2015). A
connection or genetic exchange between isolated and locally adapted lineages could
lead to a homogenization of some Antarctic species. Changing of species abundance
and range in both the Antarctic Peninsula and the sub-Antarctic region have been
reported as marked ecological changes (Rogers 2007).

Glacial retreat caused by the higher average temperature exposes new
habitats that can be easily colonized from local biota, but non-native species can also
be favored by the new climatic conditions. A recent study by Duffy and co-authors
(2017) predicted the possibility for the most common invasive species to invade the
Antarctic. While the harsh climate will continue to be a limiting factor for invasive
species to establish in Antarctica, their model predicts new colonization by cold-
tolerant species. In any case, alien species have been introduced both purposefully
and accidentally and growing numbers of alien species from virtually all organismal
groups have been recorded in terrestrial Antarctic ecosystems (Frenot et al. 2005),
among them bacteria (Hughes 2003), Collembola (Greenslade & Convey 2012),
Diptera (Volonterio et al. 2013), Oligochaetes (Hughes & Worland 2010), flowering
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plants (Olech 1996), fungi (Farrell et al. 2011), and lichens (Olech 1996; Osyczka
2010). There is a pressing need to reassess the extent of Antarctica’s biological
isolation (Fraser et al. 2018).

Antarctica is one of the last wildernesses. At the end of the 19™ century with
the Heroic Age of Antarctic Exploration, humans started to explore the continent, and
at the same time whaling factories were set up in Sub Antarctic Islands like South
Georgia and in the South Shetlands. Later, after the Antarctic Treaty System of 1960,
many Nations started scientific activities on the continent. Today, we count at least
100 active research facilities (all-year and summer stations, field camps and refuges)
in the Antarctic Treaty area. In addition, in the last two decades, tourism has become
more popular and cheaper. Increasing numbers of scientists and tourists with
multiple landings in different Antarctic regions have facilitated propagule movement
into Antarctica and among different bioregions (Lee & Chown 2011). Several studies
have examined which categories of visitors: tourists, scientists, and science support
personnel carry the highest propagule loads, and indicated that personal clothing
items produce a relatively high risk (Cowan et al. 2011). Although the relationship
between propagule pressure and invasion success remains largely elusive (Wittmann
et al. 2014), successful propagule translocation into the Antarctic and gene transfer
among Antarctic bioregions must be accepted as a fact. Intra-regional propagule
movement can lead to biological homogenization.

The Antarctic is unique because the terrestrial biota is comprised almost
exclusively by “lower organisms” (invertebrates, bryophytes, algae, lichenized fungi,
and microorganisms; @vstedal & Lewis Smith 2001). Only two phanerogams,
Deschampsia antarctica and Colobanthus quitensis, have colonized the Maritime
Antarctic (Vera 2011), while bryophytes and lichens are highly diverse. Thanks to
their dispersal ability and the unique symbiosis, lichens are the dominant life-form
throughout much of the Maritime Antarctic and virtually all of continental Antarctica
with more than 400 species reported from south of 86° in latitude. About 34% of
Antarctic lichens are endemics, showing isolation of lichen biota over geological
timescales. In fact, during glaciations, some species of lichens and mosses have
survived in local refugia in Victoria Land (Green et al. 2011) and other “cryptic” oases
in the coastal continental Antarctic (Convey et al. 2008). High levels of endemism
amongst the Antarctic lichens may depend on one hand by their physical isolation

from other terrestrial habitats in the region. On the other hand, Antarctic extreme
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conditions have selected for a specialized endemic community over time (Singh et al.
2015).

The wide distributional ranges of many Antarctic lichens and the resulting
logistical challenges of sampling along intercontinental transects have so far
discouraged systematically designed studies on topics such as spatial genetic
variation, genetic isolation, and genetic dispersal among the Antarctic and South
American lichen populations. In the past, biogeographical patterns of microorganisms
were not often investigated because researchers accepted the wide distribution
ranges of species occurring on different continents (Lumbsch & Leavitt 2011). This
was due to a common belief among mycologists and lichenologists that the
‘everything is everywhere: but the environment selects” (Baas Becking 1934)
hypothesis. Finlay (2002) suggested that small eukaryotes lack endemism and have
a global distribution. He based his hypothesis on studies of morphological species of
ciliates (Fenchel & Finlay 2004). Recently, several studies in different groups of
microorganisms, including fungi, demonstrated that some species that were
previously assumed to be widely distributed are actually comprised of several taxa
with more restricted distributions (e.g., Geiser et al. 1998; Kasuga et al. 1999;
Koufopanou et al. 2001; Papke et al. 2003; Whitaker et al. 2003). These results
indicate that a part of the undiscovered fungal diversity may be hidden in widely
distributed groups of species that are currently classified as single species based on
morphological similarities (cryptic species, Lumbsch & Leavitt 2011). As mentioned
before, studies based only on morphological characters have been shown to vastly
underestimate the diversity of lichenized fungi; studies need to include molecular
data information, even if species delimitation in lichenized fungi remains a challenge
in the molecular era. The Antarctic has always attracted the attention of
lichenologists due to the fact that lichens are the most important primary producers of
Antarctic terrestrial ecosystems. In general, what is mostly known of Antarctic lichens
are species checklists collected in a few localities and based on morphological
methods. There are very few studies that provide data on genetic diversity over
larger spatial scales, but these studies use a small number of samples and a few
nuclear DNA barcoding markers. Romeike and co-authors (2002) reported
polymorphism in 22 thalli of Umbilicaria along a 5000 km transect. Ruprecht and co-

authors (2012) investigated the photobiont diversity of 119 lecideoid lichen samples
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around the Antarctic. Both studies found low genetic differentiation among different
regions. Mutation rates and genetic drift are slow in lichens (Printzen et al 2003),
which causes the problem of incomplete lineage sorting between recently diverged
lichen species; DNA sequences will therefore detect demographic events on broad
evolutionary time scales rather than human historic time scales. Thus, it is necessary
to involve faster evolving markers in order to highlight mutations to study on-going
evolutionary trends and to characterize different population structuring.
Microsatellites (Simple Sequence Repeat, or SSRs) evolve much faster than genes
and have successfully been used in the landscape genetics of lichens to detect
genetic structuring at a local scale (Walser et al. 2004; Werth et al. 2007). In addition,
microsatellites can be designed to be species-specific for mycobionts. Due to the
symbiotic lifestyle of lichens, it is necessary to develop fast-evolving markers able to
target the DNA of only one lichen partner.

Microsatellites are powerful and widely used genetic markers. Their co-
dominant nature and high level of polymorphism make them invaluable for
genotyping purposes as well as for standard population genetic analyses (Gonthier et
al. 2015). The first lichen SSRs were developed for the mycobionts of Lobaria
pulmonaria (Walser et al. 2003), and then the photobiont Dictyochloropsis reticulata
(Dal Grande et al. 2009; Widmer et al. 2012). Recently, more SSR markers have
been developed for lichen fungi: (i.e., Bryoria Section Implexae - Nadyeina et al.
2014; Cetraria aculeata - Lutsak et al. 2016; Lobaria pindarensis Devkota et al. 2014;
Nephroma laevigatum and N. parile - Belinchon et al. 2014; Peltigera dolichorhiza -
Magain et al. 2010; Protoparmeliopsis muralis - Guzow-Kreminska & Stocker-
Worgotter 2013; Rhizoplaca melanophthalma - Lindgren et al. 2016; Usnea
subfloridana - Torra et al. 2014). Thanks to these markers, the genetic diversity of
lichens at the landscape scale can be investigated (Werth et al. 2015). Most of the
studies based on SSRs are related to one species, evaluating the difference in
populations at a local scale covering small areas. These studies investigated the
distribution and the dispersal ecology of lichens and the number of SSRs. In general,
the studies do not exceed the use of 10 markers. Out of all the Antarctic lichens, only
Buellia frigida has been studied with SSRs; this study found evidence for genetic
differentiation among locations in the Ross Dependency, suggesting that there is the
existence of a potential “source” for the refugial populations within this region (Jones
etal. 2012, 2013, 2015).
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In the last decade, the advent of next-generation sequencing (NGS) drastically
changed the scale of molecular datasets for systematic analyses and revolutionized
our ability to assess evolutionary histories of organisms (Kraus & Wink 2015; Wachi
et al. 2018; Zimmer & Wen 2015). Direct sequencing NGS methods, such as de-novo
genome sequencing (Ellegren 2014), re-sequencing (Stratton 2008), or RNAseq of
expressed genes (Ozsolak & Milos 2011; Wickett et al. 2014) can provide whole
genome-scale data but may still be limited by the quality and the amount of DNA
extracted from lichen thalli. Therefore, these methods are rarely applied to population
studies, which require the sequencing of many individuals. However, a subset of the
genome often contains sufficient polymorphisms to answer questions of phylogenetic
or population genomic studies. Hence, many NGS methods for systematic analyses
are designed to be economical and generate reduced genome representation
datasets (Allendorf 2017; Davey et al. 2011). One of these methods is genotype-by-
sequencing and its altered approach, which is known as restriction associated DNA

sequencing (RADseq; Baird et al. 2008).
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1.2.OBJECTIVES

The goal of this thesis is to elucidate the so far unknown genetic structure
among Antarctic lichen populations because of the immediate consequences for
conservation strategies. The project focuses not only on patterns of differentiation
and gene flow but also on the gquestion of human-mediated propagule transfer into
Antarctica and among Antarctic sites. Although there is clear evidence that humans
are actively moving non-native biota into Antarctica and among Antarctic regions,
human transfer of lichen propagules is at present only a hypothesis. This thesis
provides indispensable data on the genetic structure of Antarctic lichens that is
urgently needed to develop conservation strategies in the face of global warming and
increased human activities in the region.

To generate the data, lichen populations were systematically sampled in South
America, the Falkland Islands, in the South Shetland Islands, and the Antarctic
Peninsula. Also, several lichen species with different propagation strategies (sexually
— vegetatively) needed to be included as target species. The dispersal strategy
affects the chances of passive dispersal, establishment at a new locality, and hence
the genetic differentiation among populations. Lichens with large thalli were preferred
because they are easy to detect and collect in the field and considering that it is
difficult to obtain DNA from a lichen thallus, their large size allowed multiple DNA
extractions. More importantly, the target species were reported in both continents:
South America and Antarctica in order to detect gene flow.

To understand gene flow and variability among different populations, classical
methods based on Sanger Sequencing of mitochondrial or nuclear barcoding
markers are not suitable because they do not highlight mutations affecting individuals
in rapid time periods and at the local level in lichens. For this reason, to study the
genetic structure of several lichen populations it was necessary to develop more
quickly evolving markers to capture local genomic variation. Microsatellites are the
best tool: they do not require high-quality DNA to be tested, and SSRs are cheap to
analyse given they do not involve Sanger sequencing. Besides, SSRs can be
multiplexed to obtain a lot of information from a single sample in one PCR reaction.

Those markers must be fungal specific in order to avoid the amplification of the
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wrong partner and the markers must cross-amplify among a species pair to delimit
two species.

After characterizing the Antarctic lichen populations, it is considerably more
challenging to identify human-mediated gene-flow among populations, because this
process involves not only observable transfer of propagules (Huiskes et al. 2014), but
also unobservable local establishment. Indirect evidence must therefore come from
population genetic data. As a first step this would involve finding genetic similarities
among populations and identifying individuals with identical genotypes as potential
migrants. But even with fast-evolving markers, the occurrence of genetically identical
genotypes in different populations is in itself not sufficient evidence for human
impact. The fundamental difficulty is to distinguish human transfer of propagules from
transport by natural vectors such as wind or birds. The only way to overcome these
problems is a quasi-experimental sampling design in which sites with demonstrably
high human impact are compared with “low impact” sites. Ideally, these sites should
be equidistant from possible source populations, but isolated enough from each other
to prevent unlimited gene flow among them. They should also show similar ecological
conditions (bedrock, macroclimate) to avoid the confounding effects of selection.
Finally, access to these sites must be logistically feasible. The South Shetland
Islands offer the best area to test and detect human impact. The biggest Islands are
King George and Livingston. Both islands are ca. 900 km away from the
southernmost tip of South America and human impact is very different on both
islands. King George Island currently supports ten stations for scientific research, a
permanent civilian settlement of ca. 100 people (Villa Las Estrellas), and an airfield
(“Teniente Marsh”) with frequent support flights from Punta Arenas (Chile) and Rio
Gallegos (Argentina) in Patagonia. Touristic activities have been growing and include
events such as an annual “Antarctic marathon” on Fildes Peninsula. The number of
annual visitors has been going up to around six times higher than the average on
Livingston Island. Livingston Island has only two permanent stations and one
seasonal field station, no other settlements, and no airfield. Tourism was almost
negligible before 1993 and has since stagnated to around 5000 visitors. Noticeably,
tourism has not much affected the ice-free areas on Byers and Hurd Peninsula, while
on King George Island it is concentrated in the largest ice-free areas around
Admiralty and Maxwell Bay. Both islands have similar macroclimate and bedrock

(mostly andesitic lavas). Movement of scientists between both islands is considerably
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rarer than between Patagonia and other islands. Considering the distance of ca. 100
km between both islands, natural as well as human-mediated rates of gene flow
among lichen populations on both islands are assumed to be low. In order to detect
human mediate gene flow it is important to compare populations of the same species
collected in both islands against populations collected in other localities where
humans are almost absent or produce lower impacts. On the other hand, the
comparison of Antarctic populations against populations from South America is
necessary to detect intercontinental gene flow and identify possible migrants. A high
number of sampling localities and species is a necessary condition to detect gene

flow; in fact, not all the species could occur in all the sampling localities.

The thesis is based on the null hypothesis of no genetic differentiation among
Antarctic lichen populations and unlimited gene flow between South America and

Maritime Antarctic. Consequently, the two fundamental hypotheses to be tested are:

1. Antarctic lichen populations are genetically differentiated.
2. Genetic connectivity among Antarctic and South American lichen populations is

higher in places with higher human impact.

Specific questions to be answered include:

e Are levels of genetic differentiation among populations high enough to suggest
the presence of ecotypes or cryptic species in different parts of the sampling
region?

e Does the level of genetic isolation differ among sexually and asexually dispersing
species?

e Are lichen populations genetically isolated or is there evidence for gene flow,
particularly from South America into the Maritime Antarctic? Is it possible to
identify migrants?

e Does the level of genetic isolation differ between sites with high and low human
impact?

e What are the conservational implications for Antarctic lichens?
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1.3.STRUCTURE

This manuscript-based thesis comprises data and results from three articles
published in peer-reviewed journals and one manuscript currently in review.
Unpublished results of the de novo developed microsatellites for the Antarctic
Placopsis species pair have been included in this thesis as a confirmation of the
reliability of microsatellites to delimit species pairs and detect local genetic variability.

This study is crucial in understanding the origin and structure of the Antarctic
lichen communities. It will use methods from population genetics to elucidate the
genetic structure among Antarctic lichen populations. Different species will be
analysed. As reported before, there are several problems related with the symbiotic
nature of lichens that do not facilitate their identification; although molecular data
offers additional evidence, species delimitation in lichens is still not straightforward.
The true number of species is underestimated due to the presence of cryptic species
and species pairs. Besides, it is not possible to apply all of the genetic population
techniques to lichens. Microsatellites offer the possibility to discriminate the lichen
partners, but species-specific microsatellites have been developed for only a few
species and regarding the Antarctic, only one species has been investigated with
SSRs. Before proceeding with the analysis of lichen populations, it is mandatory to
develop a method able to successfully assign samples to the right species and to
delimit closely related species. For this reason, the results of this thesis are
presented in two chapters. The first concentrates on the development of SSR
markers for species delimitation, the characterization of population diversity, and the
clear delimitation of the species studied by me. The second chapter relies on these
results to analyze the genetic diversity among Antarctic and South American lichen

populations. A conclusion follows.

Chapter two deals with the development of tools to delimit closely related
lichen species by generating fast evolving markers that are also able to characterize
the genetic structure of lichens. At the beginning, it introduces the lichen species and
the problems related to their correct identification by morphological methods and

molecular data. The second chapter reports the methods of sampling lichen
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populations and the localities from small areas in which the species pairs occupy the
same spots. Then, it describes the method used to generate and validate fungal-
specific microsatellites that cross-amplify species pairs. SSRs are fast evolving
markers that highlight mutations suitable to study on-going evolution and to
characterize different population structures. Finally, molecular data, microsatellites,
and single nucleotide polymorphisms (SNPs) obtained with restriction associated
DNA sequencing (RADseq) were used to delimit the species pair. A discussion
exposes the importance of a correct species delimitation and the efficacy of SSRs
and SNPs to solve the problem of species pairs compared with the recommended
universal fungal barcode sequence ITS. This chapter is based on publications 1, 2,
and 3 and unpublished material is added to confirm the reliability of SSRs to delimit
species. Out of all the studies on species delimitation of lichens, the methods
developed in this chapter are very innovative because it is the first study that uses
SSRs and SNPs for species delimitation, giving suitable tools to discriminate species

pairs.

Chapter three studies the genetic diversity among lichen populations to find
out the effects of dispersal strategies and the migration history on the population
genetic structure of Antarctic lichens. Then, populations from South America and the
Maritime Antarctic were analysed to identify human-mediated gene-flow among
continents and Antarctic localities. The chapter presents the analyses of three lichen
species with a high number of samples. Two species help to understand continental
gene flow from South America to the Maritime Antarctic, while one species suspected
to be endemic in the Antarctic contributes to the characterization of the Antarctic
lichen community. Then a discussion explains the effects of dispersal strategy and
migration history on the population genetic structure of Antarctic lichens. The
discussion examines the gene flow between South America and the Maritime
Antarctic with a particular interest on human activities as a vehicle for propagule
movement between South America to Antarctica. It is the first study to characterize
stands from several Antarctic localities with microsatellites and to track gene flow

from South America. Chapter three is based on publications 1, 2, and 4.

Chapter four summarizes the important findings and briefly discusses the

conservation implications for Antarctic lichens.
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1.4.LIST OF INCLUDED PUBLICATIONS

This thesis is composed of the following manuscripts published in peer-

reviewed journals:

PUBLICATION 1: Elisa Lagostina, Francesco Dal Grande, Sieglinde Ott, and

Christian Printzen. 2017. Fungus-Specific SSR Markers in the Antarctic Lichens
Usnea antarctica and U. aurantiacoatra (Parmeliaceae, Ascomycota). Applications in
Plant Sciences 5 (9).

PUBLICATION 2: Elisa Lagostina, Francesco Dal Grande, Mikhail Andreev, and

Christian Printzen. 2018. The use of microsatellite markers for species delimitation in

Antarctic Usnea subgenus Neuropogon. Mycologia, 110(6), 1047-1057.

PUBLICATION 3: Felix Grewe, Elisa Lagostina, Huini Wu, Christian Printzen, and H.

Thorsten Lumbsch. 2018. Population genomic analyses of RAD sequences resolves
the phylogenetic relationship of the lichen-forming fungal species Usnea antarctica
and Usnea aurantiacoatra. MycoKeys, (43):91-113.

PUBLICATION 4: Elisa Lagostina, Mikhail Andreev, Francesco Dal Grande, Felix

Grewe, Aline Lorenz, H. Thorsten Lumbsch, Riccardo Rozzi, Ulrike Ruprecht,
Leopoldo Garcia Sancho, Ulrik Sgchting, Mayara Scur, Nora Wirtz, and Christian
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diversity and population structure of different Antarctic lichens. Journal of
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1.5.AUTHOR’S CONTRIBUTION

This doctoral thesis was supported by Deutsche Forschungsgemeinschaft
(DFG) in the framework of the priority program "Antarctic Research with comparative
investigations in Arctic ice areas" by grant PR 567/18-1.

During December 2015 and January 2016, | took part in the Antarctic
expedition to the Argentinian Carlini Station on King George Island (South Shetland).

During the Summer of 2017, | was a visiting researcher for six weeks at the
Field Museum in Chicago supported by a Polar Research Grant of the Field Museum
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not take part in the project proposal. Due to the difficult logistics in reaching the
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Dr. Nora Wirz, and | sampled in the Maritime Antarctic. Dr. Christian Printzen, Dr.
Ulrike Ruprecht, Prof. Ulrik Sgchting, and Dr. Indra Starke-Ottich sampled in South
America and the Falklands. Dr. Francesco Dal Grande and Prof. Imke Schmitt
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The author’s contribution to each of the published manuscripts is presented in
the following table. The contribution to each part of the scientific process is scored
between 1-3 for each category. The categories include: 1 primary activity, 2 equal

contributions with other authors, and 3 secondary contribution within a team.

Laborator
Field Y Methodologic  Statistical .
. work and data . . Writing
collection ) al design analysis
preparation
Publication 1 1 1 2 1 1
Publication 2 2 1 1 1 2
Publication 3 2 2 3 3 3
Publication 4 2 1 1 1 1
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CHAPTER 2:

DEVELOPING METHODS AND
TOOLS TO CHARACTERIZE THE
GENETIC STRUCTURE OF LICHENS
AND TO DELIMIT SPECIES OF
CLOSELY RELATED LICHENS

2.1.CHAPTER STRUCTURE

The symbiotic nature of lichens does not facilitate their identification. Although
molecular data offers additional evidence, species delimitation in lichens is still not
straightforward. The true number of species is underestimated due to the presence of
cryptic species and species pairs. The delimitation of species is of basic importance
because species are the fundamental units in many fields of biology. Unfortunately,
there is not a unique definition of species, even if all definitions agree on the common
view that species are (a segment of) separately evolving metapopulation lineages.
However, the way that those metapopulations diverge changes according to the
organismal group and the specific focus of the research. All definitions agree that

evolutionary processes are the driving forces of speciation. Since the evolutionary
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rate is not constant or continuous, there are different conclusions about when two
metapopulations start to be considered as two distinct species according to the field
of interest (de Queiroz 2007). Besides, it is not possible to apply all of the genetic
population techniques to lichens because most methods cannot discriminate the
DNA from the different symbionts. So, before proceeding with the analysis of lichen
populations, it is mandatory to develop a method able to successfully assign samples
to the right species and to delimit closely related species.

It appears clear that to solve the phylogenetic relationships of lichen species it
is necessary to use a different approach with fast evolving markers that can
discriminate between lichen symbionts. Microsatellites cope with this problem
because they are designed to be species-specific for mycobionts. In addition,
microsatellites can evaluate the genetic composition of populations better than
nuclear or ribosomal DNA sequences and can be a proper tool for the purpose of the

thesis.

Chapter two is divided into five sections:

e Target species;

e Sampling localities and methods;

e Development and validation of fungal-specific microsatellites;
e How to delimit species pairs;

e Discussion.

First, | will introduce the species of interest. Then, | will explain the sampling
methods used to collect samples of species pairs in the same locality. To exclude the
confounding effects of geographical population structure, the samples used in this
chapter were restricted to maritime Antarctic populations where the two morphotypes
grow together. Later methods to develop and validate fungus-specific microsatellites
from the raw genome will be explained. In the end, the problematic species pair
Usnea was analysed with molecular data, microsatellites (SSRs), and single
nucleotide polymorphisms (SNPs) obtained with restriction associated DNA
sequencing (RADseq). All the main highlights of the chapter will be discussed in the
last section.
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Chapter one is based on publications 1, 2, and 3 and unpublished material is
included to confirm the reliability of SSRs to delimit species. The methods used to
study species delimitation of lichens in this chapter are very innovative because it is
the first time using SSRs and SNPs for species delimitation to give a clear

delimitation.

2.2. TARGET SPECIES

The aim of the thesis is to evaluate genetic structure and gene flow between
the Maritime Antarctic and South America in varied species of lichens with different
dispersal strategies. For this reason, three target species known to be present in both
continents have been selected: Cetraria aculeata (asexual via fragmentation), Usnea
antarctica (asexual via soredia), and U. aurantiacoatra (sexual). Microsatellites were
also developed for another Antarctic species pair, Placopsis antarctica (asexual via
soredia) and P. contortuplicata (sexual). The preliminary unpublished results from the
two Placopsis species have been added to this chapter to prove that SSRs can

clearly delimit species pairs.

Cetraria aculeata (Schreb.) Fr. (fig. 1-E) is a terricolous lichen species,
forming shrubby tufts in a wide variety of biomes and microhabitats worldwide
(Karnefelt 1979; Fernandez-Mendoza et al. 2011). It is a morphologically variable
species, with high variation in size, the coloration of its terete to the slightly flattened
branches, the structure of the pseudocyphellae of the cortex that facilitate gas
exchange, and the frequency of thallus projections. This variability has led to the
description of numerous species and infraspecific taxa, which display, however,
continuous variation (Karnefelt 1979; Lutsak et al. in press 2020). Cetraria aculeata
mostly reproduces asexually via thallus fragmentation. C. aculeata is a bipolar lichen

species that colonized Antarctica from Patagonia (Fernandez-Mendoza & Printzen
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2013). A previous study based on nuclear DNA pointed out that populations of C.
aculeata on King George Island displayed lower genetic diversity than Patagonian
populations, indicating limited gene flow among Antarctica and South America
(Domaschke et al. 2012); although, the authors indicated a possible artefact in their

results due to the unequal geographic sampling.

Usnea antarctica Du Rietz and U. aurantiacoatra (Jacq.) Bory (fig. 1-A & B)
are the most common lichens in the Maritime Antarctic. The two species occupy
similar habitats but show different dispersal strategies, morphology, and distribution.
They constitute a species pair in which Usnea antarctica usually propagates
vegetatively by soredia, while U. aurantiacoatra has apothecia and thalli that are
usually larger. Usnea antarctica and U. aurantiacoatra belong to the Neuropogon
group within Usnea. Except for two species with a bipolar range into the Northern
hemisphere (U. sphacelata and U. lambii), the distributions of most species in this
group are restricted to the high Andes and southernmost South America, the
Falkland Islands, Australasia, and Antarctica. The greatest abundance and species
diversity occurs in ice-free areas of the Antarctic Peninsula, where Usnea species
may develop stands covering a few to several hundred hectares (Walker 1985;
@vstedal & Smith 2001; Seymour et al. 2007). The success of U. antarctica and U.
aurantiacoatra in the Antarctic environment is shown by the fact that both are
common species and easy to collect. Usnea antarctica is reported to have the
highest relative coverage within a deglaciation gradient in a study area on King
George Island followed by U. aurantiacoatra (Rodriguez et al. 2018). Usnea
aurantiacoatra is absent from the continental Antarctic, whereas U. antarctica has
been recorded. Phylogenetic analyses performed on several Southern Hemisphere
Usnea species reported a close relationship within the two species, and consider
them a single group. Some authors have suggested that the two species might
constitute a species pair, in which U. aurantiacoatra represents the fertile and U.
antarctica the sterile counterpart, but phylogenetic studies indicate that they could be
conspecific (Wirtz et al. 2012). For this reason, some authors have suggested
synonymizing the two species (Lumbsch & Wirtz 2011; Wirtz et al. 2012). In addition,

chemical analysis of Usnea thalli cannot discriminate between the two morphotypes.

32



Placopsis antarctica D.J. Galloway, R.LL. Sm. & Quilhot and P.
contortuplicata .M. Lamb (fig. 1-C & D) constitute a species pair where P.
contortuplicata propagates sexually with apothecia and P. antarctica propagates
vegetatively with soredia. Phylogenetically, the two species are clearly separated into
two different clades. The Placopsis genus has the highest species diversity in the
Southern Hemisphere. Placopsis has two photobionts: algae of the genus
Stichococcus and cyanobacteria of the genus Nostoc. Placopsis is a crustose genus,
spreading into a rosette form whitish to greenish in color; cyanobacteria are
separated in cephalodia, an orange structure. Three species of Placopsis have been
reported in the Antarctic region: P. contortuplicata, P. parellina (Ny.) I. M. Lamb, and
P. pycnotheca I. M. Lamb (@vstedal & Lewis Smith, 2001). However, a study of
Galloway and co-authors (2005) found that that Antarctic collections named P.
parellina do not actually belong to this species. For this reason, they suggested that

samples collected as P. parellina in the Antarctic should be renamed as P. antarctica.
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FIGURE 1: Pictures of studied species in King George Island. Photos by Elisa

Lagostina.
A. Usnea antarctica. B. Usnea aurantiacoatra. C. Placopsis antarctica. D. Placopsis

contortuplicata. E. Cetraria aculeata.
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2.3.SAMPLING: LOCALITIES AND METHODS

The innovation from previous studies adopted in publications 1, 2, and 3 was
to evaluate the species pair relationship from stands of Usnea antarctica and U.
aurantiacoatra collected from the same localities. On King George Island, the two
species share the same localities and sometimes the same growing spots. Elephant
Island stands were chosen to increase the variability of the dataset by including a
distant locality (fig. 2 & table 1). An average of 20 samples were taken from each
locality. Thalli were collected at a distance of at least 50 cm from each other to avoid
sampling clones. Each thallus was isolated in a sampling bag and properly dried to
avoid mold. Samples were shipped from the Maritime Antarctic by cargo-ship. The
samples were stored at -20°C and defrosted for a short time for analyses. Samples
used in the publications were deposited at the Herbarium Senckenbergianum of

Frankfurt am Main.

TABLE 1: List of sampling localities and coordinates, day of sampling, and collectors

of samples used to develop microsatellites.

Stand Species Stand ID S:;;d Continent  Country/Region Locality Latitude (°) Longitude (°) Sampling Date COLLECTOR(S)
1 Usnea antarctica Elephant Island 19 Antarctica Elephant Island Stinker Point -61.222283  -55.359683 February 8, 2016 M. Andreev
2 Usnea antarctica King George Island 1 19 Antarctica King George Island Carlini Station -62.237000 -58.658200 December 18,2015 E. Lagostina & B. Kanz
3 Usnea antarctica King George Island 2 17 Antarctica King George Island  Glacial Point -62.239383  -58.653360 December 27, 2015 E. Lagostina & B. Kanz
4 Usnea antarctica King George Island 3 19 Antarctica King George Island Penguinera -62.252900 -58.649516 December 22,2015 E. Lagostina & B. Kanz
5 Usnea antarctica King George Island 4 19 Antarctica King George Island Bellingshausen -62.190260 -58.926733 April 8, 2016 M. Andreev
1 Usnea aurantiacoatra Elephant Island 18 Antarctica Elephant Island Stinker Point -61.222283  -55.359683 February 4, 2016 M. Andreev
2 Usnea aurantiacoatra King George Island 1 19 Antarctica King George Island Carlini Station -62.237000 -58.658200 December 18,2015 E. Lagostina & B. Kanz
3 Usnea aurantiacoatra King George Island 2 21 Antarctica King George Island  Glacial Point -62.239383  -58.653360 December 27, 2015 E. Lagostina & B. Kanz
4 Usnea aurantiacoatra King George Island 3 18 Antarctica King George Island Penguinera -62.252900 -58.649516 December 22,2015 E. Lagostina & B. Kanz
5 Usnea aurantiacoatra King George Island 4 15 Antarctica King George Island Bellingshausen -62.203616  -58.992750 April 8, 2016 M. Andreev
1 Placopsis antarctica Elephant Island 19 Antarctica Elephant Island Stinker Point -61.222283  -55.359683 February 1, 2016 M. Andreev
2 Placopsis antarctica King George Island 1 8  Antarctica King George Island  Carlini Station -62.237000 -58.658200 December 18, 2015 E. Lagostina & B. Kanz
3 Placopsis antarctica King George Island 2 17 Antarctica King George Island  Fildes Peninsula -62.190283  -58.926733 February 15, 2018 M. Andreev
4 Placopsis antarctica King George Island 3 12 Antarctica King George Island Meseta de la Cruz -62.206000 -58.953983 January, 2015 A. Beck
5 Placopsis antarctica Robert Island 18 Antarctica Robert Island Coppermine Peninsula -62.371850  -59.717067 January, 2015 A. Beck
6 Placopsis antarctica Livingston Island 1 22 Antarctica Livingston Island Mt Reyna Sofia -62.669100 -60.381030 February 24,2018 C. Printzen
7 Placopsis antarctica Livingston Island 2 20 Antarctica Livingston Island Sally Rocks -62.701390  -60.416390 February 27,2018 C. Printzen
8 Placopsis antarctica Livingston Island 3 7  Antarctica Livingston Island Nunatak -62.681020  -60.344190 March 3, 2018 C. Printzen
9 Placopsis antarctica Livingston Island 4 9  Antarctica Livingston Island Punta Hesperides -62.643260 -60.372500 March 6, 2018 C. Printzen
10 Placopsis antarctica Livingston Island 5 23 Antarctica Livingston Island Cerro Munigaza Byer  -62.653500 -61.007400 July, 2015 A. Beck
11 Placopsis antarctica Livingston Island 6 19 Antarctica Livingston Island Nunatak Clark Byer -62.667750  -60.912317 July 7, 2015 A. Beck
12 Placopsis antarctica DI 20 Antarctica Deception Island Ventana del Chileno  -62.965750  -60.715200 December 4, 2015 A. Beck
13 Placopsis antarctica DI2 19 Antarctica Deception Island Crater Lake -62.986850 -60.675567 December 5, 2015 A. Beck
1 Placopsis contortuplicata  King George Island 1 17 Antarctica King George Island Meseta la Cruz -62.206000  -58.953983 January, 2015 A. Beck
2 Placopsis contortuplicata ~ King George Island 2 18 Antarctica King George Island Valle Klotz -62.196333  -58.993367 January, 2015 A. Beck
3 Placopsis contortuplicata  King George Island 3 16 Antarctica King George Island  Fildes Peninsula -62.232000 -59.010200 February 15, 2018 M. Andreev
4 Placopsis contortuplicata ~ King George Island 5 11 Antarctica King George Island  Glacial Point -62.239383  -58.653360 December 27, 2015 E. Lagostina & B. Kanz
5 Placopsis contortuplicata  King George Island 6 18 Antarctica King George Island Penguinera -62.252900 -58.649516 December 22, 2015 E. Lagostina & B. Kanz
6 Placopsis contortuplicata  King George Island 7 14 Antarctica King George Island Tres Hermanos -62.460833  -58.714444 December 30, 2015 E. Lagostina & B. Kanz
7 Placopsis contortuplicata  Livingston Island 1 25 Antarctica Livingston Island Pico Radio -62.665110  -60.394360 February 25, 2018 C. Printzen
8 Placopsis contortuplicata  Livingston Island 2 20 Antarctica Livingston Island Nunatak -62.681020  -60.344190 March 3, 2018 C. Printzen
9 Placopsis contortuplicata  Livingston Island 3 20 Antarctica Livingston Island Mt Reyna Sofia -62.669100 -60.381030 March 7, 2018 C. Printzen
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FIGURE 2: Maps of the sampling localities in the South Shetland Islands. A: black
dots represent stands of Usnea antarctica and U. aurantiacoatra. B: orange dots
represent stands of Placopsis contortuplicata. C: green dots represent stands of

Placopsis antarctica.
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2.4. DEVELOPMENT AND VALIDATION OF
FUNGAL-SPECIFIC MICROSATELLITES

24.1. SPECIES IDENTIFICATION AND RELATED PROBLEMS

First the target species were morphologically identified. Then, the identification
of some samples was confirmed by sequencing the Internal transcribed spacer (ITS)
barcoding gene region of both symbiosis partners. BLAST was then used to compare
genes in GenBank. For the mycobionts, the primers ITS1F (Gardes & Bruns 1993)
and ITS4 (White et al. 1990) were used. For the photobionts Trebouxia sp. ITS1T
(Kroken & Taylor 2000) and ITS4 (White et al. 1990) were used, and for the
photobionts Stichococcus sp. Al1500af (Helms et al. 2001) and ITS4 (White et al.
1990) were used. Polymerase chain reactions (PCRs) were performed in 25 pL
volume using lllustra PureTag ready-to-Go PCR beads (GE Healthcare Life
Sciences, Little Chalfont, Buckinghamshire, UK) containing 5 pL of DNA extract and
0.4 nM of each primer. Cycling conditions included initial denaturation at 94 C for 5
min,; five cycles of 94 C for 30 s, 54 C for 45 s, and 72 C for 60 s; 33 cycles of 94 C
for 30 s, 48 C for 30 s, and 72 C for 60 s; and a final elongation step at 72 C for 10
min. The PCR products were sequenced by Macrogen Europe (Amsterdam, The
Netherlands), and the sequences were assembled, edited, and manually aligned with
Geneious 10 (Kearse et al. 2012).

Photobionts were identified at the genus level by using BLAST on the
sequences in GenBank. The photobionts were checked in order to confirm the
identification of the lichens and to know which species the microsatellites must be

tested against to confirm the fungal specificity (see next section).

With morphology, it was possible to distinguish Usnea antarctica from U.
aurantiacoatra based on the presence of soredia (preferred over the presence of
apothecia because asexual species can also produce apothecia in some conditions).
However, molecular identification based on ITS alone has not been able to separate

the two species, and some authors have suggested synonymizing them (Lumbsch &
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Wirtz 2011; Wirtz et al. 2012). For that reason, the species sequenced in GenBank
are not reliable because it is not possible to know exactly to which species the name
refers. In addition, chemical analysis of Usnea thalli did not discriminate between U.
antarctica and U. aurantiacoatra (see publication 2 for more details). For those
reasons, all of the samples were first identified morphologically based on the
presence/absence of soredia. Later, their identification was confirmed with a
molecular approach based on sequencing the ITS region.

Considering Antarctic Placopsis sp., it was possible to discriminate the species
pair with morphology due to the presence/absence of soredia. In addition, ITS is a
good marker and able to discriminate the two species thanks to the presence of
several mutations. However, in GenBank there are only three ITS sequences named
Placopsis contortuplicata and two sequences called P. parellina. Of those two: one P.
parellina has the same sequence of P. contortuplicata, while the other is the real P.
antarctica with the previous name P. parellina. Indeed, in this case using BLAST on
samples in GenBank did not confirm the identification, particularly in the case of the

P. antarctica samples.

2.4.2. DNA EXTRACTION, LIBRARY PREPARATION, AND GENOME
ASSEMBLY

To sequence the genomes, it was necessary to extract 1-5 pug of DNA, thus a
three day extraction protocol was performed to extract high quality DNA from the
target species. Total genomic DNA was extracted from the thalli of Usnea antarctica,
U. aurantiacoatra, and Placopsis contortuplicata from different samples collected in
King George Island in the austral summer of 2015/2016. Around twenty milligrams of
thallus were pre-treated with acetone to remove secondary metabolites and ground
with liquid nitrogen using a sterilized mortar and pestle. DNA was extracted using a
modified cetyltrimethylammonium bromide (CTAB) protocol (Cubero & Crespo 2002)
as reported in publication 1. DNA samples from all three species were shipped to
LGC genomics for library preparation and were sequenced with a V3 MiSeq lllumina
(2 x 300 bp). In a second run, Placopsis antarctica was sequenced with a HiSeq
2500 lllumina (2x100 bp). P. antarctica DNA was extracted with the same CTAB
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protocol and sent to Macrogen Korea. A TruSeq Nano DNA Kit was used to make the

library. The reads obtained for each genome are summarized in table 2.

TABLE 2: List of total raw reads for the four sequenced lichens metagenome.

Species Total raw reads
Usnea antarctica 3,098,758
Usnea aurantiacoatra 1,755,882
Placopsis antarctica 53,165,666*
Placopsis contortuplicata 12,917,692

* Sequenced with Illumina HiSeq.

Raw reads were first checked to remove the lllumina adapter, and then were
quality (PHREAD = 26) and length- (>150 bp) filtered using Trimmomatic version
0.35 (Bolger et al. 2014). Forward and reverse reads were assembled with Paired-
End reAd mergeR (PEAR) software (Zhang et al. 2014). The resulting overlapping,
paired, and singleton reads were then assembled with SPAdes version 3.9 (Nurk et
al. 2013). Assemblathon2 (Bradnam et al. 2013) was used to check the N50 and
genome size of each lichen. Scaffolds were taxonomically binned using Metawatt
(Strous et al. 2012). Scaffolds assigned to the phylum Ascomycota (table 3) were

used to search for mycobiont-specific microsatellite motifs.

TABLE 3: Reports of the Ascomycota genomes: number of scaffolds, scaffold size,

N50, and obtained genome size for each species from Assemblathon2.

Species n° of scaffolds Scaffolds size N50 Genome size
Usnea antarctica 5,854 50,854 - 718 bp 5,596 32,130,291
Usnea aurantiacoatra 6,402 31,278 - 718 bp 5,706 27,329,760
Placopsis antarctica 4,636 230,836 - 544 bp 17,790 32,040,444
Placopsis contortuplicata 2,216 224,439 - 699 bp 26,604 30,870,760
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To extract DNA for microsatellites, analyses were performed using a faster
protocol based on a kit. In the case of Usnea species, the total DNA was extracted
from young terminal branches without signs of infection by parasitic fungi. For
Placopsis species, DNA was extracted from one areole without any visible
contamination. Branches or areoles were collected in 2-mL reinforced tubes with
metal beads inside and ground with the Bead Ruptor 24 (Omni International,
Kennesaw, Georgia) in three cycles of 25 s at a speed of 4.20. Before each cycle,
tubes were dipped in liquid nitrogen for 15 s. DNA was extracted with the Plant Mini
kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Microsatellite primers were tested on eight samples of Usnea sp. or Placopsis sp.; in
total, 30 SSRs were designed for both Usnea and 25 SSRs for both Placopsis. A
touch down PCR protocol was performed to increase the PCR yield (reported in
publication 1) and PCR products were sequenced to confirm that all samples had the
same size flanking regions and that there was variability in the microsatellite regions.
Finally, 23 SSR markers (table 4) were selected for the Usnea species pair and were
multiplexed in 3 PCR reactions; 15 SSR markers (table 5) were selected for the

Placopsis species pair and were multiplexed in 2 PCR reactions.

2.4.3. DEVELOPMENT AND VALIDATION OF FUNGUS-SPECIFIC
MICROSATELLITE PRIMERS

The obtained genomes of both Usnea were the lowest quality ones. However,
the possibility to compare the two genomes was an advantage. Later, thanks to the
successful amplification rate reported in the species pair Usnhea antarctica-U.
aurantiacoatra, another species pair Placopsis contortuplicata-P. antarctica was
chosen for designing SSRs, which also had the samples with the best-obtained
genome.

The protocol used to develop the microsatellites was reported in publication 1
and was unmodified for the Placopsis species. Briefly, the software MISA
(MIcroSAtellite identification tool; Beier et al. 2017) was used to identify SSRs, after
testing the flanking region in silico: each SSR repeat from one genome was

compared in BLAST against the other genome. In addition, as reported in publication
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2, long sequences containing SSRs were tested to confirm that primers were specific
to Ascomycetes. Sequences at least 1000 bp long were searched in GenBank using
a BLASTn approach and 21 of 23 contigs held genes with sequences similar to
Ascomycota.

To confirm fungal specificity, SSRs were tested on pure cultures of the
photobionts. DNA extraction followed the same protocol used for lichens and PCR
conditions are reported in publication 1. For Usnea, four strains of Trebouxia jamesii
(Hildreth and Ahmadjian) Gartner isolated in pure culture were selected. Each strain
was taken from a different species of Usnea: U. antarctica, U. aurantiacoatra, U.
trachycarpa (Stirt.) Mall. Arg and U. lambii (Imshaug) Wirtz & Lumbsch. In the case of
Placopsis, the SSR primers were tested on two algal strains of Antarctic
Stichococcus isolated from P. contortuplicata and three bacteria of the genus Nostoc
isolated from Placopsis sp. of Antarctic and South American samples. PCRs were
unsuccessful for all the photobionts and fungal specificity of the SSRs was
confirmed.

Because it has recently been shown that Basidiomycetes may be obligate
partners of ascomycetous lichen symbioses (Spribille et al. 2016), it was checked
whether SSR markers were specific to Ascomycetes by comparing the contigs from
which they were developed against the National Center for Biotechnology Information
(NCBI) database using the BLASTn approach. Twenty-one out of the 23 contigs (ca.
3000-35000 bp in length) contained genes with sequences most similar to
Ascomycota. Two of the five shortest contigs did not show close similarity to any

sequences deposited in GenBank.

To reduce the cost of fluorescent primers and to easily multiplex the reactions,
a fluorescent dye—associated tag was attached to the forward primers. Four different
tails were selected to multiplex the reactions (FAM: GCCTCCCTCGCGCCA, VIC:
GCCTTGCCAGCCCGC, NED: CAGGACCAGGCTACCGTG, PET:
CGGAGAGCCGAGAGGTG). In this way labelled universal primers begin to be
incorporated into PCR fragments in early PCR cycles, tailed forward primers are
exhausted in early cycles, and subsequent PCR cycles incorporate fluorophores into
PCR fragments (fig. 3). The advantage is to simultaneously co-amplify and analyse
multiple loci with similar-sized alleles in a single PCR reaction and to reduce the cost

of fluorescent primers (Blacket et al. 2012). To multiplex eight SSR markers it was
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necessary to design PCR products that did not overlap; 100 bp of difference was the
minimum requirement.

(i) Multiplex PCR
{Multiple universal primers/Multiple fluocrophores)

FIGURE 3: Amplification of PCR fragments with fluorescently-labelled high annealing
temperature universal primers and locus-specific tailed forward primers (partial figure
1 from Blacket et al. 2012).
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TABLE 4: Characteristics of 23 fungus-specific microsatellite primers cross amplified
for Usnea antarctica and U. aurantiacoatra. In the table are reported the locus name,
the primer sequences, the SSR repeat motif, the tail attached at the forward primers
(A:GCCTCCCTCGCGCCA; B: GCCTTGCCAGCCCGC; C: CAGGACCAGGCTACCGTG; D:
CGGAGAGCCGAGAGGTG), the fluorescent dye, the SSR size range (including the size

of the tail), and the numbers of repeats.

No. of SSR

Locus Primer Sequence (5'-3') Repeat motif Tail Fluorescent dye Size range t
repeats

Ual F: GCATCTGGGCTCTTGGACTT (C.I_I_)n A FAM 235.271 3-15
R: CATTTGCAGGCAGTCCATCG

F: GGGATAACTCGCTATGGCCC
Ua2 (cTm), B VIC 256-283 6-15
R: ACACCCTGATCGATCAAACCA

F: AAGCACACGCAAAGCTTCAG
Ua3 (CTG), C NED 248-275 4-13
R: CGGAGGTCTGAATGTCGGAG

Ua4 F: CTTTCACTGTCCTGCCCTGT (CCT)n D PET 277-304 2.13

g R: GAGACCCCGTGTCCAATCAG
E : GGAAGGGGAAGGGGAGAGA’
Ua5 F T (CTT), A FAM 555-573 8-14
R: GGTGGGCAACTGGAATGGTA
Uab F: TTGAGCCGCCACAAGAGATT (AAG )n B VIC 337-349 4-8
R: ATCGGCCAATTGATACCCCG
Ua7 F: AAGACGGACATTCCACCACC (GGA)n D PET 552-573 2.9
R: ACCGCTCTGGCTACCTCTTA
: AAGAAGCCAGCTTTGACGG
Ua8 Fi AAGAAGCCAGCTITGACGEA (TGT), A FAM 393-402 6-9
R: GCTTGTCTCAGGCAGGATGA
Ua9 F: AACGGAGCTTCCTTCCATTGA (CATC)n A FAM 285-297 8-11
R: ACAACACAGACAACCCCGAA
Ualo F: GACTTTACGGCCCACATCCA (AGA)n B VIC 284-314 4-14
R: TTTCCATGTGGCTTGGAGGG
Uall F: TCGCATTATTCGTGCAAGCG (TATG)n c NED 254-274 5.10
R: GTAATATCCGCTCGCCCACA
F: AGGCGCTGTGTGAGAACC
N Ual2 (CGAA), D PET 232-256 3-9
E R: AGCAAGACCAAGAAGGCGAG
E Ual3 F: CCAAGCCAACCTCAGACCAT (CAG )n A FAM 393-408 4-9
R: CGACGTCTCCTTCCATAGCC
Ualsd F: GTCAGCCCATCTACCGTACG (GAA)n B VIC 386-419 5.16
R: TGGGTTGGGAAAGGAAGTGT
F: CGCAAACAGTACAACCGGAA
Uals (GCT), c NED 341-347 5.7
R: GCCACAACAAAGGTGACGAC
Uale | CTTTCOAAGACCACCGGCTA (AGT), D PET 334-355 10-17
R: CCAAGCACACCCTGACATCT
Ualy | ATeAceTecTeTAGGTeTGG (CTGGTA), A FAM 403-415 46
R: GTGTCAAGTGTCGAGCAGGA
: AGGGAGTTCTGCAGGGGATA
vals Trer T (GAA), B vIC 355-388 6-17
R: AGTGATTGATGCTCCGGTGG
F: AGCCATTTTTCCGAGGTCGT
Ual9 (GAC), c NED 349-367 6-12
R: GCTTTGTTGCGCTTCACTGA
o .
s Uao | oATeACTeTTCeAGCTCCCS (AAGC), D PET 405-421 6-10
E R: CCAGAGTACCTTCCGTTGCA

Ua21l F: TTCCCGAGCTCCAATCACAC (ch)n A FAM 260-272 7.11
R: CCATATCCCGTCCTCGCAAA

F: TGGTCCACTTTAGCCAGTCAT
Ua22 (ATG), C NED 272-290 8-14
R: TCTGCCCTTGACATCTTTGACA

F: TAGTGCGAGGCCTGATGTTC
Ua23 (cTT), D PET 244-253 6-9
R: ACCGAAAAGGCTTGGACGAT
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TABLE 5: Characteristics of 15 fungus-specific microsatellite primers cross amplified
for Placopsis antarctica and P. contortuplicata. In the table are reported the loci
names, the primer sequences, the SSR repeat motif, the tail attached at the forward
primers A:GCCTCCCTCGCGCCA; B: GCCTTGCCAGCCCGC; C:
CAGGACCAGGCTACCGTG; D: CGGAGAGCCGAGAGGTG), the fluorescent dye,

and the SSR size in the genome of Placopsis antarctica.

Locus Primer Sequence (5'-3') Core Motif Tail Fluorescent dye Size
: ATAGCACCAAGACCAACGC
Msp2g | ATACCACCAAGACCAACGEA (CCCT)n A FAM 308
R: CGCGCCCCCATAAAAATCTG
F: GATGGGTGCAGTAAGGCCTT
MSP9 (TCT)n B VIC 276
R: GCTGCCCGATCATCCATACA
: CGGCGTGGTGATGGAAG
Msp2 | COCCOTOCTOATOORAGATA (GCT)n C NED 251
R: CCGTCTACTGTGCCCAAGTT
d F: AGTAATGGCGGTGTGACAGG
S MSP16 (GAG)n A FAM 421
s R: CATCATGGGTCGTGCAACAC
F: ACGAAGATCCGCCTATCGAA
MSP15 (ATA)n B VIC 381
R: ACTGGTCTAAAGGGCTGCTT
F: TCCAGCGAAAATCCAGCAGT
MSP6 (AAG)n C NED 396
R: GGGCCCAAATGCAATGTCAT
F: AGGTAAATTGGCGCAGACCA
MSP18 (GAT)n D PET 358
R: GGTGGGAGCGATGACTTCAA
F: ATTAACAGCCACCCCGTCTC
MSP19 (CTT)n A FAM 206
R: AGACCTGACTTTCCAAGCGG
F: CGCAGTACCCGCATCTTTTG
MSP20 (CAG)n B VIC 216
R: CAGGCCCTGGAAGGATTTGT
MSply F CACGGGGCTTTCGATGAGAA (GCG)n c NED 282
R: TAAGACCCATCCGACACCCT
F: CCTGCTCCCCTTTACTTCCC
~ MSP22 (CAC)n D PET 253
S R: GGAGGTCATCAAGTCGCGAT
s MSp13 F CCAGCCTCTAATTGACCCCG (CCA)n A FAM 348
R: AAGACTCGGCCGAAACAGAG
F: CTAGGGATTTCTAGGGCGCG
MSP14 (ATC)n B VIC 373
R: AATGTCAATCTCACCGCCGT
: CTTCCCTCGGCTCAAGG
Msp23 | CTTCCCTCOOCTCARGETIT (TGGA)n C NED 400
R: TGAAAGGGCTTGTGGAGGTG
F: TCTGGGGTGCTATGAGTGGA
MSP26 (GGAT)n D PET 378
R: AAATCTCCGCCCGTGTTCAT

The variability of each microsatellite locus was measured by counting the
number of alleles for each SSR marker. Publication 2 reports that the rate of success
of amplifications across Usnea species was confirmed by the low numbers 0.5% of

null alleles for all the King George and Elephant Island stands. Analyses of alleles
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from publication 1 is reported below, merged with data from Placopsis population
analyses (table 6). A total of five populations of P. antarctica collected in the South
Shetland Islands (Elephant, King George, Robert, Livingston, and Deception) and
two populations of P. contortuplicata (sampled only in King George and Livingston
Islands) were used to check the variability of the Placopsis SSR markers. The
number of alleles for each stand were measured using GenAlEx (Peakall & Smouse
2006, 2012).

TABLE 6: Number of samples, numbers of alleles, and number of effective alleles for
each stand of Usnea antarctica and U. aurantiacoatra and populations of Placopsis

antarctica and P. contortuplicata.

Population n° of Samples n° of Alleles n° of Effective Alleles
U. antarctica King George C1 20 2.609 1.704
U. antarctica King George P3 19 2.609 1.849
U. aurantiacoatra King George C1 20 3.217 2.035
U. aurantiacoatra King George P3 18 3.652 2.344
P. antarctica Elephant 19 2.000 1.423
P. antarctica King George 42 3.267 1.784
P. antarctica Robert 18 1.933 1.470
P. antarctica Livingston 99 3.133 1.702
P. antarctica Deception 39 2.067 1.522
P. contortuplicata King George 97 3.600 1.605
P. contortuplicata Livingston 65 2.400 1.446

Microsatellites markers were variable within all species tested and the
variability in terms of the numbers of alleles was a bit higher for the sexual species in
Usnea. This result was not surprising since one advantage of sexual reproduction is

the capability to increase variability inside populations.
The size of the flanking region was about the same number of bases in both

closely related species. The markers showed high genetic variability even within a

small geographic area.
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2.5.HOW TO DELIMIT SPECIES PAIRS

In this section are described three different molecular methods used to delimit
the species pair Usnea antarctica and U. aurantiacoatra. It is the first work that

applies microsatellites and SNPs to lichens to delimit closely related species.

2.5.1. SPECIES DELIMITATION USING A FUNGAL UNIVERSAL BARCODING
GENE

The ITS markers of 179 Antarctic Usnea samples were sequenced with
primers ITS1F (Gardes & Bruns 1993) and ITS4 (White et al. 1990). The ITS of 86
samples of Usnhea antarctica and 93 samples of U. aurantiacoatra were analysed
with a haplotype network (fig. 4) with the TCS algorithm implemented in popART
(Clement et al. 2002), as reported in publication 2. Due to the misidentification of
sample EL36 (described as U. antarctica and later identified as U. aurantiacoatra
with a parasitic fungus), which was explained in the discussion of publication 2, the
haplotype network shown in this chapter has been recalculated. The total ITS
alignment was 666 bp long and included an intron of 216 bp in length that was 226
bp from the 3" end of the small subunit of the ribosomal RNA. The alignment included
33 polymorphic sites, 15 of them in the intron. Figure 4 shows the newly run
haplotype network. It shows 33 haplotypes, and U. aurantiacoatra was genetically
more variable (20 haplotypes) than U. antarctica (14 haplotypes). Sorediate and
esorediate morphs do not form reciprocally monophyletic groups on the haplotype
network, and even share one haplotype. Nevertheless, they appear relatively well
clustered.

The debate around the species status of U. antarctica and U. aurantiacoatra
arose because phylogenetic trees and haplotype networks did not resolve the two as
mutually exclusive monophyletic lineages (Lumbsch and Wirtz 2011; Wirtz et al.
2012). The haplotype network (fig. 4), based on a dataset that includes a

polymorphic type | intron near the end of the ribosomal small subunit (18S) that has
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not previously been studied in this group, confirms this finding. Similar to previous
studies, it shows the two morphotypes as nonmonophyletic lineages sharing one

haplotype with each other.

O\
@ Usnea antarctica
O Usnea aurantiacoatra

FIGURE 4: Haplotype network of 86 Usnea antarctica and 93 U. aurantiacoatra
based on an alignment of 666 bp from partial 18S-ITS1-5.8S-partial ITS2 sequences.
Red circles represent U. antarctica and green circles represent U. aurantiacoatra.
Long lines connect linked haplotypes and small horizontal lines represent the number
of modifications between haplotypes. The size of the dots is correlated with the
number of samples belonging to each haplotype.
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2.5.2. SPECIES DELIMITATION USING MICROSATELLITES

A total of 95 samples from each Antarctic Usnea morphotype was tested to
finally resolve the phylogenetic relationship of the species pair. The unpublished
analysis of the species pair Placopsis antarctica - P. contortuplicata was added to
this chapter to confirm the ability of microsatellites to separate morphotypes into two
discriminate species. The dataset was made by using 15 SSRs from stands of P.
contortuplicata collected in King George and Livingston Islands and 13 stands of P.
antarctica collected in King George, Robert, Livingston, and Deception Islands (fig. 2
& table 1).

A Discriminant Analysis of Principal Components (DAPC) was made with the
R package adegenet 2.1.0 (Jombart 2008; Jombart & Ahmed 2011). DAPC was
chosen as the best method to confirm the ability of the SSR markers to discriminate
the two species. It was preferred over classical multivariate analyses (PCA, DA)
because the purpose was to identify groups and, in contrast to other multivariate
methods, DAPC attempts to maximize among-group variation (Jombart et al. 2010).
A DAPC for the Usnea species pair was run with 40 PCs and 1 DA based on the
dataset of publication 2, with sample EL36 reassigned to U. aurantiacoatra. The

DAPC for the two Placopsis species was run with 20 PCs and 1 DA.

Publication 2 reports the success of the microsatellite amplification, and a few
null alleles were reported (0.5%) from a total of 4370 alleles. In the discussion of
publication 2, sample EL36 was reassigned because it was a misidentified Usnea
antarctica. A DAPC was tested with 1 DA and 40 PCs based on the corrected
dataset from publication 2 (fig. 5).
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The Placopsis species pair was also successfully amplified; 2.7% null alleles
were reported from a total of 5580 alleles. A DAPC was run with 1 DA, and 20 PCs

(fig. 6).
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FIGURE 6: DAPC with 20 PCs and 1 DA, from 13 stands of Placopsis antarctica (in
green) and 9 stands of P. contortuplicata (in orange) from South Shetland Island. On
the left is the a graph density over Discriminant Function 1. On the right is the sample

distribution into clusters.
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253. ANOTHER APPROACH FOR SPECIES DELIMITATION: RAD
SEQUENCES

Publication 3 used a different method to investigate the Usnea species pair
based on SNPs obtained with NGS technologies. A small number of samples used in
publication 2 were selected to undergo DNA extraction again and were sequenced
with lllumina MiSeq. The final dataset included 105 samples: 58 identified as U.
antarctica and 47 samples of U. aurantiacoatra. Out of all U. antarctica samples, 9
and 12 samples came from Primavera and Esperanza bases, respectively (see
chapter 2 for sample information). On the other hand, U. aurantiacoatra was
collected only in King George and Elephant Islands.

DNA was extracted again because RADseq needs high-quality DNA and a
concentration of 200 pg. In order to reach the minimum amount of DNA required, an
entire branch of Usnea sp. was manually grinded with a mortar and pestle and liquid
nitrogen, and then the DNA was extracted with a ZR Fungal/Bacterial DNA MiniPrep
Kit (Zymo Research, Irvine, CA, USA) without modifications.

Library preparation is reported in publication 3. In short, for the RADseq library
production, DNA isolations were pooled with sequence adapters (Rubin & Moreau
2016), subsequently digested with the restriction enzyme ApeKl (New England
Biolabs, Ipswich, MA, USA) and ligated using T4 ligase (New England Biolabs). Up to
48 samples with compatible barcodes were pooled and selected for fragments of
sizes between 300 and 500 bp using the BluePippin DNA size selection system
(Sage Science, Beverly, MA, USA). The pooled libraries were amplified using the
REDTaq ReadyMix (Sigma-Aldrich, St. Louis, MO, USA) prior to sequencing on an
lllumina MiSeq using the MiSeq Reagent Kit v3 for 150 cycles (lllumina, San Diego,
CA, USA) to produce single-end sequences with a length of 150 bp. The pyRAD
assembler was used to generate loci. This process used a combination of the
ipyRAD (https://github.com/dereneaton/ipyrad/blob/master/docs/index.rst) and
pyRAD (Eaton & Ree 2013) pipelines with an additional mapping step that filtered for
lichen-fungal loci with a reference sequence. An average of 21.8% (sd = 2.9%) of all
loci were mapped to the de novo assembled Usnea strigosa lichen fungus reference
genome (because the genome completeness of both U. antarctica and U.
aurantiacoatra was not sufficient for this analysis — see previous section for genome

details) and, of these loci, an average of 85.4% (sd = 5.5%) were included into the
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final pyRAD dataset. Two samples of U. antarctica (EL59, EL281) and two samples
of U. aurantiacoatra (EL415, EL437) were removed from the analysis due to lower
numbers of loci. All remaining 101 samples in the final dataset had on average of

4,143 (sd = 1,316) loci (Supplemental material 2 in publication 3).

A DAPC was newly run to evaluate the capability of RADseq to discriminate
species pairs and to compare the ability of SSRs and RADseq to discriminate
species pairs. The DAPC was conducted by using the first 50 principal components

and all DA-eigenvalues (fig. 7).
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2.6. DISCUSSION

The aim of the chapter is to provide tools able to delimit species pairs and
characterize the genetic structure of Antarctic lichens. Uncertain species
delimitations can undermine population-level studies of lichens. Recent studies
based on molecular analyses have found increasingly more evidence that species
pairs do exist (Cornejo & Scheidegger 2015), and this chapter confirms it. These are
the two Antarctic species pairs that have been analysed: Usnea antarctica - U.
aurantiacoatra and Placopsis antarctica - P. contortuplicata. The analyses are based
on samples collected in the same localities in order to exclude the confounding
effects of geographical population structure; the samples were restricted to the
maritime Antarctic populations where the two morphotypes grow together (fig. 2 &
table 1). Five populations of Usnea sp. and 22 populations of Placopsis sp. were
tested to develop and validate fungus-specific microsatellites. Both species pairs
have molecular identification problems due to a lack of information in GenBank. The
fungal universal DNA barcode ITS can discriminate the Placopsis species pair but
using BLAST on the ITS sequence in GenBank cannot confirm the identification. In
contrast, for Antarctic Usnea the concept of species is still debatable because ITS
cannot separate the species pair. This thesis is the first study to utilize the ability of
microsatellites to solve the uncertain species delimitation of species pairs. In both
species pairs, microsatellites easily separated them (fig. 5 & 6) and offered a fast tool
to identify even small or young samples in which morphological structures are difficult
to analyze.

Generally, few lichens have been investigated with microsatellites and the
number of markers rarely exceeds ten (Werth et al. 2015). This chapter is the first to
develop a high number of SSRs able to amplify closely related species: 23 fungal
specific SSR markers have been developed for the species pair U. antarctica and U.
aurantiacoatra, and 15 SSRs for P. antarctica and P. contortuplicata. Due to the
symbiotic nature of lichens, microsatellites have been chosen because they can
discriminate the mycobiont from photobionts, they do not require high-quality DNA to
be tested, SSRs are cheap to analyze without involving Sanger sequencing, and they

can be multiplexed to obtain a lot of information from a single sample in one PCR

52



reaction. Two innovations were introduced in this work. First, markers were
developed in species pairs by using BLAST in silico to compare each SSR repeat
from one species against its species pair genome. Those comparisons allowed the
selection of only markers with the same length of flanking regions, and it gave an
advantage of reducing sequencing time. It was possible to create cross-amplifying
markers that can be used in other species as well because flanking regions are more
conservative (see publication 1). Also, this method reduces the possibility of
generating non fungal SSR markers, because an error during the fungal genome
assembly must happen twice and those miss-assigned sequences must carry a
microsatellite in order to be selected. Besides, the fungal specificity has been
confirmed by amplifying the SSR primers in PCR with DNA from pure algal cultures
isolated from different lichens. The PCR reactions did not amplify any SSR markers.
Second, this work is the first report in lichenology to use SSRs to delimit species
pairs.

The recent debate around the species status of U. antarctica and U.
aurantiacoatra arose because phylogenetic trees and haplotype networks did not
resolve the two as mutually exclusive monophyletic lineages (Lumbsch & Wirtz 2011,
Wirtz et al. 2012). The haplotype network (fig. 4), based on a dataset including a
polymorphic type | intron near the end of the ribosomal small subunit (SSR) that has
not previously been studied in this group, confirms this finding. Similar to previous
studies, it shows that the two morphotypes are non-monophyletic lineages sharing
one haplotype with each other. The two morphotypes, however, are clustered in the
network, a pattern confirmed by the DAPC result. Even if it is speculative, previous
studies may also have suffered from the inclusion of misidentified samples. Two
different methods based on SNPs and SSRs can discriminate the Antarctic Usnea
species pair.

Phylogenetic and population genomic results from the SNP dataset clearly
delimited U. antarctica and U. aurantiacoatra into two lineages, supporting the
acceptance of two species (fig. 7). It confirms that closely related species are difficult
to separate using sequence-based multi-locus approaches and that great care
should be taken when interpreting results from molecular studies when it comes to
testing for conspecificity. On the other hand, the microsatellite-based multi-locus
rendered almost identical results (fig. 5), including 100% correct assignment of

samples to their species.
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In publication 3, three pairs of samples of U. antarctica have been reported to
be very close relatives with high co-ancestry. Those three pairs were collected on
Elephant Island (samples EL382 and EL409), King George Island (samples EL001
and EL409), and on the Antarctic Peninsula (samples EL713 and EL743),
respectively, and may indicate almost immediately related clones. On Elephant
Island and the Antarctic Peninsula, the pairs were collected in the same locations
with a greater chance to pick up clones. However, the clonal pair from King George
Island must have dispersed between Fildes and Potter Peninsula over ice or water
boundaries prior to the collection. Contrarily, none of the individuals of U.
aurantiacoatra expressed similarly close relationships. However, the same three
pairs of samples tested with microsatellites did not show any evidence of clonality
because in a total of 23 markers, three to six SSRs were different in each pair. This
comparison suggests that both methods have a different resolution and SSRs are still
a good method to check variability inside populations.

Microsatellite markers were variable within all Usnea and Placopsis species
tested. The variability in terms of the number of observed alleles and effective alleles
is a bit higher for the sexual species in Usnea species. This result is not surprising
since one advantage of sexual reproduction is the capability to increase variability
inside populations. Although lower genetic variability was detected in U. antarctica
than in U. aurantiacoatra, this result probably reflects the higher effective population
size of the sexually reproducing species. U. antarctica was surprisingly variable,
contradicting the old idea that asexually reproducing, sorediate lichens constitute
“clones or groups of clones” (Tehler 1982).

At the morphological level, this study confirms that the presence and absence
of soredia can be used to safely discriminate between U. antarctica (with soredia)
and U. aurantiacoatra (without soredia). The presence of apothecia, on the other
hand, is a more unreliable character, because young thalli of U. aurantiacoatra often
lack apothecia. Care must also be taken to not mistake galls on parasitized thalli of
U. aurantiacoatra for soralia, as the single apparently wrongly assigned sample

shows.

This last section is dedicated to a comparison of the two newly developed
methods to characterize stands of Antarctic Usnea. Both SSRs and SNPs require a

sequenced genome to perform the analysis. In the case of SSRs, the genome can
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have lower coverage. In order to obtain SNPs from RADseq reads, a congeneric
species (U. strigosa) was used without lowering the yield of the SNPs dataset, since
the already generated genomes of both Antarctic Usnea did not have enough
coverage (table 3). The reference genome comes from a congeneric species,
allowing the application of RADseq to organisms without an already sequenced
genome that come from a family where a species has been sequenced. For the first
time, a genome generated from DNA extracted from the thallus instead of an axenic
fungal culture was used to map a large number of fungal loci sufficient for population
genomic methods. This widens the potential application of RADseq for intimate
symbiotic organisms and includes studies where cultures of one symbiotic partner
are not readily available. On the other hand, the samples involved in the SNP study
were just a small part of the dataset analysed with microsatellites because the
preparation of the library for RADseq required a high quantity of DNA. So, at the
moment only lichens with big thalli can be analysed with RADseq without involving
PCR to increase the DNA concentration.

Regarding the number of samples tested at the same time, in the case of
SSRs each sample can be tested at the same time with 7-8 multiplexed markers, and
96 samples can be analysed for each plate. In contrast, the library preparation for
RADseq has been developed for only 46 labels for 46 samples. In any case, both
methods can be optimized by choosing different sizes and colors for multiplexed
microsatellites or by changing the Illlumina sequencer that can pool more samples
together. Analysing a RADseq dataset requires a strong background in computing
skills and bioinformatics (Hodel et al. 2016) and faster computers or servers to speed
up the analysis of the large quantity of data. In contrast, SSRs are manually scored
with user-friendly programs on a regular laptop. The obtained datasets of SSRs and
SNPs can be analysed with the same software. This chapter has proved that both

methods are valid to solve the phylogenetic relationship of species pairs.
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CHAPTER 3:

GENETIC STRUCTURE AND GENE

FLOW OF LICHEN-FORMING FUNGI

IN THE MARITIME ANTARCTIC AND
SOUTHERN SOUTH AMERICA

3.1. CHAPTER INTRODUCTION

This chapter studies the genetic diversity among lichen populations to find out
the effects of dispersal strategies and phylogeographic history on the population
genetic structure and diversity of Antarctic lichens. Then, stands from South America
and the Maritime Antarctic were analysed to identify human-mediated gene-flow
among continents and Antarctic localities. The chapter presents the analyses of three
lichen species with a high number of samples to address very important
phylogeographic questions about Antarctic lichens. Two species help to understand
continental gene flow from South America to the Maritime Antarctic; while the other
species, suspected to be endemic in the Antarctic, contributes to the characterization

of the Antarctic lichen community.
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Previous phylogenetic studies indicate that Usnea antarctica and U.
aurantiacoatra belong to the Neuropogon group of Usnea and that the species of this
group are mostly restricted to the southernmost region of South America, Australasia,
and Antarctica, and have likely evolved there (Walker 1985; Wirtz et al. 2008, 2012).
In contrast, Cetraria aculeata is a bipolar lichen species that colonized Antarctica
from Patagonia during the Pleistocene (Fernandez-Mendoza & Printzen 2013).
Therefore, these three species are representative taxa to study the effects of
dispersal strategies and phylogeographic history on the population genetic structure
of Antarctic lichens, and to assess the likely effects of climate change and the impact

of humans on lichens.

Information about the spatial genetic structure of lichens is therefore urgently
needed to understand the joint effects of local human activities and global
temperature increases on Antarctic terrestrial vegetation. As reported in publication

4, the main research questions can be summarized as follows:

e Are lichen populations genetically isolated, or does gene flow exist, particularly
between southern South America and the Antarctic?

e How do the dispersal strategies influence the genetic structure of the
mycobionts?

e What impact does the phylogeographic history have on the population genetic

structure of Antarctic lichens?

This chapter uses methods from publication 1 and 2, but the results are mainly

based on publication 4.
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3.2. MATERIALS & METHODS

To understand gene flow and variability among different populations, several
localities in South America and in the Antarctic were sampled. Many cooperation
partners, already working with lichens, were involved to reduce the travel costs and
to extend the area of the study. In order to ensure a standard in all the sampled
populations, all partners were required to systematically sample different species of
lichens with populations of at least 20 samples at least 50 cm apart. As reported in
publication 4, sampling covered a wide range of localities in the Maritime Antarctic
(61-64° S) and southern South America (50-55° S), including the Falkland Islands.
Most samples were collected between 2015 and 2018. A few populations sampled
between 2007 and 2014 and cryo-conserved at the Herbarium Senckenbergianum
(FR) were added to the dataset. This chapter analyses 22 stands of Usnea
aurantiacoatra and 16 stands of Cetraria aculeata in southern South America,
Falkland, and the Maritime Antarctic, as well as 20 stands of U. antarctica in the
South Shetland Islands and the Antarctic Peninsula (table 1 & fig. 2- A, B, C). Only C.
aculeata and U. aurantiacoatra were collected in South America. Samples collected
in South America for Usnea antarctica were identified morphologically and
molecularly to belong to U. aurantiacoatra. Probably, U. antarctica is endemic in the

Antarctic.

The final datasets are comprised of: 10 localities/22 stands/441 individuals for
U. aurantiacoatra, 6 localities/20 stands/370 individuals for U. Antarctica, 10
localities/16 stands/266 individuals for C. aculeate, 5 localities/14 stands/254
samples for Placopsis antarctica, and 2 localities/10 stands/194 samples for P.
contortuplicata (all listed in fig. 8 & table 7).
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FIGURE 8: Sampling localities of each species. Dots represent stands: A. Cetraria

aculeata (purple); B. Usnea antarctica (blue); C. Usnea aurantiacoatra (black).

To evaluate the effects of human impact on gene flow between South America
and the Antarctic localities, the Antarctic localities were divided in two groups: higher
human impact (King George Island) and lower human impact (Livingston Island,
Elephant Island, and the Antarctic Peninsula), considering the human activity at each
locality. King George Island and Livingston Island belong to the South Shetland
Islands and are both ca. 900 km away from the southernmost tip of South America.
As mentioned in the introduction, the human impact is very different on both islands.
King George Island currently supports ten scientific stations, a permanent civilian
settlement, and an airfield (“Teniente Marsh”) with frequent support flights from Punta
Arenas (Chile) and Rio Gallegos (Argentina) in Patagonia. Touristic activities have
consistently increased, and after 2002 the annual visitor numbers and five-year
means have been up to six times higher than those for Livingston Island. Livingston
Island has only two permanent and one seasonal field station; tourism was almost
negligible before 1993 and has since stagnated around 5000 visitors. Movements of
scientists between both islands are considerably rarer than between Patagonia and
either island. Considering the distance of ca. 100 km between both islands, natural
as well as human-mediated rates of gene flow among lichen populations on both

islands are assumed to be low. On the other hand, Elephant Island and the Antarctic
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Peninsula are subjected to low tourism, at least in the sampling area, and the number
of permanent research stations is very low. All localities have similar macroclimate

and bedrock.

TABLE 7: List of sampling localities and coordinates, day of sampling, and collector.

Stand Species Stand ID s;?I:d Continent Country/Region Locality Latitude (°) Longitude (°) Sampling Date COLLECTOR(S)
1 Cetraria aculeata Argentina, Calafate 11 South America Argentina Calafate -50.635833  -71.375270 2009 F. Fernandez-Mendoza
2 Cetraria aculeata Argentina, Rio Gallegos 12 South America Argentina Rio Gallegos -51.614302  -69.301375 2010 F. Fernandez-Mendoza
3 Cetraria aculeata Chile, Pali Aike 20 South America Argentina Pali Aike -52.168880 -69.790830 2008 F. Fernandez-Mendoza
4 Cetraria aculeata Chile, Punta Arenas 25 South America  Chile Punta Arenas -53.163830  -70.917060 November 23, 2009 F. Fernandez-Mendoza
5 Cetraria aculeata Chile, Tierra del Fuego 11  South America Chile Tierra del Fuego -54.569880 -69.135080 2009 F. Fernandez-Mendoza
6 Cetraria aculeata Chile, Tierra del Fuego 12 South America Chile Tierra del Fuego -54.675594  -69.440270 2009 F. Fernandez-Mendoza
7 Cetraria aculeata Chile, Navarino 11 South America Chile Navarino Island -54.970950 -67.633400 January 29, 2017 C. Printzen & |. Starke-Ottich
8 Cetraria aculeata Chile, Navarino 12 South America Chile Navarino Island -54.932500 -68.349720 2008 C. Printzen & |. Starke-Ottich
9 Cetraria aculeata Falkland 19 South America Falkland -51.698166 -57.820416 2007 C. Printzen & I. Ottich
10 Cetraria aculeata Elephant Island 1 19 Antarctica Elephant Island Stinker Point -61.221517  -55.367550 January 21, 2016 M. Andreev
11 Cetraria aculeata Elephant Island 2 20 Antarctica Elephant Island Stinker Point -61.222228 -55.359683 February 8, 2016 M. Andreev
12 Cetraria aculeata King George Island 1 13  Antarctica King George Island ~ Carlini -62.237000 -58.658200 December 18, 2015 E. Lagostina & B. Kanz
13 Cetraria aculeata King George Island 2 17  Antarctica King George Island ~ Carlini -62.246389  -58.677750 2007 1. Ottich & P. Jordan
14 Cetraria aculeata King George Island 3 21 Antarctica King George Island ~ Fildes Peninsula -62.190283  -58.926733 April 1, 2016 M. Andreev
15 Cetraria aculeata Primavera Base 1 23 Antarctica Antarctic Peninsula Primavera base -64.093430 -60.565630 December 1, 2016 M. Scur
16 Cetraria aculeata Primavera Base 2 20 Antarctica Antarctic Peninsula Primavera base -64.093430 -60.574260 December 3, 2016 M. Scur
1 Usnea antarctica Elephant Island 19 Antarctica Elephant Island Stinker Point -61.222283  -55.359683 February 8, 2016 M. Andreev
2 Usnea antarctica King George Island 1 19 Antarctica King George Island ~ Carlini -62.237000 -58.658200 December 18, 2015 E. Lagostina & B. Kanz
3 Usnea antarctica King George Island 2 17 Antarctica King George Island ~ Glacial Point -62.239383  -58.653360 December 27, 2015 E. Lagostina & B. Kanz
4 Usnea antarctica King George Island 3 19 Antarctica King George Island  Penguinera -62.252900 -58.649516 December 22, 2015 E. Lagostina & B. Kanz
5 Usnea antarctica King George Island 4 19 Antarctica King George Island  BellingShausen -62.190260 -58.926733 April 8, 2016 M. Andreev
6 Usnea antarctica King George Island 5 7  Antarctica King George Island  Field Pennsula -62.205383  -58.954433 December 22, 2005 N. Wirtz
7 Usnea antarctica King George Island 6 19 Antarctica King George Island  BellingShausen -62.232000 -59.010200 February 15, 2018 M. Andreev
8 Usnea antarctica Livingston Island 1 18 Antarctica Livingston Island Caleta Argentina -62.666900  -60.400900 February 23, 2018 C. Printzen
9 Usnea antarctica Livingston Island 2 5  Antarctica Livingston Island Reyna Sofia -62.669100 -60.381030 February 24, 2018 C. Printzen
10 Usnea antarctica Livingston Island 3 20 Antarctica Livingston Island Sally Rock -62.701390  -60.416390 February 27,2018 C. Printzen
11 Usnea antarctica Livingston Island 4 20 Antarctica Livingston Island Punta Hanna -62.650470  -60.602890 March 1,2018 C. Printzen
12 Usnea antarctica Livingston Island 5 20 Antarctica Livingston Island Barnard Point -62.751360 -60.330360 March 8, 2018 C. Printzen
13 Usnea antarctica Deception Island 9  Antarctica Deception Island -62.983333  -60.683333 February, 2002 B. Schroeter
14 Usnea antarctica Primavera Base 1 21 Antarctica Antartic Peninsula  Primavera base -64.095010  -60.565630 November 30, 2016 M. Scur
15 Usnea antarctica Primavera Base 2 25 Antarctica Antartic Peninsula  Primavera base -64.092280  -60.371320 Nevember 26&29, 2016 M. Scur
16 Usnea antarctica Primavera Base 3 22 Antarctica Antartic Peninsula  Primavera base -64.092150 -60.571960 January 5, 2017 M. Scur
17 Usnea antarctica Esperanza Base 1 27 Antarctica Antartic Peninsula  Esperanza base -63.401330  -56.990083 January 13, 2017 A. Lorenz
18 Usnea antarctica Esperanza Base 2 24 Antarctica Antartic Peninsula  Esperanza base -63.409027 -57.013610 January 18, 2017 A. Lorenz
19 Usnea antarctica Esperanza Base 3 21 Antarctica Antartic Peninsula  Esperanza base -63.407220 -57.018250 January 15,2017 A. Lorenz
20 Usnea antarctica Esperanza Base 4 19 Antarctica Antartic Peninsula  Esperanza base -63.413750 -57.04150  January 15, 2017 A. Lorenz
1 Usnea aurantiacoatra Chile, Torres Del Paine 14 South America Chile Torres del Paine -51.211300  -73.256700 January 30, 2018 C. Printzen & C. Ivanovich
2 Usnea aurantiacoatra Chile, Monte Tarn 49  South America Chile Mount Tarn -53.752000 -71.023500 February 1,2017 C. Printzen
3 Usnea aurantiacoatra Chile, Navarino 1 20 South America Chile Navarino Island -54.970483  -67.635766 January 30, 2017 C. Printzen & |. Starke-Ottich
4 Usnea aurantiacoatra Chile, Navarino 2 35 South America Chile Navarino Island -54.977916  -67.649550 February 1, 2017 C. Printzen & |. Starke-Ottich
5 Usnea aurantiacoatra Chile, Navarino 3 19 South America Chile Navarino Island -54.975583  -67.630500 February 15, 2017 C. Printzen & I. Starke-Ottich
6 Usnea aurantiacoatra Falkland 1 18 South America Falkland Gipsy point -51.676282  -57.808785 January 28, 2018 U. Ruprecht & U. Sgchting
7 Usnea aurantiacoatra Falkland 2 18 South America Falkland Mt Usborne -51.712790  -58.853037 January 30, 2018 U. Ruprecht & U. Sgchting
8 Usnea aurantiacoatra Falkland 3 17  South America Falkland Pebble Island -51.306922  -59.615442 February 5, 2018 U. Ruprecht & U. Sgchting
9 Usnea aurantiacoatra Elephant Island 18 Antarctica Elephant Island Stinker Point -61.222283  -55.359683 February 4, 2016 M. Andreev
10 Usnea aurantiacoatra King George Island 1 19 Antarctica King George Island  Carlini Station -62.237000 -58.658200 December 18, 2015 E. Lagostina & B. Kanz
11 Usnea aurantiacoatra King George Island 2 21 Antarctica King George Island  Glacial Point -62.239383  -58.653360 December 27, 2015 E. Lagostina & B. Kanz
12 Usnea aurantiacoatra King George Island 3 18 Antarctica King George Island  Penguinera -62.252900 -58.649516 December 22, 2015 E. Lagostina & B. Kanz
13 Usnea aurantiacoatra King George Island 4 19 Antarctica King George Island  King Sejong Station -62.216600 -58.783330 December 16, 2015 E. Lagostina & B. Kanz
14 Usnea aurantiacoatra King George Island 5 15 Antarctica King George Island  Bellingshausen -62.203616  -58.992750 April 8, 2016 M. Andreev
15 Usnea aurantiacoatra King George Island 6 15 Antarctica King George Island  Bellingshausen -62.203616  -58.963883 April 18,2016 M. Andreev
16 Usnea aurantiacoatra King George Island 7 8  Antarctica King George Island ~ Fildes Peninsula -62.205383  -58.954433 December 22, 2005 N. Wirtz
17 Usnea aurantiacoatra King George Island 8 15 Antarctica King George Island  Bellingshausen -62.185230 -58.972610 January 27,2018 M. Andreev
18 Usnea aurantiacoatra Deception Island 26  Antarctica Deception Island -62.983333  -60.683333 February, 2002 B. Schroeter
19 Usnea aurantiacoatra Livingston Island 1 21 Antarctica Livingston Island Nunatak -62.681020  -60.344190 March 3, 2018 F. Grewe
20 Usnea aurantiacoatra Livingston Island 2 18 Antarctica Livingston Island Punta Hesperides  -62.643260 -60.372500 March 6, 2018 F. Grewe
21 Usnea aurantiacoatra Livingston Island 3 22 Antarctica Livingston Island Mt Reyna Sofia -62.666988  -60.400966 February 24, 2018 C. Printzen
22 Usnea aurantiacoatra Livingston Island 4 16 Antarctica Livingston Island Sally Rocks -62.66910 -60.381030 February 27, 2018 C. Printzen

DNA was extracted with the same protocol reported in chapter 2 for the SSR
analysis. From publication 1, 21 and 22 SSR markers to genotype Ushea
aurantiacoatra and U. antarctica samples were chosen, respectively. The other two-
three SSR markers were excluded due to the high number of null alleles reported in

the South American and Falklands populations. Markers were amplified in three
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different 10 pL multiplex reactions following the protocol of publication 1. Eight out of
15 microsatellite markers from Lutsak et al. (2016) were selected to analyse Cetraria
aculeata. The other seven markers were excluded due to the high number of null
alleles reported, or the absence of variability within populations. Markers were
amplified in two reactions following the PCR protocol conditions reported by Lutsak et
al. (2016). PCR amplicons were electrophoresed using an Applied Biosystems 3730
platform, with the L1Z 600 (for Usnea sp.) or LIZ 500 (for C. aculeata) size standard
(Applied Biosystems, Waltham, Mass., USA), and allele sizes were manually scored

using the Geneious 10 microsatellites tool (Kearse et al. 2012).

Methods to generate microsatellite datasets are reported in the previous
chapter. Allele frequencies and genetic diversity (Shannon’s information index) were
calculated using the software GenAlEx 6.503 (Peakall & Smouse 2006, 2012) for the
three species. Tests for clonal population structure were calculated with the software
GenoDive 2.0b23 (Meirmans & Van Tienderen 2004). Clones in each population
were detected using a stepwise mutation model, discarding null alleles, and
assessed based on the number of genotypes, with 999 permutations randomizing
alleles over individuals across all populations. Cluster analyses were run with
Structure v.2.3.4 (Pritchard et al. 2000; Falush et al. 2003). To estimate the optimal
number of admixture clusters, the summary likelihood statistic AK proposed by
Evanno et al. (2005) was used through the website Pophelper v1.0.10 (Francis 2016,
www.pophelper.com). The number of clusters was chosen as the value of K where
AK reached its first minimum. Results of the ten runs for each species were
summarized using CLUMPP (Jakobsson & Rosenberg 2007) and printed out through
the web interface of Pophelper v1.0.10.

Intercontinental gene flow was estimated with the coalescent sampler Migrate-
N only from South America to Antarctica for Usnea aurantiacoatra and Cetraria
aculeata. In order to keep the number of parameters low, samples of U.
aurantiacoatra were pooled into 5 regions: South America, Falkland, Elephant Island,
King George Island, and Livingston + Deception Island. The dataset for C. aculeata

was divided into: South America + Falkland, Elephant Island, King George Island,
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and Primavera (Antarctic Peninsula). All South American samples presumed to
represent U. antarctica were shown to belong to other species. Consequently, it was
not possible to analyse intercontinental gene flow for this species. For the U.
aurantiacoatra dataset, were used 0.0—10 priors on 6 and 0.0-20 priors on M, divided
into 1500 bins, and ran four chains with static heating (temperatures of 1.0, 1.2, 3.0
and 1 x 10°) for 10 replicated long runs of 5 x 10* generations (sampling every 500th
step) with a burn-in of 4 x 10%. For the C. aculeata dataset, were used uniform priors
(0.0-25) on both 8 and M, divided into 1500 bins, and was run with four chains with
static heating of 1 x 10° generations (sampling every 500th step) with a burn-in of 5 x
10%. Convergence of Markov chains was monitored with Tracer (http:/
beast.bio.ed.ac.uk). All effective sample sizes of the Markov chain Monte Carlo
(MCMC) chain were larger than 10°.
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3.3.RESULTS

As mentioned before, results are extracted from publication 4. For Cetraria
aculeata the final dataset was comprised of 2128 alleles including 19 null alleles, for
Usnea antarctica the final dataset was comprised of 8140 alleles including 41 null
alleles, and for U. aurantiacoatra the final dataset was comprised of 9261 alleles
including 164 null alleles.

Usnea aurantiacoatra had the highest total number of alleles (232), with the
highest mean number of observed (7.476) and effective (4.016) alleles recorded on
Navarino Island in South America, followed by Livingston Island in the Antarctic
(7.238; 2.725, table 8. The highest mean number of private alleles was observed on
Livingston Island (0.857) followed by Navarino lIsland (0.762). The Shannon
information index was highest on Navarino (1.490) with rather similar values around
1.0-1.1 on Livingston, King George, and Falkland Islands. None of the diversity
metrics showed a clear latitudinal pattern (table 8). In Cetraria aculeata the highest
observed number of alleles (4.750) was also found on Navarino and decreased to the
north and south. The highest effective number of alleles (2.902) was detected in a
stand in Chile and the observed (1.250) and effective number of alleles (ca. 1.0) was
lowest on Elephant Island and near Primavera Base on the Antarctic Peninsula.
Private alleles were detected in all South American populations (except Falklands)
and on King George Island, but not on Elephant Island and on the Antarctic
Peninsula. In Usnea antarctica the observed (effective) mean number of alleles
ranged between 4.682 (1.954) on Livingston and 1.591 (1.238) on Deception Island.
Private alleles were recorded in all the sampling areas except for Deception Island
(table 8).

64



TABLE 8: Allele analysis for each species. In order are listed sampling locality,
numbers of samples, numbers of alleles, numbers of effective alleles, numbers of

private alleles, and Information Index (comparable to the Shannon-Weaver index of

ecology).
Cetraria aculeata

Locality n° of Samples n° of Alleles Effective n° of Alleles n° Private Alleles information Index
Argentina, Calafate 11 2.250 £ 0.366 1.691 +0.263 0.125+0.125 0.534 +£0.149
Argentina, Rio Gallegos 12 3.250£0.726 2.301 +£0.580 0.125+0.125 0.789 +£0.224
Chile, Pali Aike 20 4.000 + 1.069 2.902 £ 0.961 0.375+0.183 0.907 £ 0.247
Chile, Punta Arenas 25 4.250 £ 0.996 2.409 £ 0.674 0.375+0.263 0.899 +0.193
Chile, Tierra del Fuego 23 4.250+£0.773 2.638 £ 0.548 0.375+0.183 0.981 +0.210
Chile, Navarino 23 4.750 £ 0.977 2.771+0.555 0.250 +0.164 1.081£0.203
Falkland 19 3.500 £ 0.756 2.426 £ 0.657 0+0 0.841+0.194
Elephant Island 39 1.250+ 0.250 1.014 £ 0.014 0t0 0.031+0.031
King George Island 51 3.375+1.449 2.483 +£1.073 0.500 + 0.378 0.541 +0.325
Primavera Base 43 1.250 + 0.164 1.018 £ 0.013 0+0 0.037 £ 0.026

Placopsis antarctica

Locality n° of Samples n° of Alleles Effective n° of Alleles n° Private Alleles information Index
Elephant Island 19 2.000 + 0.293 1.423 £0.112 0.133+0.133 0.392 + 0.095
King George Island 43 3.267 £0.284 1.796 £ 0.159 0.733+0.182 0.679 + 0.081
Robert Island 20 2.067 +0.206 1.490 £ 0.101 0.067 +0.067 0.454 +0.083
Livingston Island 111 3.333+0433 1.777 £0.218 0.800 £ 0.175 0.611 +£0.109
Deception Island 40 2.133 £ 0.256 1.537+0.123 0.067 £ 0.067 0.451 + 0.089

Placopsis contortuplicata

Locality n° of Samples n° of Alleles Effective n° of Alleles n° Private Alleles information Index
King George Island 101 3.800 £ 0.439 1.610+0.113 1.933 £0.441 0.586 + 0.084
Livingston Island 65 2.400 £ 0.515 1.446 +0.201 0.533+£0.291 0.352 +£0.133

Usnea antarctica

Locality n° of Samples n° of Alleles Effective n° of Alleles n° Private Alleles information Index
Elephant Island 19 2.227 +£0.246 1.547 +0.161 0.045 £ 0.045 0.43 +£0.094
King George Island 100 4.409 +0.425 1.808 +0.216 0.818 £ 0.243 0.645 £ 0.103
Livingston Island 83 4.682 +0.485 1.954 +0.195 1.227 £0.394 0.765 +0.101
Deception Island 9 1.591 +0.107 1.238 £0.053 0+0 0.262 +0.051
Primavera Base 68 3.591 +0.454 1.769 £ 0.187 0.318 +0.121 0.593 +0.111
Esperanza Base 91 3.136 £ 0.396 1.712 +0.215 0.227 £ 0.091 0.517 £ 0.115

Usnea aurantiacoatra

Locality n°® of Samples n° of Alleles Effective n® of Alleles n° Private Alleles information Index
Chile, Torres del Paine 14 2.857 £0.210 1.899 +0.153 00 0.722 £ 0.077
Chile, Monte Tarn 49 3.810 £ 0.496 2.141 +0.316 0+0 0.718 £ 0.136
Chile, Navarino 74 7.476 £0.770 4.016 £+ 0.415 0.762 £ 0.266 1.490+0.104
Falkland 1 18 3.095 £ 0.337 1.970 £ 0.180 0.048 £ 0.048 0.742 £ 0.098
Falkland 2 18 4.00+0.431 2.642 £0.294 0.190 +0.148 1.011 +0.106
Falkland 3 17 3.524 +0.394 2.280+0.235 0.095 + 0.066 0.847 £0.119
Elephant Island 18 3.238 £ 0.300 1.995 +0.213 0.095 + 0.095 0.753 £ 0.098
King George Island 130 6.476 £ 0.635 2.449 £ 0.275 0.286 £ 0.101 1.037 £ 0.106
Livingston Island 77 7.238 £ 0.756 2.725+£0.349 0.857 £0.221 1.141 +0.117
Deception Island 26 3.381+ 0.327 2.013 £0.165 0+0 0.788 + 0.089

Every individual of U. aurantiacoatra belonged to a different clone. Hence,
there was no evidence for clonal structure of populations (table 9). In C. aculeata

there was strong evidence for clonal reproduction. The program Genodive also
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inferred significant clonal population structure in U. antarctica, although the number

of clones was almost as high as expected.

TABLE 9: Tests for clonal population structure performed in GenoDive. Species,
number of samples, expected and observed number of clones, percent of clones,

and probability P of observing this number of clones under random mating.

Species n° of Samples n° of Expected n° of Observed % p
Clones Clones
Cetraria aculeata 266 210.734 130.000 51.128 0.001
Usnea antarctica 370 369.329 342.000 7.568 0.001
Usnea aurantiacoatra 441 441.000 441.000 0 1.000

Each dataset was clustered with a STRUCTURE analysis (fig. 9). Evanno’s
methods were performed to find out the best number of clusters to fit the datasets.
For all datasets, the first lowest AK value from Evanno’s test was K=4. Antarctic
populations of C. aculeata display extreme regional genetic structure with different
gene pools on the Antarctic Peninsula, King George, and Elephant Islands. The gene
pool on Elephant Island is also relatively common in South America, where it co-
occurs with a fourth gene pool that is absent from Antarctica. South American
populations show no strong differences in gene pool composition. Populations of U.
aurantiacoatra in Falkland and Navarino Island are dominated by local gene pools
that are absent elsewhere. A third gene pool is largely restricted to Antarctica. About
half of the samples from Livingston Island belong to a fourth gene pool that also
predominates in populations from Mt Tarn and Torres del Paine in Chile. Populations
of U. antarctica on Livingston and Deception Island are dominated by two gene pools
that are virtually absent in other localities. Most samples from Elephant Island and
Esperanza belong to a third gene pool that, together with a fourth one, also occur on

King George Island and near Primavera.
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FIGURE 9: Assignment of individuals to gene pools as obtained by running Structure
on the three species datasets. Populations are sorted geographically. Each
population of Usnea sp. and C. aculeata are separated with a dashed line. The
height of each color corresponds to the estimated probability with which the individual

belongs to the respective gene pool.

Since U. antarctica was not found in southern South America, | studied
intercontinental gene flow only for Usnea aurantiacoatra and Cetraria aculeata from
South America and Falkland to three different localities of the Maritime Antarctic,

divided according to the presence of human activities (fig. 10). C. aculeata showed
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dispersal rates of 4.4 migrants per generation from South America to Elephant Island
(low human impact). Gene flow was considerably lower towards the Antarctic
Peninsula (1.5 migrants per generation) and absent towards King George Island. All
Antarctic populations had comparably low effective population sizes (0.3 for Elephant
Island and Primavera base and 0.5 for King George Island). In U. aurantiacoatra, the
highest values of >5 migrants/generation were inferred from South America to
Elephant Island (low human impact). Gene flow into Antarctica along the other routes
was considerably lower and ranged between 1.4 (Falkland to King George Island —
high human impact) and 3.5 (South America to King George Island — high human
impact) migrants per generation. Dispersal between continental South America and
Falkland was negligible (<1 migrants per generation in both directions). Effective
population sizes in different Antarctic localities differed vastly. At the moment, there is

no support for human-mediated intercontinental movement of propagules.

FIGURE 10: MigrateN analysis. The circle represents the region and the arrows
qguantify the migration. On the left is Usnea aurantiacoatra, migration was calculated
from South America and Falkland to 3 Antarctic localities. On the right is Cetraria
aculeata, migration was calculated from merged South America and Falkland to 3

Antarctic localities.
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3.4.DISCUSSION

This thesis is the first work that systematically analyses and evaluates gene
flow of lichens between several localities of South America and the Maritime
Antarctic. Sampling in Antarctica is complicated by the difficulty in reaching the
continent, the harsh climatic conditions, and the distance between different areas of
ice-free plots. Cooperation partners were involved to reduce the travel costs and to
extend the area of the study. This chapter focuses on three lichens species with
different dispersal strategies and history. The two species of Usnea originated in the
southern hemisphere (Walker 1985), but U. aurantiacoatra has a sexual dispersal
strategy while U. antarctica is asexual. In contrast, Cetraria aculeata reaches the
Antarctic from the Arctic passing through the Andes (Fernandez-Mendoza & Printzen
2013), and it also has vegetative dispersal. Information about the spatial genetic
structure of lichens is therefore urgently needed to understand the joint effects of
local human activities and a global temperature increase on Antarctic terrestrial
vegetation.

This chapter provide insights into a range of different topics:

1. The impact of reproductive mode on diversity and spatial structure of Antarctic
lichen populations.

2. The impact of colonization and glacial history as well as stand disturbance on
genetic patterns.

3. The dispersal capacities of lichens.

4. The detection of human impact on propagule dispersion.
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3.4.1. IMPACT OF REPRODUCTIVE MODE ON GENETIC DIVERSITY AND
STRUCTURE

As expected by population genetic theory (e.g. Bengtsson 2003), the sexually
reproducing U. aurantiacoatra shows higher genetic diversity than the mostly asexual
C. aculeata and U. antarctica, both in terms of allele richness and diversity (table 8).
While diversity levels are difficult to compare among Cetraria and U. aurantiacoatra
due to the different numbers of genotyped loci (eight vs. 21), results for the two
closely related Usnea-species indicate that reproductive mode has an impact on
overall and per-population genetic diversity (publication 3). This result is in line with
observations based on DNA sequence data from Degelia plumbea and D. atlantica
(Otélora et al. 2013) showing that the predominantly asexual reproduction in D.
atlantica is associated with lower genetic diversity. The tendency for clonal
population structure in the two asexual species (table 9) provides further evidence
that the lower diversity is in fact due to differences in reproductive mode (see e. g.
Bengtsson 2003).

The high genetic diversity observed in the two Usnea species contrasts starkly
with the low levels of diversity observed in some Antarctic bryophytes based on DNA
sequences (Chorisodontium aciphyllum, Biersma et al. 2018a) or AFLP data
(Sanionia uncinata, Hebel et al. 2018). These low levels were explained by the fact
that Antarctic populations of these mosses rarely show sexual reproduction but may
also be due to the fact that relatively conservative markers were used in those
studies, in contrast to the much more variable SSR markers used in this study. In a
previous study on the genetic diversity of C. aculeata based on DNA sequences from
three gene loci, Domaschke et al. (2012) found only two multigene haplotypes on
King George Island, while in this chapter 14 clones were distinguished (table 9). It is
also noteworthy that the largely asexual U. antarctica displays high allelic richness

and genetic diversity in our samples (table 8).
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3.4.2. IMPACT OF HISTORICAL FACTORS

Biersma and coauthors (2018b) also invoked recent colonization of Antarctic
sites and Pleistocene population size bottlenecks as possible explanations for the
reduced genetic diversity of bryophytes, thereby stressing the importance of historical
factors for the explanation of spatial genetic patterns. The diversity metrics inferred in
this chapter show pronounced regional differences and these patterns, as well as
genetic structure, differ among species. South American populations of Cetraria
aculeata are comprised of about twice as many alleles and have more than four
times higher genetic diversity than Antarctic ones. This confirms previous studies
based on DNA sequence data that also found lower levels of genetic variability in
Antarctic populations of C. aculeata (Domaschke et al. 2012). In U. aurantiacoatra
the number of alleles and private alleles is higher in the Antarctic than in South
American populations, while genetic diversity is equal in both regions. Genetic
differentiation among populations also shows opposite trends in both species. The
results of Bayesian clustering (fig. 9) show that Antarctic populations of C. aculeata
are strongly differentiated while U. aurantiacoatra shows strong differentiation in
South America. These results conform rather well to the level of differentiation found
between geographically isolated populations of Buellia frigida in the Queen Maud
Mountains and other areas in the Ross Sea Region (Jones et al. 2015). In contrast,
South American populations of C. aculeata and Antarctic populations of U.
aurantiacoatra are considerably less well differentiated than their conspecific
populations on the opposite side of the Drake passage. However, isolation by
distance cannot explain these differences, because geographic distances among
populations on both sides of the Drake Passage do not differ markedly. There is also
no evidence that reproductive mode has anything to do with these differences, as the
asexual U. antarctica and the sexual U. aurantiacoatra show similarly low values of
differentiation within the Antarctic. It rather appears that phylogeographic history has
had a major impact on patterns of genetic diversity and differentiation of the studied
lichen populations.

Based on DNA sequence data, Fernandez-Mendoza & Printzen (2013)
previously demonstrated that C. aculeata originated in the Northern Hemisphere and
dispersed into South America during the Pleistocene with later colonization of the

Antarctic. The relatively long presence of C. aculeata in South America together with
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low to moderate levels of gene flow prevented strong genetic differentiation between
populations. The more recent colonization of geographically isolated islands in the
Maritime Antarctic by independent long-distance dispersal events apparently was too
recent to allow homogenization of gene pools by dispersal between these peripheral
populations. The pattern of genetic diversity of C. aculeata is in fact similar to that
displayed by the Mediterranean-Macaronesian Parmelina carporrhizans with diverse,
poorly differentiated source populations in the Mediterranean and genetically less
variable sink populations on the Canary Islands (Alors et al. 2017).

Species of the Neuropogon group of Usnea, on the other hand, have their
center of diversity in the Southern Hemisphere (Walker 1985). Consequently, U.
antarctica and U. aurantiacoatra can be assumed to have evolved either in the
Antarctic or in southern South America. Usnea aurantiacoatra shows a pattern of
population differentiation geographically inverted to that of C. aculeata. In the
Structure analysis, most individuals were assigned to three different gene pools with
a clear geographic pattern. Two of these gene pools are restricted to the Falklands
and Navarino Island, respectively. Individuals from Torres del Paine and Mt Tarn
were assigned to a third gene pool that was also common in the Antarctic,
particularly on Livingston Island. If, as in C. aculeata, stronger differentiation among
lichen populations also indicates a more recent colonization history, then postglacial
recolonization in U. aurantiacoatra apparently took place from southern source

populations.

3.4.3. GLACIAL POPULATION HISTORY

The effects of Pleistocene glacial cycles on the distribution ranges of species
and their genetic diversity have frequently been studied in the Northern Hemisphere
(Hewitt 2004). The effects of southern hemispheric glaciations on biota have received
less attention, but the geographical isolation of Antarctica stands in sharp contrast to
the situation in Arctic areas that are in direct land contact with southern refugia.
Demographic processes, including range shifts, extinction of populations, and
recolonization during glacials and interglacials will therefore likely differ between

these regions (Fraser et al. 2012). The extension of ice caps and severe
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environmental conditions during the last glacial maximum were once believed to
have precluded survival of organisms in polar regions (e.g. Nordal 1987). Nowadays,
the glacial persistence of organisms even in the Continental Antarctic is hardly
guestioned (Pugh & Convey 2008; Hills et al. 2010; Biersma et al. 2018). Nunataks,
perhaps associated with geothermal activities, or debris covering glaciers may have
acted as possible refugial habitats (Fraser et al. 2014). Population genetic studies on
lichens covering glacial refugia and glaciated areas are generally scarce and so far
Antarctic lichens have not been studied in this respect, but a positive impact of long
glacial continuity of populations on genetic diversity, association of private alleles
with glacial refugia, and a gradual decrease of genetic diversity at larger distances
from refugial areas have been observed in a few Northern Hemispheric species
(Printzen et al. 2003; Scheidegger et al. 2012; Allen et al. 2018).

Cetraria aculeata and U. aurantiacoatra show their highest genetic diversity on
Navarino Island. Usnhea aurantiacoatra has a second diversity center on Livingston
and King George Island, where U. antarctica also displays its highest allelic richness
and genetic diversity. As high levels of allelic richness, particularly of private alleles,
generally indicate long persistence and often glacial survival of populations (Widmer
& Lexer 2001), this result provides further evidence for the existence of a southern
Patagonian refugium postulated for plant and fungal species (Sérsic et al. 2011;
Baranzelli et al. 2018; Eizaguirre et al. 2018). The high diversity is also consistent
with recent reconstructions of the Patagonian ice shield indicating that Navarino
Island was at least partly ice-free during the last glacial maximum (LGM; Glasser &
Jansson 2008; Darvill et al. 2014). With the current data it is impossible to say
whether the gradually declining levels of genetic diversity in C. aculeata indicate
postglacial recolonization of more northern localities from the southern refugium or
persistence in smaller refugia. The more pronounced diversity gradient in U.
aurantiacoatra combined with the lack of private alleles in Torres del Paine and Mt.
Tarn suggest that these populations are either of more recent origin or have
experienced more pronounced population size bottlenecks during the LGM, probably
because, as a saxicolous upland species, U. aurantiacoatra had more restricted
glacial habitats than the terricolous lowland Cetraria.

All three species display high allelic richness associated with relatively high
average numbers of private alleles on Livingston and King George Island, indicating

glacial survival in a refugium on the South Shetland Islands. This result is consistent

73



with the reconstruction of Nunataks in the South Shetland Islands, e.g. on Livingston,
King George, and Deception Island (Simms et al. 2011; Ruiz-Fernandez & Oliva
2016). Since it was not possible to confirm the presence of U. antarctica in South
America using molecular genetic data, it could be that this species is an Antarctic
endemic that never managed to establish itself in South America (which may be
regarded as indirect evidence for glacial survival of this species as well). As outlined
above, the subcosmopolitan C. aculeata colonized the Antarctic relatively recently.
The high diversity on King George Island is comparable to that found in South
American populations and, together with a relatively high number of private alleles,
indicates a relatively high, probably pre-glacial age of this population.

In all three species, Antarctic populations on Elephant Island, Deception
Island, and the Antarctic Peninsula show lower genetic diversity. In C. aculeata these
differences are particularly pronounced and, together with high levels of population
differentiation, suggest founder effects during independent colonization events. In
fact, the clone assignment test (additional material in publication 4) ascribes the
population of C. aculeata in Elephant Island as a clone from a South American stand.

The strongly diverging levels of genetic diversity of U. antarctica and U.
aurantiacoatra populations on Livingston and Deception Island merit some attention
as well. Both islands are close to each other and Deception Island, the most active
volcano in the area, was probably not glaciated during the LGM (Simms et al. 2011;
Guillemin et al. 2018). The low number of private alleles and low genetic diversity on
Deception Island could be explained with volcanic activity; the last volcanic eruptions
were reported in 1967, 1969, and 1970 (Lewis-Smith 1984). The eruptions may have
reduced the size of lichen populations present at the time on the Island, resulting in
either a bottleneck due to a strong reduction in population size, or a complete

eradication of lichens and subsequent founder effects during recolonization.
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3.4.4. INTERCONTINENTAL GENE FLOW

Due to its geographical distance from other continents and the strong effects
of the Antarctic Circumpolar Current, Antarctica is considered the biologically most
isolated continent. As judged from levels of endemism, the degree of isolation varies
strongly with the taxonomic group considered (Barnes et al. 2006), and such data for
terrestrial organisms is still very scarce. Distribution patterns of bryophytes and
lichens on sub-Antarctic islands are indeed correlated with the prevailing wind
patterns, indicating directional long-distance colonization (Mufioz et al. 2004).
However, for some bryophytes with bipolar distributions, long-distance dispersal
mediated by migratory birds has been demonstrated (Lewis et al. 2014a, 2014b). The
wide geographical ranges of many lichens and genetic similarities among widely
separated populations have sometimes been interpreted as evidence for ongoing
long-range dispersal, even between continents (Geml et al. 2010). But although
numerous lichen species occur in South America and Antarctica, our data does not
confirm dispersal of lichens across the Drake Passage on short time scales. Since
we could not confirm the presence of U. antarctica in South America, this species
might be an Antarctic endemic that never managed to cross the Drake Passage.
Neither the MigrateN analyses nor genetic differentiation among populations (fig. 10)
indicate high levels of ongoing gene flow in U. aurantiacoatra or C. aculeata. Usnea
aurantiacoatra apparently survived the Last Glacial Maximum in separate refugia
north and south of the Drake passage, while the high genetic differentiation of
peripheral Antarctic populations of C. aculeata suggest in situ survival in small
populations or rare colonization events with founder effects.

The invasion of non-native species and propagule transfer into Antarctica has
been a major concern of conservationists (Hughes & Convey 2010) and is regarded
as “one of the most significant conservation problems in the Antarctic’ (Chown &
Convey 2007). The increasing risk of accidental introduction of invasive species and
genetic homogenization of Antarctic gene pools is due to two interacting factors:
global warming and human transfer.

While global warming is beginning to change the Antarctic Circumpolar Current
and associated aerial currents (Chown et al. 2015; Fraser et al. 2018), exposes so
far uninhabited, disturbed ground, and alleviates physiological stress, growing

numbers of researchers and tourists in the region act as possible vectors for
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propagules. Although this chapter results do not indicate any immediate threat to the
genetic composition of lichen populations, they suggest that C. aculeata and U.
aurantiacoatra are exposed to different risks. Conservation measures for Antarctic
organisms should therefore consider the different phylogeographic histories and
spatial genetic structure of the species. The genetically diverse and poorly
differentiated Antarctic populations of the two Usnea species are apparently
experiencing high natural levels of gene flow. On this background, additional human
transfer of propagules will have comparatively little impact (and would be difficult if
not impossible to detect). The genetically poor and highly differentiated populations
of C. aculeata, on the other hand, require stronger conservation measures to avoid
the introduction of non-native genotypes and the homogenization of gene pools. The
different distributional patterns of both species in South America, a result of their
different phylogeographic histories, exacerbate this problem. U. aurantiacoatra only
occurs in small and isolated patches and prefers higher elevations, reducing the risk
of accidental introduction into Antarctica, e. g. by tourists. In contrast, C. aculeata is
much more widespread in South America and also grows at lower elevations. It

therefore has a much higher chance to be transferred by Antarctic visitors.
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CHAPTER 4: CONCLUSIONS

The aim of this thesis is to clarify the genetic structure among Antarctic lichen
populations in order to evaluate the consequences for conservation strategies, and to
investigate the role of human impact on possible transfer of propagules into the
Antarctic and among Antarctic regions. Before studying the lichen populations, it was
necessary to delimit species of lichens and to develop proper tools able to detect the
genetic diversity within population and genetic differentiation among populations. For
that reason, the second chapter is dedicated to the development of specific markers
(microsatellites and SNPs) able to delimit species and genetic variability. This thesis
is the first work to design microsatellites that cross amplify species pairs to
successfully clarify their phylogenetic relationship. Markers have been developed for
the species pair Usnea antarctica and U. aurantiacoatra because classic molecular
methods based on recommended universal fungal barcode sequences failed to
discriminate between the two morphotypes. Microsatellite markers were also
developed for the well discriminated species pair of Placopsis antarctica and P.
contortuplicata, and were included in this thesis to confirm the reliability of SSRs to
discriminate sister taxa. Then, SNPs obtained with the modern technique RADseq
(based on Next Generation Sequencing) were tested on a small number of Usnea
samples, which gave equivalent results. The main conclusion of chapter two is that
SSRs and SNPs are suitable methods to delimit species pairs and to evaluate the
genetic structure of lichen populations. In addition, chapter two introduced two
innovations: SSRs were applied to lichens to delimit closely related species for the
first time, and second, the methods adopted to develop microsatellites and use

BLAST to compare the genome of one species pair against the other reduced the
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cost of sequencing and therefore increased the probability in developing markers for
non-fungal genomes.

The third chapter of the thesis is dedicated to answering the work hypothesis.
Chapter three uses microsatellites to characterize the genetic structure of Antarctic
lichens, focusing on three species with different dispersal strategies and history. Two
species of Usnea originated in the southern hemisphere (Walker 1985); U.
aurantiacoatra has a sexual dispersal strategy while U. antarctica has a vegetative
dispersal strategy. In contrast, Cetraria aculeata reaches the Antarctic from the Arctic
passing through the Andes (Fernandez-Mendoza & Printzen 2013), and also uses
vegetative dispersal. Chapter three pinpoints that the propagation mode does not
affect the populations’ structure per se, but that the history of the species better
explains the structured pattern of each population. Both the northern immigrant C.
aculeata and the (sub)Antarctic U. aurantiacoatra show higher levels of genetic
differentiation in marginal than central populations. Diversity hotspots for both
species suggest the existence of glacial refugia on Navarino Island and Livingston or
King George Islands, where U. antarctica also displays the highest diversity.
Comparing the vegetative species Cetraria aculeata and Usnea antarctica, they show
different population structure. C. aculeata in the Antarctic displays an elevated level
of regionalism due to a founder effect and the difficulty in spreading from one island
to the other. In contrast, the allele analyses of Usnea antarctica estimated an
elevated number of effective alleles in all localities, confirming high genetic variability
in the Antarctic. Usnea antarctica has not been detected outside of the Antarctic
continent, leading to the conclusion that this species is endemic. Second, in
comparing the Usnea species-pair (sexual and vegetative species), it is clear that
their dispersal strategies do not affect the genetic variability of the species. Indeed, in
the Antarctic populations, the genetic variability is high in both Usnea. A vegetative
dispersal strategy allowed both symbionts to spread together and to quickly colonize
new areas. Perhaps, the presence of the vegetative species could help the sexual
species to encounter a photobiont and could favor its dispersal. However, without
genetic confirmation of the photobionts’ similarity, this idea remains as speculation. It
has been described that different species of lichens with different dispersal strategies
(Umbilicaria spodochroa and Lasallia pustulata) often share the same species of
photobiont within a single site and across different localities (Hestmark et al. 2016).

In addition, Beck and co-authors (2019) showed that Placopsis antarctica and P.
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contortuplicata are clearly separated sister species with different reproductive
strategies, but both share the same photobiont pools.

A positive result for Antarctic conservation is that, at the moment, lichens do
not show any recent gene flow between Southern South America and the Maritime
Antarctic. The isolation of the Maritime Antarctic is likely due to the Drake Passage
and the Antarctic Circumpolar Current, the Sub-Antarctic Front, and Antarctic Polar
Front, which appear to maintain biodiversity in the cold continent. Nevertheless,
global climate change is influencing the composition of terrestrial ecosystems (Nolan
et al. 2018), as the deglaciated area available for vegetation will be profoundly
enlarged in the future (Turner et al. 2005; Meredith & King 2005), and is estimated to
increase up to 25% before the end of this century (Lee et al. 2017). King George
Island has experienced some of the most significant atmospheric temperature rises
of the planet with an increase of around 3.0 °C in the last 60 years, and consequently
lost 7% of its ice cover (Simbes et al. 2015). Rodriguez and co-authors (2018)
studied the Potter Peninsula in King George Island and found three assemblages of
different lichen species’ communities that are dependent on deglaciation and other
variables, such as the altitude of the sampling points. The availability of new ice-free
lands will play an important role in the structure of Antarctic communities, and may
expand their habitat and connect isolate populations. The genetic exchange between
isolated and locally adapted lineages could lead to a homogenization of the Antarctic
species (Terauds et al. 2012) and inter-regional transfer of propagules will become
more frequent, causing a loss of biodiversity as a consequence. Indeed, the strong
genetic structure of Cetraria aculeata calls for protective measures to avoid gene flow
between isolated populations. In addition, in order to preserve the Antarctic genetic
structure of populations, it is important to avoid introducing propagules and non-

native species into the Antarctic.
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FuNGUS-SPECIFIC SSR MARKERS IN THE ANTARCTIC LICHENS
USNEA ANTARCTICA AND U. AURANTIACOATRA
(PARMELIACEAE, ASCOMYCOTA)'

ELisa LacosTiNaZS, FRANCEScO DAL GRANDE?, SIEGLINDE OTT*, AND CHRISTIAN PRINTZEN?

*Department of Botany and Molecular Evolution, Senckenberg Research Institute and Natural History Museum Frankfurt,
Senckenberganlage 25, D-60325 Frankfurt am Main, Germany; Senckenberg Biodiversity and Climate Research Centre (BiK-F),
Senckenberganlage 25, D-60325 Frankfurt am Main, Germany; and “Institute of Botany, Heinrich-Heine-University (HHU),
Diisseldorf, Germany

e Premise of the study: Usnea antarctica and U. aurantiacoatra (Parmeliaceae) are common lichens in the maritime Antarctic.
These species share the same habitats on King George Island (South Shetland Islands, Antarctica) and are distinguishable based
on reproductive strategies.

Methods and Results: We developed 23 fungus-specific simple sequence repeat (SSR) markers that cross-amplify between the
two species. We used a low-coverage genome-skimming approach on one sample of each species to identify SSR repeats in the
two species. Primers were designed for 3—4-bp repeats, and only the loci common to both species were selected for further anal-
yses. Seventy-seven samples of the two species were selected to assess fungal specificity, genetic variability, and linkage of the
markers. In addition, we tested cross-amplification in other Usnea species.

Conclusions: The 23 newly designed SSR markers are suitable for population genetic and phylogeographic studies of Usnea

species.

Key words:

Lichens constitute an important component of Antarctic terres-
trial biota. The most common lichen species in the maritime
Antarctic are Usnea aurantiacoatra (Jacq.) Bory and U. antarctica
Du Rietz (Lecanoromycetes, Parmeliaceae). The two species
occupy similar habitats but show different dispersal strategies,
morphology, and distribution. Usnea antarctica usually propa-
gates asexually by so-called soredia, while U. aurantiacoatra has
apothecia and its thalli are usually larger. Usnea antarctica is
reported to be circumpolar and to have the widest ecological am-
plitude and distribution of any Antarctic macrolichen (@vstedal &
Lewis Smith, 2001), while U. aurantiacoatra is absent from the
continental Antarctic. Phylogenetic analysis, performed on several
Southern Hemisphere Usnea Dill. ex Adans. species, showed that
the two species are closely related, and they are considered a
single group. Some authors have suggested that the two species
might constitute a species pair, in which U. aurantiacoatra rep-
resents the fertile and U. antarctica the sterile counterpart, but
phylogenetic studies indicated that they could be conspecific
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(Wirtz et al., 2012). Here, we developed highly variable micro-
satellite loci to better understand the genetic differences between
the two lichen species and to investigate gene flow between
maritime Antarctica and South America.

METHODS AND RESULTS

Total genomic DNA was extracted from a thallus of U. antarctica from pop-
ulation C1 and from one thallus of U. aurantiacoatra from a population that was
not included in the later primer design (Appendix 1) from King George Island,
Antarctica, in the austral summer of 2015/2016. Twenty milligrams of thallus
were pretreated with acetone to remove secondary metabolites and ground with
liquid nitrogen using a sterilized mortar and pestle. DNA was extracted using a
modified cetyltrimethylammonium bromide (CTAB) protocol (Cubero and
Crespo, 2002). Paired-end libraries (300 bp) were prepared and sequenced on a
MiSeq version 3 (2 x 300-bp) Illumina sequencer (LGC Genomics GmbH,
Berlin, Germany).

We obtained 3,098,758 raw reads for U. antarctica and 1,755,882 for
U. aurantiacoatra. Raw data were adapter-, quality- (PHREAD = 26), and
length- (>150 bp) filtered using Trimmomatic version 0.35 (Bolger et al., 2014).
Forward and reverse reads were assembled with Paired-End reAd mergeR (PEAR)
software (Zhang et al., 2014). The resulting overlapping, paired, and singleton
reads were then assembled with SPAdes version 3.9 (Nurk et al., 2013). Scaf-
folds were taxonomically binned using Metawatt (Strous et al., 2012). Scaffolds
assigned to the phylum Ascomycota were used to search for mycobiont-specific
microsatellite motifs. Simple sequence repeat (SSR) motifs repeated at least six
times were searched in both genomes with the MlcroSAtellite Identification
Tool (MISA) (Thiel et al., 2003), and primers were designed for 3-4-bp repeats
using the Primer3 plugin in Geneious 10 (Kearse et al., 2012). A total of 150
SSRs were identified in the two species. Each repeat from one genome was
BLASTed against the other genome. Due to the partial coverage of both

Applications in Plant Sciences 2017 5(9): 1700054; http://www.bioone.org/loi/apps © 2017 Lagostina et al. Published by the Botanical Society of America.
This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY-NC-SA 4.0), which permits
unrestricted noncommercial use and redistribution provided that the original author and source are credited and the new work is distributed
under the same license as the original.
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genomes, only 30 SSRs were found to share the same flanking regions in silico.
We designed primers for these 30 markers and tested them on four samples of
U. antarctica and U. aurantiacoatra in single touchdown PCR reactions. After
sequencing we selected 23 markers (Table 1) with perfectly matching flanking
regions to be tested in multiplex reactions and on algal pure cultures to confirm
that they were fungal specific. The remaining seven markers were excluded be-
cause of insertions and/or deletions in the flanking regions.

A fluorescent dye—associated tag was attached to the forward primers. Four
different tails were selected to multiplex the reactions (FAM: GCCTCCCTC-
GCGCCA, VIC: GCCTTGCCAGCCCGC, NED: CAGGACCAGGCTACC-
GTG. PET: CGGAGAGCCGAGAGGTG) (Blacket et al., 2012). PCRs were
performed in 25-pL reactions using illustra PuReTaq Ready-To-Go PCR Beads
(GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, United King-
dom) according to the manufacturer’s protocol with the following touchdown

Lagostina et al.—Usnea microsatellite markers

conditions: initial hot start at 94°C for 15 min; five cycles of 94°C for 45 s, 65°C
for 45 s, 72°C for 45 s; five cycles of 94°C for 45 s, 60°C for 45 s, 72°Cfor45 s;
10 cycles of 94°C for 45 5, 57°C for 45 5, 72°C for 45 s: 20 cycles of 94°C for 45's,
55°C for45's, 72°C for 45 s; and final elongation at 72°C for 15 min. The PCR
products were sent to Macrogen Europe (Amsterdam, The Netherlands) for
sequencing to check the stability of the flanking regions in both species. To
confirm that the chosen SSRs are indeed fungal loci, the primers were also tested
on four axenic cultures of Trebouxia jamesii (Hildreth and Ahmadjian) Gértner
isolated from U. antarctica, U. aurantiacoatra, U. lambii (Imshaug) Wirtz &
Lumbsch, and U. trachycarpa (Stirt.) Miill. Arg. (Appendix 1). The PCRs were
performed under the same conditions as above, and no amplifications were
observed.

After fungal specificity of the primers was confirmed, 77 samples from two
populations of U. antarctica and U. aurantiacoatra (sampled in the same areas

Taste 1. Characteristics of 23 fungus-specific SSR primers developed for Usnea antarctica and U. aurantiacoatra.?
Fluorescent ~ Allele size range No. of

Locus Primer sequences (5-3") Repeatmotif  Tail’ dye (bp¥ SSRrepeats A Multiplex  GenBank accession no.

Ual F: GCATCTGGGCTCTTGGACTT (CTT), A FAM 235-271 3-15 9 1 KY940723
R: CATTTGCAGGCAGTCCATCG

Ua2 F: GGGATAACTCGCTATGGCCC (CTT), B VIC 256-283 6-15 9 1 KY940724
R: ACACCCTGATCGATCAAACCA

Ua3  F: ARGCACACGCAAAGCTTCAG (CTG), c NED 248-275 4-13 6 1 KY940725
R: CGGAGGTCTGAATGTCGGAG

Uad F: CTTTCACTGTCCTGCCCTGT (CCT), D PET 277-304 2-13 10 | KY940726
R: GAGACCCCGTGTCCAATCAG

UaS F: GGAAGGGGARGGGGAGAGAT (CTT), A FAM 555-573 8-14 4 1 KY940727
R: GGTGGGCAACTGGAATGGTA

Uab  F: TTGAGCCGCCACAAGAGATT (AAG), B VIC 337-349 4-8 5 1 KY940728
R: ATCGGCCARATTGATACCCCG

Ua7 F: RAGACGGACATTCCACCACC (GGA), D PET 552-573 2-9 5 1 KY940729
R: ACCGCTCTGGCTACCTCTTA

Ua8 F: RAAGAAGCCAGCTTTGACGGA (TGT), A FAM 393402 6-9 4 1 KY940730
R: GCTTGTCTCAGGCAGGATGA

Ua9 F: AACGGAGCTTCCTTCCATTGA (CATC), A FAM 285-297 8-11 4 2 KY940731
R: ACAACACAGACAACCCCGAA

Ual0 F: GACTTTACGGCCCACATCCA (AGA), B VIC 284-314 4-14 8 2 KY940732
R: TTTCCATGTGGCTTGGAGGG

Uall F: TCGCATTATTCGTGCAAGCG (TATG), C NED 254-274 5-10 6 2 KY940733
R: GTAATATCCGCTCGCCCACA

Ual2 F: AGGCGCTGTGTGAGAACC (CGAA), D PET 232-256 3-9 6 2 KY940734
R: AGCAAGACCAAGAAGGCGAG

Ual3 F: CCAAGCCAACCTCAGACCAT (CAG), A FAM 393-408 4-9 6 2 KY940735
R: CGACGTCTCCTTCCATAGCC

Ual4 F: GTCAGCCCATCTACCGTACG (GAA), B VIC 386419 5-16 8 2 KY940736
R: TGGGTTGGGAAAGGAAGTGT

Ual5 F: CGCARACAGTACARCCGGRA (GCT), C NED 341-347 5-7 3 2 KY940737
R: GCCACAACAAAGGTGACGAC

Ual6 F: GTTTGGAAGACCACCGGCTA (AGT), D PET 334-355 10-17 6 2 KY940738
R: CCAAGCACACCCTGACATCT

Ual7 F: ATGACGTGCTGTAGGTGTIGG (CTGGTA), A FAM 403415 4-6 3 3 KY940739
R: GTGTCAAGTGTCGAGCAGGA

Ual8 F: AGGGAGTTCTGCAGGGGATA (GAA), B VIC 355-388 6-17 6 3 KY940740
R: AGTGATTGATGCTCCGGTGG

Ual9 F: AGCCATTTTTCCGAGGTCGT (GAC), C NED 349-367 6-12 4 3 KY940741
R: GCTTTGTTGCGCTTCACTGA

Ua20 F: GATCACTCTTCGAGCTCCCG (AAGC), D PET 405421 6-10 5 3 KY940742
R: CCAGAGTACCTTCCGTTGCA

Ua2l F: TTCCCGAGCTCCAATCACAC (TCC), A FAM 260-272 7-11 5 3 KY940743
R: CCATATCCCGTCCTCGCAAA

Ua22 F: TGGTCCACTTTAGCCAGTCAT (ATG), C NED 272-290 8-14 6 3 KY940744
R: TCTGCCCTTGACATCTTTGACA

Ua23 F: TAGTGCGAGGCCTGATGTTC (CTT), D PET 244-253 6-9 3 3 KY940745
R: ACCGAAAAGGCTTGGACGAT

Note: A = number of alleles.
“Melting temperature (7},) for all primers ranged from 59.1°C to 60.3°C.

"Tails attached to the forward primers: A = GCCTCCCTCGCGCCA, B = GCCTTGCCAGCCCGC, C = CAGGACCAGGCTACCGTG, D = CGGA-

GAGCCGAGAGGTG.
¢The range includes the size of the tail.
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Tase 2. Allelic richness and genetic diversity of SSR loci in four populations of Usnea spp. collected on King George Island.*

U. antarctica

U. antarctica

U. aurantiacoatra U. aurantiacoatra

Total (n="77) (Cl:n=20) (P3:n=19) (Cl:n=20) (P3: n=18)

Locus n mean A H, n A H. n A H. n A H, n A H.

Ual 76 53 0.66 20 3 0.36 19 4 0.61 19 6 0.61 18 8 0.90
Ua2 77 5.3 0.75 20 4 0.71 19 5 0.76 20 6 0.76 18 6 0.78
Ua3 77 2.5 0.38 20 2 0.10 19 3 0.37 20 3 0.37 18 2 0.50
Uad 74 55 0.73 20 5 0.72 19 5 0.78 17 3 0.78 18 7 0.77
Uas 77 1.8 0.08 20 1 0.00 19 2 0.11 20 1 0.11 18 3 0.22
Uab 77 25 0.22 20 2 0.19 19 2 0.28 20 3 0.28 18 3 0.22
Ua7 70 23 0.19 20 2 0.19 19 3 0.20 14 2 0.20 17 2 0.22
Ua8 77 2.3 0.16 20 1 0.00 19 1 0.00 20 4 0.00 18 3 0.22
Ua9 76 25 0.53 20 2 0.44 19 2 0.46 19 3 0.46 18 3 0.66
Ual0 76 45 045 19 4 0.30 19 2 0.11 20 5 0.11 18 78 0.75
Uall 77 43 0.68 20 6 0.79 19 5 0.75 20 3 0.75 18 3 0.62
Ual2 76 28 032 19 1 0.00 19 1 0.00 20 4 0.00 18 5 0.61
Ual3 76 28 0.31 20 1 0.00 19 1 0.00 19 4 0.00 18 5 0.56
Ual4 76 48 0.73 19 4 0.73 19 6 0.82 20 5 0.82 18 4 0.73
Ual5 77 1.5 0.05 20 1 0.00 19 1 0.00 20 1 0.00 18 3 0.22
Ual6 77 25 0.32 20 2 0.10 19 1 0.00 20 4 0.00 18 3 0.66
Ual7 75 30 0.54 19 3 0.29 18 3 0.65 20 3 0.65 18 3 0.57
Ual8 71 30 0.57 20 4 0.57 19 2 049 20 3 0.49 18 3 0.60
Ual9 77 1.5 0.05 20 2 0.10 19 1 0.00 20 1 0.00 18 2 0.11
Ua20 77 2:5 032 20 3 0.59 19 3 0.37 20 2 0.37 18 2 0.11
Ua2l 71 38 0.63 20 4 0.59 19 4 0.59 20 3 0.59 18 4 0.70
Ua22 77 20 022 20 2 0.19 19 2 0.20 20 1 0.20 18 3 0.50
Ua23 77 1.8 0.21 20 1 0.00 19 1 0.00 20 2 0.00 18 3 0.46
Mean 3.05 040 2.61 0.30 261 0.33 322 0.33 3.78 0.51

Note: A = number of alleles; H, = Nei’s unbiased gene diversity; n = total number of samples.

#Locality data for populations can be found in Appendix 1.

on King George Island) were chosen to evaluate the variability of the markers.
All samples were tested with multiplexed PCRs of seven to eight markers with
the Type-it Multiplex Kit (QIAGEN, Hilden, Germany). PCR reactions were
conducted in 10-pL volumes containing 1.5 pg of genomic DNA, 5 pL of PCR
Master Mix, and 3 pL of primer multiplex (0.25 uM of each forward primer and
fluorescent dye, 0.125 pM of each reverse primer). PCR products were amplified
using the same touchdown program as above. PCR amplicons were electropho-
resed using an Applied Biosystems 3730 platform, with the LIZ 600 Size Stan-
dard (Applied Biosystems, Foster City, California, USA), and allele sizes were
manually scored using the Geneious 10 microsatellite tool (Kearse et al., 2012).

The variability of each microsatellite locus was measured by counting the
number of alleles and calculating Nei’s unbiased gene diversity using GenAlEx
6.5 (Peakall and Smouse, 2012). All of the 23 markers amplified in both species.
In U. aurantiacoatra, all of the SSR markers were polymorphic, while five were
monomorphic in U. antarctica (Table 2).

Linkage disequilibrium was tested with GENEPOP (Raymond and Rousset,
1995; Rousset, 2008) twice: separately for each species to estimate P values and
with the two species together to perform a global test (Fisher’s method) for each
pair of loci across populations and species. Holm-Bonferroni correction (Holm,
1979) of the P values resulting from the last test using the implementation by
Gaetano (2013) revealed significant evidence for linkage disequilibrium be-
tween loci Ua3, Ua4, and Ua6 (Ua3-Ua4: P = 0.001, Ua3-Ua6: P = 0.006,
Ua4-Ua6: P =0.0).

Cross-species amplification was tested on DNA extracts of U. sphacelata R.
Br. and U. trachycarpa, two related species from Usnea subgenus Neuropogon
(Nees & Flotow) Jatta (Truong et al., 2013). First, we tested a population of eight
samples of U. sphacelata with the multiplex protocol. To verify the identity and
stability of the flanking regions, we then selected two samples with different

TaBLE 3.

peaks for single PCR amplification and sequencing. The multiplex analysis
was omitted for U. trachycarpa. Thirteen markers showed the same flanking
regions in all three species, five markers had deletions and/or insertions in the
flanking regions in U. sphacelata and U. trachycarpa, and for four markers the
PCRs failed. Marker Ual8 shared the flanking region only with U. sphacelata,
while it had a deletion in U. trachycarpa (Table 3).

CONCLUSIONS

The markers developed here are suitable to study population
structure and gene flow in U. antarctica and U. aurantiacoatra.
The markers shared the same flanking regions in the two spe-
cies and showed high variability even within a small geographic
area. Nineteen of these microsatellite primers also cross-amplify
in related species from Usnea subgenus Neuropogon; how-
ever, the flanking regions of some markers are less stable.
The usability of the newly developed SSR markers for cross-
amplification in other Usnea species therefore requires further
validation using a broader taxon sampling and a higher number
of replicates per species. We conclude that the newly developed
SSR markers presented here can be used to infer gene flow
within Southern Hemisphere lichen populations and resolve
connectivity patterns among populations of U. antarctica and
U. aurantiacoatra.

Cross-amplification of SSR markers developed for Usnea antarctica and U. aurantiacoatra with related species of Usnea subgenus Neuropogon.

Species

Ual Ua2 Ua3 Uad4 Ua5 Ua6 Ua7 Ua8 Ua9 Ual0 Uall Ual2 Ual3 Ual4 Ual5 Ual6 Ual7 Ual8 Ual9 Ua20 Ua2l Ua22 Ua23

D D + — — + +
D D + — — + +

U. sphacelata + — + +
U trachycarpa + — + +

+ +  — + D + + + D + D +
+ + — + D + D + D + D +

Note: + = SSRs present; — = PCR failed; D = deletion/insertion within the flanking region.
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ABSTRACT

Lichens are symbiotic associations consisting of a fungal (mycobiont) and one or more photo-
synthetic (photobionts) partners and are the dominant component, and most important primary
producers, of Antarctic terrestrial ecosystems. The most common lichens in the maritime Antarctic
are Usnea antarctica and U. aurantiacoatra, a so-called “species pair” in which U. antarctica shows
asexual reproduction and propagation via soredia and U. aurantiacoatra forms ascospores in
apothecia. Previous molecular analyses were not able to unambiguously distinguish the two
morphotypes as species. Therefore, the goal of this study was to find out whether fast-evolving
SSR (single sequence repeat) markers are able to separate morphotypes more clearly and help to
clarify their taxonomy. We investigate 190 individuals from five mixed stands of both morpho-
types collected in King George Island and Elephant Island (South Shetland Islands, Antarctica).
Based on 23 microsatellite markers designed from sequenced genomes, discriminant analysis of
principal components (DAPC), Bayesian clustering analysis, and coalescent-based estimation of
gene flow show clear evidence for the existence of two different species distinguishable by
reproductive mode. We did not detect any statistical association between genetic clusters and
three previously reported chemical races of each species.
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INTRODUCTION

practically all other groups of organisms, most lichen

Lichens are symbiotic associations consisting of a fun-
gal partner (mycobiont) and one or more photosyn-
thetic (photobionts) partners living together to form a
coherent structure called a thallus (Ahmadjian 1993).
Lichens are present in virtually all terrestrial habitats
and cover a considerable part of the earth’s surface but
are often overlooked by biologists. Because of this, the
diversity of lichens is still very poorly known. Many
regions outside Europe and North America even lack
preliminary checklists. But the situation is far from
satisfactory in better-studied regions of the world. For
example, the number of lichens reported from North
America has increased linearly over the last 20 years,
from ca. 4000 in 1997 to almost 5500 reported species
today (Esslinger 2015 and previous versions). Although
this increase is largely due to range extensions of
already described species, the number of newly
described species has increased in a similar manner,
particularly within inconspicuous crustose groups
(e.g., Lumbsch et al. 2011; Liicking et al. 2014b). As in

taxa have originally been delimited using a strictly
morphological species concept, although morphological
characters can be notoriously variable in lichens.
Besides poor exploration, unclear species delimitation
due to phenotypic plasticity (Pérez-Ortega et al. 2012;
Wirtz et al. 2012) is probably the most important
reason for our current knowledge gaps.

The use of molecular data offers additional insights
into species limits of lichens. Phylogenetic analyses
indicate that the number of lichen species may have
been grossly underestimated, not only in small crustose
groups occurring in underexplored regions (Liicking
et al. 2014a). Even seemingly well-known macrolichens
from Europe and North America were shown to com-
prise several phylogenetic species (e.g., Blom and
Lindblom 2009; Leavitt et al. 2011; Magain et al.
2015). On the one hand, revised species delimitations
based on molecular data have reinforced the impression
that the true diversity of lichens may be cryptic and
perhaps only recognizable with molecular tools (Crespo
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and Pérez-Ortega 2009; Crespo and Lumbsch 2010;
Lumbsch and Leavitt 2011). In contrast, several recent
studies confirmed that molecular differences between
species may often be correlated with distinctive mor-
phological or chemical characters (Spribille et al. 2011;
Liicking et al. 2014a; Magain et al. 2015).

Hence, although molecular data offer additional evi-
dence, species delimitation in lichens is still not
straightforward. The published studies have so far
almost exclusively relied on DNA sequence data from
relatively few loci. Incomplete lineage sorting (Printzen
et al. 2003) may lead to incongruence between gene and
species trees (Aguileta et al. 2008) and between mor-
phological and molecular species concepts (e.g., Myllys
et al. 2001; Lohtander et al. 2009). These problems
could be overcome by increasing the number of studied
gene loci or by using faster evolving markers. However,
even coalescent-based species delimitation studies uti-
lizing several gene loci and additional data were often
inconclusive (e.g., Leavitt et al. 2011; Kanz et al. 2015,
Singh et al. 2015; reviewed in Leavitt et al. 2015). For
example, attempts to recover six previously identified
phylogenetic groups within Letharia columbiana and L.
vulpina (Kroken and Taylor 2001) using 15 gene loci
(Altermann et al. 2014) could not unambiguously
resolve all lineages. Based on a genome-wide data set,
Leavitt et al. (2016) recently recovered consistent spe-
cies phylogenies for the Rhizoplaca melanophthalma
complex using data sets comprising between one hun-
dred 1000-kb loci and a total of 16.8 Mb, whereas
reconstructions using twenty-five 1000-kb loci differed
among each other. This supports results from simula-
tion studies (Ogilvie et al. 2016) showing that genome-
wide data sets might be necessary to delimit recently
diverged taxa.

Here, we use recently developed microsatellites or
single sequence repeat (SSR) markers to see whether
two morphological species of lichens form distinct
genetic clusters or whether there is evidence for ongoing
gene flow between them justifying their synonymization.
As an example, we take a so-called “species pair” (Poelt
1970) consisting of presumed sister taxa that differ solely
in reproductive mode. Lichen-forming fungi have devel-
oped reproductive strategies involving both sexual and
vegetative propagules that comprise both symbionts in a
single propagule. Asexual, vegetative dispersal has the
advantage of spreading both symbionts together,
whereas sexual reproduction (in lichens restricted to
the fungal partner) requires the germinating spore to
encounter a compatible photobiont partner. The species
within such a pair have presumably diverged only
recently, exacerbating problems with incomplete lineage
sorting. Indeed, several sequence-based studies have

recently failed to find supporting evidence for the exis-
tence of species pairs (e.g., Lohtander et al. 1998; Myllys
et al. 2001; Articus et al. 2002).

We reinvestigate the hypothesized species pair Usnea
antarctica and U. aurantiacoatra, using microsatellites in
addition to DNA sequence data. In order to exclude the
confounding effects of geographical population struc-
ture, we restrict our sampling to maritime Antarctic
populations of the two morphotypes or species. Usnea
is one of the largest genera in the family Parmeliaceae
(Lecanorales, Ascomycota), comprising ca. 350 species
and more than 770 published names (Clerc 1998; Thell
et al. 2012). Its members are characterized by beard-like,
finely branched pendent or erect thalli with a stiff central
axis, are widely distributed in polar, temperate, and
tropical regions (Walker 1985; Clerc and Herrera-
Campos 1997), and are notoriously difficult to identify
due to morphological plasticity. Many authors have
recently tried to clarify the taxonomy of this genus
using multigene data sets (Seymour et al. 2007;
Lumbsch and Wirtz 2011; Wirtz et al. 2008, 2012;
Truong et al. 2013; Mark et al. 2016). Usnea antarctica
and U. aurantiacoatra are the most common lichen
species in the maritime Antarctic and have been sepa-
rated based on their reproductive strategy: U. antarctica
disperses by soredia, whereas U. aurantiacoatra lacks
soredia and forms apothecia. Previous molecular ana-
lyses based on the nuc rDNA internal transcribed spacer
region ITS1-5.8S-1TS2 (ITS) and the gene for the largest
subunit of RNA polymerase II (RPBI) separated these
species from U. sphacelata and U. subantarctica but did
not find support to reliably distinguish them from each
other. It has thus been suggested to synonymize the two
species (Lumbsch and Wirtz 2011; Wirtz et al. 2012). In
many places of the maritime Antarctic, the two species
occupy the same habitats, making them ideal study
objects because genetic differentiation of the two species
can be studied at the local scale.

MATERIALS AND METHODS

Sample collection and site description.—In order to
exclude the confounding effects of geographical
population structure, we sampled four mixed stands of
sorediate (Usnea antarctica) and esorediate morphotypes
(U. aurantiacoatra) in King George Island (South
Shetland Islands, Antarctica) during December 2015
and January 2016: three in km2 (area) around the
Argentinian research station Carlini on Potter
Peninsula and one close to the Russian station
Bellingshausen on Fildes Peninsula. One additional
stand was sampled in Elephant Island (TABLE 1). The
two Usnea species were morphologically identified by
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Table 1. List of stands sampled for this study, with abbreviations, sampling locations, geographic coordinates, sample sizes,

collectors, and herbarium voucher numbers.

Species Abbreviation Sampling location Coordinates Sample size Collector Voucher no.
Usnea antarctica UantKGI1 King George Island 62°14.220'N, 58°39.492'W 20 E. Lagostina, B. Kanz FR-0264579
Usnea antarctica UantKGI2 King George Island 62°14.363'N, 58°39.202'W 18 E. Lagostina, B. Kanz FR-0264580
Usnea antarctica UantKGI3 King George Island 62°15.174'N, 57°38.971'W 19 E. Lagostina, B. Kanz FR-0264581
Usnea antarctica UantKGl4 King George Island 62°11.416'N, 58°55.604'W 19 M. Andreev FR-0264583
Usnea antarctica UantEF Elephant Island 61°13.337°N, 55°21.581'W 19 M. Andreev FR-0264582
Usnea aurantiacoatra UaurkGIl King George Island 62°14.220'N, 58°39.492'W 20 E. Lagostina, B. Kanz FR-0264584
Usnea aurantiacoatra UaurKGI2 King George Island 62°14.363'N, 58°39.202'W 20 E. Lagostina, B. Kanz FR-0264585
Usnea aurantiacoatra UaurkGI3 King George Island 62°15.174'N, 57°38.971'W 18 E. Lagostina, B. Kanz FR-0264586
Usnea aurantiacoatra UaurKGl4 King George Island 61°12.217°N, 58°57.833'W 19 M. Andreev FR-0264589
Usnea aurantiacoatra UaurEF Elephant Island 60°12.992'N, 55°21.527'W 20 M. Andreev FR-0264587

their reproductive strategies following Olech (2004).
Samples with soredia were identified as Usnea
antarctica, whereas samples without soredia (and with
apothecia) were named U. aurantiacoatra. In total, we
sampled 95 thalli identified as U. antarctica and 95
assigned to U. aurantiacoatra.

DNA extraction, amplification, and sequencing.—
Total DNA was extracted from young terminal
branches without signs of infection by parasitic fungi.
Branches were collected in 2-mL reinforced tubes with
metal beads inside and ground with the Bead Ruptor 24
(Omni International, Kennesaw, Georgia) in three
cycles of 25 s at speed 4.20. Before each cycle, tubes
were dipped in liquid nitrogen for 15 s. DNA was
extracted with the Plant Mini kit (Qiagen, Hilden,
Germany) according to the  manufacturer’s
instructions. The nuc rDNA ITS1-5.8S-ITS2 region
(ITS) was amplified using primers ITS1F (Gardes and
Bruns 1993) and ITS4 (White et al. 1990). Polymerase
chain reactions (PCRs) were performed in 25 pL
volume using Illustra PureTaq ready-to-Go PCR beads
(GE Healthcare Life Sciences, Little Chalfont,
Buckinghamshire, UK) containing 5 pL of DNA
extract and 0.4 nM of each primer. Cycling conditions
included initial denaturation at 94 C for 5 min; five
cycles of 94 C for 30 s, 54 C for 45 s, and 72 C for 60 s;
33 cycles of 94 C for 30 s, 48 C for 30 s, and 72 C for 60
s; and a final elongation step at 72 C for 10 min. The
PCR products were sequenced by Macrogen Europe
(Amsterdam, The Netherlands), and the sequences
were assembled, edited, and manually aligned with
Geneious 10 (Kearse et al. 2012). We used the TCS
algorithm implemented in popART (Clement et al
2002) to generate a haplotype network.

Microsatellite analysis.—We used the 23 fungal-
specific microsatellite markers published by Lagostina
et al. (2017) to genotype our samples. The data set has
been deposit in PANGEA (https://doi.pangaea.de/10.
1594/PANGAEA.892967). Because it has recently been

shown that Basidiomycetes may be obligate partners of
ascomycetous lichen symbioses (Spribille et al. 2016),
we checked whether our markers were specific to
Ascomycetes by comparing the contigs from which
they were developed against the National Center for
Biotechnology Information (NCBI) database using the
BLASTn approach. Twenty-one out of the 23 contigs
(ca. 3000-35000 bp in length) contained genes with
sequences most similar to Ascomycota. Two of the
five shortest contigs did not show closer similarity to
any sequences deposited in GenBank.

Markers were amplified in three different 10-uL
multiplex reactions following the protocol by
Lagostina et al. (2017). PCR amplicons were electro-
phoresed using an Applied Biosystems 3730 platform,
with the LIZ 600 size standard (Applied Biosystems,
Waltham, Massachusetts), and allele sizes were manu-
ally scored using the Geneious 10 microsatellites tool
(Kearse et al. 2012). To partition the observed genetic
variance within and among stands for each species and
between species, we performed an analysis of molecular
variance (AMOVA) on the full data sets and on the two
subsets containing only one of the two species Usnea
antarctica and U. aurantiacoatra using Arlequin 3.5
with default parameters (Excoffier and Lischer 2010).

We inferred the genetic structure within our sample
with discriminant analysis of principal components
(DAPC) using the R package ApEGENET 2.1.0 (Jombart
2008; Jombart and Ahmed 2011). DAPC was chosen
over classical multivariate analyses (principal compo-
nent analysis [PCA], discriminant analysis [DA])
because the purpose of our study was to identify
groups, and, in contrast to other multivariate methods,
DAPC attempts to maximize among-group variation
(Jombart et al. 2010). Analyses were run with 40, 50,
and 60 retained principal components to check results
for consistency. Models with different numbers of k
(genetic groups) were compared using Bayes factors.
In order to explore the impact of the number of loci
on our results, we also ran DAPC analyses using only
loci from one of the three multiplex reactions (first
multiplex with eight primers, Ual-Ua8; second
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multiplex with eight primers, Ua9-Ual8; and third
multiplex with seven primers, Ual9-Ua23; Lagostina
et al. 2017).

To confirm the clustering of samples, we ran a
STRUCTURE (2.3.4) analysis (Pritchard et al. 2000;
Falush et al. 2003) using the same matrix as for the
DAPC analysis. The analyses were based on 10 serial
runs for each number of clusters (k) between 2 and 10.
Admixture models used a uniform alpha prior, inde-
pendent allele frequencies, and no prior population
information. All analyses were run for 5 x 10° genera-
tions after a burn-in of 25 x 10" generations. To esti-
mate the optimal number of admixture clusters, we
used the summary likelihood statistics AK proposed
by Evanno et al. (2005) at the Web site http://taylor0.
biology.ucla.edu/structureHarvester.

The coalescent-based method Migrate-n 3.6.11 was
used to test for the presence of gene flow between the
two morphotypes. Relative mutation rate among loci
was estimated from the data. Bayesian estimates of
mutation-scaled immigration rates and 0 were obtained
for three migration (gene flow) models: a full-migration
model with two “population” sizes (one for each mor-
photype) and gene flow into both populations/morpho-
types, and two models with two “population” sizes and
the migration rate for one of the populations/morpho-
types set to zero to model absence of gene flow between
morphotypes. We used uniform priors (0.0-25) on
both 6 and M divided into 1500 bins and ran four
chains with static heating (temperatures of 1, 1.5, 3,
and 10 000) for 10 replicated long runs of 1 x 105
generations (sampling every 500th step) with a burn-
in of 5 x 104. We used the Bezier approximation score
to calculate the Bayes factor and selected the most
probable among the three models. Convergence of
Markov chains was monitored with Tracer (http://
beast.bio.ed.ac.uk). All effective sample sizes of the
Markov chain Monte Carlo (MCMC) chain were larger
than 10°.

Chemical analysis.— Usnea is a genus rich in secondary
metabolites, some of which have been used to
discriminate species or chemotypes. Usnic acid is found
in all species of Usnea. Walker (1985) distinguished the
same three chemical “races” in U. antarctica and U.
aurantiacoatra: containing (i) fumarprotocetraric acid,
(ii) norstictic and salazinic acids, and (iii) only usnic
acid. In order to check whether the genetic variability in
our sample was associated with chemical differences, we
identified secondary metabolites of our samples using
thin-layer chromatography (TLC) in solvent C (toluene:
acetic acid, 20:3) according to Arup et al. (1993).

Correlations between secondary metabolite patterns and
morphological and genetic groupings were tested by
Fisher’s exact test using an online calculator at http://
www.physics.csbsju.edu/stats/. We tested the association
of three chemotypes found in our data set with two and
five genetic clusters (corresponding to two potential
species and the optimal clustering solution found by
DAPC).

RESULTS

ITS analysis.—We generated nuc rDNA ITS1-5.8S-1TS2
region (ITS) sequences from 179 samples of Usnea
antarctica and U. aurantiacoatra selected from five mixed
stands of both morphotypes; sequences of 33 haplotypes
(14 for U. antarctica and 19 for U. aurantiacoatra) were
deposited in GenBank (accession numbers MG200275-
MG200307; see SUPPLEMENTARY MATERIAL 1) and
also in PANGEA (https://doi.pangaea.de/10.1594/
PANGAEA .892969). The total alignment was 666 bp long
and included an intron of 216 bp length 226 bp from the 3’
end of the small subunit of the ribosomal RNA. Our
alignment included 33 polymorphic sites, 15 of them in
the intron. The haplotype network (FIG. 1) shows 33
haplotypes. Usnea aurantiacoatra was genetically more
variable (20 haplotypes) than U. antarctica (15
haplotypes). Sorediate and esorediate morphs do not form
reciprocally monophyletic groups on the haplotype
network, and even share two haplotypes. Nevertheless,
they appear relatively well clustered.

Microsatellite analysis.—The success of polymerase
chain reaction (PCR) amplification was 100% for 19
SSRs. Three markers reported one to three null alleles
in four different stands. One marker had six missing
peaks in one stand. We generated information for 95
samples of each Usnea morphotype, with 6 missing
alleles in 4 samples of sorediate (U. antarctica) and 18
missing alleles in 16 samples of esorediate samples (U.
aurantiacoatra). To summarize, the data set lacked 22
from an expected total of 4370 peaks.

The results of the AMOVA (TABLE 2) highlighted
that the largest portion of the total genetic variation
(55.80%) was found between the two morphotypes
(fixation index [FST] = 0.58), followed by variation
within stands (“populations”) (41.78%). Variation
among stands but within morphotypes was low
(2.42%). AMOVA on data sets for the single morpho-
types displayed similarly low levels of variation among
stands and most of the variation within stands (U.
antarctica 96.25%, U. aurantiacoatra 93.04%).
Nonsorediate morphotypes (Usnea aurantiacoatra)
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Figure 1. Haplotype network of Usnea antarctica (87 samples) and U. aurantiacoatra (92 samples) based on an alignment of 666 bp
of partial 185-ITS1-5.85-partial ITS2 sequences. White circles represent U. antarctica and gray circles are U. aurantiacoatra; long lines
connect linked haplotypes; small horizontal lines represent single mutational steps (substitutions) between haplotypes. The size of
the circles is correlated with the number of samples belonging to the haplotype.

Table 2. AMOVA for five mixed stands of sorediate Usnea antarctica and esorediate U. aurantiacoatra sampled on King George Island

and Elephant Island and for the single morphotypes.

Source of variation df Sum of squares Variance components Percentage of variance

AMOVA: five stands of Usnea antarctica and five stands of U. aurantiacoatra
Among species 1 553 816 5735 55.80*
Among stands within species 8 72 089 0.24837 2.42
Within stands 180 772 932 4294 41.78
Total 189 1399 10 277

AMOVA: five stands of Usnea antarctica
Among stands 4 24.55 0.137 3.75
Within stands 90 317 482 3528 96.25
Total 94 1399 10 277

AMOVA: five stands of Usnea aurantiacoatra
Among stands 4 45 556 0.352 6.96
Within stands 90 423 413 4705 93.04
Total 94 468 968 5057

*P = 0.000 + 0.0009.

showed almost twice as much variation between stands
than the sorediate ones.

DAPC pointed out a clear genetic separation of the
two morphotypes (FIG. 2). The Bayesian information
criterion (BIC) for models with different numbers of
clusters k indicated a sharp drop between k = 1 and k =
2 and a minimum at k=5 (k = 1: 510.00; k = 2: 411.52;
k =3:407.57; k = 4: 405.57; k = 5: 404.21; k = 6: 404.60).
In all of the models from k = 2 to k = 6, sorediate and
nonsorediate samples were assigned to different genetic

clusters with the exception of a single individual from
stand KGI2 originally identified as U. antarctica due to
the apparent presence of soralia. No geographically
restricted genetic clusters were observed for k = 2 to k
= 6 (see SUPPLEMENTARY MATERIAL 2). Analyses
based on 40, 50, and 60 retained principal components
did not change the assignment of samples to clusters
(data not shown). Likewise, DAPC on data sets con-
taining only seven or eight SSR loci separated the two
morphotypes in a similar manner (SUPPLEMENTARY
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Figure 2. Results of DAPC based on Usnea morphotypes; num-
ber of principle components = 50, number of groups k = 2.
Upper panel: assignment of samples to clusters. Names on the
right indicate morphotype and stand. With one exception (in
UantKGI2), sorediate and esorediate samples are assigned to
different clusters. Lower panel: density distribution of esoredi-
ate (gray = Usnea aurantiacoatra) and sorediate (black = Usnea
antarctica) morphs along the first discriminant function. Vertical
strokes on the x-axis indicate individuals.

MATERIAL 3). Reinvestigation of the single wrongly
assigned thallus revealed that the “soralia” were in fact
protuberances presumably caused by a lichenicolous
fungus and that the specimen was likely a damaged
individual of U. aurantiacoatra.

DAPC was also run to test the clustering of samples
according to chemical races (see below) retaining 50
principal components and using k = 2 and k = 5 groups

(see SUPPLEMENTARY MATERIAL 4). In both ana-
lyses, chemical races and genetic clusters were incon-
gruent. For the case of k = 2, this is evident from FIG.
2. For k = 5, clusters 1 and 4 comprised samples of U.
antarctica whereas all samples from clusters 2, 3, and 5
belonged to U. aurantiacoatra but chemotypes were
scattered across all clusters. Nevertheless, Fisher’s
exact test suggested that the associations of chemical
races with k = 2 and k = 5 genetic clusters were not
random (P < 0.001 in both cases).

STRUCTURE analyses were run for numbers of
clusters between k = 2 and k = 10. FIG. 3 displays the
result for k = 2 (the optimal solution following the
approach by Evanno et al. 2005). The analysis con-
firmed that sorediate and nonsorediate morphotypes
belong to different clusters.

Models with one migration rate set to zero for one of
the morphotypes received higher support than the
model assuming bidirectional migration, with the best
model being the one assuming no migration from
Usnea aurantiacoatra (TABLE 3) and low levels of
gene flow from U. antarctica (M = 0.32). The inferred
effective population size of U. aurantiacoatra (6 = 3.38)
was slightly larger than that of U. antarctica (0 = 2.39).

Chemical analysis.—Secondary metabolite profiles
were generated for the total data set of 190 samples
(TABLE 4). Usnic acid was found in all samples.
Fumarprotocetraric acid and usnic acid (“race 17)
were found in nine sorediate (U. antarctica) and 38
nonsorediate (U. aurantiacoatra) thalli. Salazinic acid
and usnic acid occurred only in one sorediate specimen
collected in Elephant Island; this chemotype is like
“race 2”7 of Walker (1985) but lacks norstictic acid.
Eighty-five sorediate and 57 nonsorediate samples had
no metabolites other than wusnic acid (“race 3”
according to Walker 1985).

Figure 3. Bar plot of the STRUCTURE analysis for k = 2 clusters. All sorediate individuals are clearly assigned to cluster 1 (orange), the
esorediate ones to cluster 2 (blue). Only one sorediate individual from stand UantKGI2 and one esorediate from UaurKGI3 show some

evidence of admixture.
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Table 3. Log marginal likelihoods (ImL), log Bayes factors, and
model probabilities for three migration models based on 23
SSRs and stands of U. antarctica and U. aurantiacoatra.

Model Bezier ImL Log Bayes factor Model probability
1 —17728.83 —3578.94 0
2 —17052.66 —2226.6 0
3 —15939.36 0 1

Note. Model 1: bidirectional gene flow; Model 2: no gene flow from U.
antarctica; Model 3: no gene flow from U. aurantiacoatra.

Table 4. Chemical analysis of Usnea morphotypes divided for
populations.

Race Race Race

Morphotype Abbreviation No. 1 2 3
Sorediate” “U. antarctica” UantKGI1 20 — — 20
Sorediate “U. antarctica” UantKGI2 18 2 — 16
Sorediate “U. antarctica” UantKGI3 19 3 — 16
Sorediate “U. antarctica” UantKGl4 19 2 — 17
Sorediate “U. antarctica” UantEF 19 2 1 16
Total sorediate “U. antarctica” 95 9 1 85
Nonsorediate “U. aurantiacoatra” UaurKGI1 20 9 — 1"
Nonsorediate “U. aurantiacoatra” UaurKGI2 20 8 — 12
Nonsorediate “U. aurantiacoatra” UaurKGI3 18 6 — 12
Nonsorediate “U. aurantiacoatra” UaurKGl4 19 8 — n
Nonsorediate “U. aurantiacoatra” UaurEF 18 7 — n
Total nonsorediate 95 38 0 57

“U. aurantiacoatra”

Note. Race 1: usnic and fumarprotocetraric acids; race 2: usnic and salazinic
acids; race 3: usnic acid only.

DISCUSSION

The delimitation of species is of basic importance because
species are the fundamental units in many fields of biol-
ogy. Depending on the organismal group and the specific
focus of researchers, different species concepts have
focused on phenotypic and ecological differences, repro-
ductive features, limitations of gene flow, or phylogenetic
or genealogical relatedness of individuals (morphological,
ecological, biological, phylogenetic, etc., species con-
cepts). De Queiroz (2007) recently highlighted that,
despite their apparent differences, more or less all species
concepts agree in defining species as separately evolving
population-level lineages and summarized their com-
monalities in the general lineage concept of species. As
in most other organismal groups, most lichens were ori-
ginally described as morphospecies, but traditional char-
acters used to differentiate species are nowadays
increasingly supplemented by approaches based on mole-
cular data (Hausdorf and Hennig 2010). However, multi-
locus DNA sequence data sets were often not able to
resolve hypothesized morphospecies in several groups of
lichens (Lohtander et al. 1998; Myllys et al. 2001; Articus
et al. 2002; Altermann et al. 2014). In this study, we tested
whether highly variable microsatellite markers may com-
plement other data sets for species delimitation studies.
SSRs have previously been used to discriminate species in
plants (e.g., Cycadaceae, Feng et al. 2016) and animals
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(e.g., ants, Ross et al. 2010; Lepidoptera, Lumley and
Sperling 2011).

In lichen fungi, SSRs have been used to evaluate
population structure and gene flow in different species
(e.g., Lobaria pulmonaria, Walser et al. 2005; Parmelina
carporrhizans, Alors et al. 2017), but so far no studies
have used SSRs for species delimitation. One of the
reasons may be that microsatellites frequently do not
amplify across species. The SSR markers used in this
study were designed based on draft genomes of both
Usnea species and amplify sorediate as well as esoredi-
ate samples (Lagostina et al. 2017). This is evident from
our data set with less than 0.5% null alleles.

Our analyses demonstrate that U. antarctica and U.
aurantiacoatra form two separate genetic lineages.
Although our samples were taken from five mixed stands
(10 “populations”), DAPC and STRUCTURE divided our
sample into two well-separated clusters that correlate with
the two reproductive types. Accordingly, the AMOVA
allocated most of the genetic variation between the puta-
tive species and the migration analysis found no support
for ongoing gene flow between them. These results also
hold when only 7 to 8 out of 23 SSR loci are used.

Walker (1985) detected three chemical “races”
within U. antarctica and U. aurantiacoatra. Our data
set contained two of these chemotypes for either of the
two species and one thallus, with an additional so far
unreported chemotype with salazinic in addition to
usnic acid, similar to race 2 of Walker (1985). These
chemotypes are not completely associated with any of
the genetic clusters detected by DAPC. However,
Fisher’s exact test revealed that they are not randomly
distributed either among the two morphotypes or
among the genetic clusters. This adds evidence for the
existence of two independently evolving lineages but
provides no support for a further taxonomic subdivi-
sion of each species based on chemical characters.

The recent debate around the species status of U.
antarctica and U. aurantiacoatra arose because phyloge-
netic trees and haplotype networks did not resolve the
two as mutually exclusive monophyletic lineages
(Lumbsch and Wirtz 2011; Wirtz et al. 2012). Our hap-
lotype network, based on a data set including a poly-
morphic type I intron near the end of the ribosomal
small subunit (SSR) that has not previously been studied
in this group, confirms this finding. Similar to previous
studies, it shows the two morphotypes as nonmonophy-
letic lineages sharing two haplotypes with each other.
The two morphotypes, however, are clustered in the
network, a pattern supporting the DAPC and
STRUCTURE results. Although this is somewhat spec-
ulative, we think that previous studies may also have
suffered from the inclusion of misidentified samples. In
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our sample, one individual was initially apparently
wrongly assigned to Usnea antarctica due to soredia-
like protuberans on the thallus surface probably caused
by a lichenicolous fungus. A reinvestigation of samples
from previous studies could resolve this question but is
beyond the scope of the present study.

The clear separation between reproductive types in
the DAPC analysis could be due to either the higher
number of loci studied by us or the higher evolutionary
rates of SSR loci. In our example, evolutionary rate
apparently plays a more important role because seven
to eight SSRs still recover the clear separation between
the two morphotypes. This finding may have important
implications for the use of DNA barcoding. The nuc
rDNA ITS1-5.8S-1TS2 region (ITS), the suggested uni-
versal barcode for fungi (Schoch et al. 2012), appears to
evolve too slowly to allow reliable separation of geneti-
cally independent lineages. This result is in line with the
observation of slow genetic drift in lichens by Printzen
et al. (2003) who used ITS and parts of the intergenic
spacer region (IGS) to study population structure of
Hypogymnia hultenii and failed to find clear haplotype
groups in geographically widely disjunct and presum-
ably long isolated populations. Similarly, ITS and mito-
chondrial Small Subunit Ribosomal DNA repeat
(mtSSU) regions failed to separate species of the
genus Endocena (Icmadophilaceae; Fryday et al. 2017).

Our data suggest that the presence and absence of
soredia can be used to safely discriminate between U.
antarctica (with soredia) and U. aurantiacoatra (with-
out soredia). The presence of apothecia, on the other
hand, is a more unreliable character, because young
thalli of U. aurantiacoatra often lack apothecia. Care
must also be taken not to mistake galls on parasitized
thalli of U. aurantiacoatra for soralia, as the single
apparently wrongly assigned sample shows. Species
pairs have previously been reported from a wide variety
of lichen genera, although the idea of asexual lineages
arising from sexually reproducing lichen species has
always remained contentious (see Tripp 2016 for a
recent review) and many early studies failed to recon-
struct presumed species pairs as reciprocally monophy-
letic (e.g., Lohtander et al. 1998; Myllys et al. 2001).
More recent molecular analyses have found increas-
ingly more evidence that species pairs do exist (e.g., in
Lobaria; Cornejo and Scheidegger 2015), and our study
confirms this. Although we detected lower genetic
variability in U. antarctica than in U. aurantiacoatra,
probably reflecting the higher effective population size
of sexually reproducing species, U. antarctica was sur-
prising variable, contradicting the old idea that asexu-
ally reproducing, sorediate lichens constitute “clones or
groups of clones” (Tehler 1982).

To summarize, by confirming the species status and
distinction of U. antarctica and U. aurantiacoatra, our
study provides further evidence for the existence of spe-
cies pairs in lichens distinguished chiefly or exclusively by
their mode of reproduction (sexual vs. vegetative). The
two species studied here can safely be distinguished by
the presence of soralia in the asexual counterpart. The
presence or absence of apothecia, on the other hand, is
not a useful distinguishing character. This is in line with
the general observation that, with few exceptions, vegeta-
tively reproducing lichens may also form apothecia under
favorable ecological conditions. Although DNA sequence
data from the suggested barcoding marker for fungi (ITS)
do not resolve both taxa as reciprocally monophyletic
lineages, SSR data leave no doubt that they are genetically
isolated. We therefore recommend caution in lumping
closely related lichen taxa just because DNA sequence
data show them to be nonmonophyletic.
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Additional material 1. List of sequences deposited in Genbank.

ITS
Species Population  Sample Genbank
code
Usnea antarctica UantKGI1 Uant_001 MG200275
Usnea antarctica UantKGI1 Uant_002 MG200276
Usnea antarctica UantKGI1 Uant_004 MG200277
Usnea antarctica UantKGI1 Uant_009 MG200278
Usnea antarctica UantKGI1 Uant_010 MG200279
Usnea antarctica UantKGI1 Uant_020 MG200280
Usnea antarctica UantKGI2 Uant_022 MG200281
Usnea antarctica UantKGI2 Uant_033 MG200282
Usnea antarctica UantKGI2 Uant_037 MG200283
Usnea antarctica UantKGI2 Uant_038 MG200284
Usnea antarctica UantKGI3 Uant_043 MG200285
Usnea antarctica UantEF Uant_384_ MG200286
Usnea antarctica UantKGI4 Uant_402 MG200287
Usnea antarctica UantKGI4 Uant_407 MG200288
Usnea aurantiacoatra UaurKGI1 Uaur_064 MG200289
Usnea aurantiacoatra UaurKGI1 Uaur_065 MG200290
Usnea aurantiacoatra UaurKGI1 Uaur_067 MG200291
Usnea aurantiacoatra UaurKGI1 Uaur_069 MG200292
Usnea aurantiacoatra UaurKGI1 Uaur_070 MG200293
Usnea aurantiacoatra UaurKGI1 Uaur_071 MG200294
Usnea aurantiacoatra UaurKGI1 Uaur_072 MG200295
Usnea aurantiacoatra UaurKGI1 Uaur_073 MG200296
Usnea aurantiacoatra UaurKGI2 Uaur_091 MG200297
Usnea aurantiacoatra UaurKGI2 Uaur_096 MG200298
Usnea aurantiacoatra UaurKGI2 Uaur_101b MG200299
Usnea aurantiacoatra UaurKGI3 Uaur_114 MG200300
Usnea aurantiacoatra UaurKGI3 Uaur_418 MG200301
Usnea aurantiacoatra UaurEF  Uaur_419 MG200302
Usnea aurantiacoatra UaurEF  Uaur_421 MG200303
Usnea aurantiacoatra UaurEF  Uaur_433 MG200304
Usnea aurantiacoatra UaurKGI4 Uaur_440 MG200305
Usnea aurantiacoatra UaurKGI4 Uaur_449 MG200306
Usnea aurantiacoatra UaurKGIl4 Uaur_450 MG200307
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Additional material 2. Results of DAPC based on Usnea morphotypes; number of principle
components = 50, number of groups, a. k=3, b. k=4, c. K=5, d. K=6. Insert graphs: assignment
of samples to clusters. Names on the right indicate morphotype and stand. With one
exception (in UantKGI2), sorediate and esorediate samples are always assigned to different
clusters while no geographically restricted genetic clusters are observed.
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Additional material 3. DAPC based on Usnea morphotypes;, a. PCs 40 k=2, b. PCs 60 k=2, c.
PCs 50 k=6, d. 8 SSRs markers (Ual-Ua8) from the first multiplex reaction, e. 8 SSRs markers
(Ua9-Ual6) from the second multiplex reaction, f. 7 SSRs markers (Ual7-Ua23) from the
third multiplex reaction.
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Additional material 4. Results of DAPC based on Usnea morphotypes and chemical races, a.
DAPC based on 50 PCs and k=2 clusters. Density distribution of esorediate (blue = Usnea
aurantiacoatra) and sorediate (red = Usnea antarctica) morphs along the first discriminant
function. Insert graphic: assignment of chemoraces to clusters, b. Same for k=5 groups.
Genetic clusters discriminate between morphotypes but not between chemical races.
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Abstract

Neuropogonoid species in the lichen-forming fungal genus Usnea exhibit great morphological variation
that can be misleading for delimitation of species. We specifically focused on the species delimitation of
two closely-related, predominantly Antarctic species differing in the reproductive mode and representing
a so-called species pair: the asexual U. antarctica and the sexual U. aurantiacoatra. Previous studies have
revealed contradicting results. While multi-locus studies based on DNA sequence data provided evidence
that these two taxa might be conspecific, microsatellite data suggested they represent distinct lineages. By
using RADseq, we generated thousands of homologous markers to build a robust phylogeny of the two
species. Furthermore, we successfully implemented these data in fine-scale population genomic analyses
such as DAPC and fineRADstructure. Both Usnea species are readily delimited in phylogenetic inferences
and, therefore, the hypothesis that both species are conspecific was rejected. Population genomic analyses
also strongly confirmed separated genomes and, additionally, showed different levels of co-ancestry and
substructure within each species. Lower co-ancestry in the asexual U. antarctica than in the sexual U. au-
rantiacoatra may be derived from a wider distributional range of the former species. Our results demon-
strate the utility of this RADseq method in tracing population dynamics of lichens in future analyses.

Copyright Felix Grewe et al This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Over the last decades, the use of DNA sequence data to delimit species and reconstruct
phylogenetic relationships has become standard (Barraclough and Nee 2001; de Queiroz
2007; Holder and Lewis 2003; Huelsenbeck et al. 2001; Taylor et al. 2000; Wiens and
Penkrot 2002). In groups with high morphological plasticity and homoplasy in pheno-
typical data sets, such as fungi, molecular data have dramatically changed our understand-
ing of evolution and coinciding taxonomic interpretations (Hibbett et al. 2007; James et
al. 2006; Lutzoni et al. 2004; McLaughlin et al. 2009; Robbertse et al. 2006; Schoch et al.
2009; Spatafora et al. 2017; Spatafora and Robbertse 2010; Stajich et al. 2009).

The general lincage species concept (de Queiroz 2007) allows researchers to use
different empirical data to test the hypothesis of lineage separation, including pheno-
typical characters and molecular data. The latter dataset often provides strong evidence
if analysed within a rigorous statistical framework (Rannala 2015). With regards to
species delimitation, numerous studies of lichen—forming fungi detected distinct line-
ages lacking obvious distinguishing phenotypical characters, the so-called cryptic spe-
cies (Bickford et al. 2007; Crespo and Lumbsch 2010; Crespo and Pérez-Ortega 2009;
Lumbsch and Leavitt 2011). However, some studies also demonstrated that morpho—
logically distinct populations could not be separated using single— or multi-locus genet-
ic data. These results have been interpreted cither as an indication of recent diversifica-
tion and incomplete lineage sorting (Leavitt et al. 2016a; Zhao et al. 2017) or that the
phenotypes represented populations of the same species (Articus etal. 2002; Buschbom
and Mueller 2006; Kotelko and Piercey-Normore 2010; Lohtander et al. 1998; Myllys
et al. 2001; Velmala et al. 2009). The latter result was often found in so-called species
pairs. These are lichens that differ in forming either ascomata and reproducing sexually
or forming asexual diaspores (soredia), which propagate the fungal and photosynthetic
partner simultancously (Mattsson and Lumbsch 1989; Poelt 1970; Tehler 1982). Oth-
erwise, these species are morphologically identical, but were traditionally regarded as
distinct species due to their different reproductive modes (Poclt 1972). The Parmo-
trema petfomtum group was used as a model system of species delimitation based on
the reproductive mode and secondary metabolites (Culberson and Culberson 1973).
However, a recent study suggests that the phylogenctic relationships between sexual
and asexual populations might be more complex (Widhelm et al. 2016).

We here focus on a complex of two morphologically similar species that differ in
their reproductive mode and are considered a species pair in the genus Usnea: U. au-
rantiacoatra and U. antarctica, the latter reproducing by asexual soredia (Walker 1985).
Within the genus, there is group of species predominantly occurring in Antarctica and
adjacent cool-temperate to polar regions with a thallus that consists of yellow (containing
usnic acid) and blackish areas (caused by melanins). Species in this group, which is also

called neuropogonoid (Lumbsch and Wirtz 2011; Wirtz et al. 2008), can be difficult to
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distinguish by their general appearance and hence, molecular data, such as DNA marker
sequencing, can be helpful in delimiting lincages (Articus 2004; Lumbsch and Wirtz
2011; Seymour et al. 2007; Wirtz et al. 2008; Wirtz etal. 2012). Earlier studies based on
morphological and chemical data considered the ncuropogonoid species as a subgenus
Neuropogon in Usnea (Lamb 1964; Walker 1985) or as a distinct genus Neuropogon (Krog
1976; 1982; Lamb 1939). Molecular studies confirmed Usnea (including Newropogon)
as a monophyletic genus within Parmeliaceae (Crespo et al. 2007); however, the rela-
tionship of Neuropogon and Usnea remained ambiguous. A two-marker DNA analysis
of Usnea clevated Neuropogon to a generic rank (Articus 2004), but subsequent studies
provided evidence that Neuropogon is polyphyletic with a core group nested within Usnzea
(Seymour et al. 2007; Wirtz et al. 2008; Wirtz ct al. 2012; Wirtz et al. 2006). Multi-
locus DNA sequence data could not delimit individuals of the species U. antarctica and
U. aurantiacoatra (Seymour et al. 2007; Wirtz et al. 2012) suggesting that they might
be conspeciﬁc. In contrast, a recent microsatellite study provideci evidence that the two
species represent isolated lincages (Lagostina et al. 2018). Given the contradicting results
of multi-locus and microsatellite data, we decided to employ a reduced genomic dataset
to revisit the species delimitation of U. antarctica and U. aurantiacoatra.

'The advent of next-generation sequencing (NGS), also referred to as high-through-
put sequencing, drastically changed the scale of molecular datasets for systematic anal-
yses and revolutionised our ability to assess evolutionary histories of organisms (Kraus
and Wink 2015; Wachi et al. 2018; Zimmer and Wen 2015). Many molecular studies,
such as the former species delimitation efforts for neuropogonoid Usnea spp., were
limited to, at most, a dozen markers because their production would require tedious
lab work and costly Sanger-sequencing (Hoffman and Lendemer 2018; Wilkinson et
al. 2017). Population genomics of closely related organisms often relied on the de-
scriptive power of microsatellite markers (Hodel et al. 2016). Compared to these tra-
ditional lab methods, NGS techniques allow a relatively straight-forward production
of genome-scale datasets. Direct sequencing NGS methods, such as de-novo genome
sequencing (Ellegren 2014), re-sequencing (Stratton 2008) or RNAscq of expressed
genes (Ozsolak and Milos 2011; Wickett et al. 2014), can provide whole genome-scale
data but may still be limited by high sequencing costs. Therefore, these methods are
rarely applied to population studies which require the sequencing of many individu-
als. However, often a subsct of the genome entails sufficient polymorphisms to answer
questions of phylogenetic or population genomic studies. Hence, many NGS methods
for systematic analyses are designed to be economical and generate reduced genome
representation datasets (Allendorf 2017; Davey et al. 2011). One of these reduced
representation methods is genotype-by-sequencing and its altered approach, which is
known as restriction associated DNA sequencing (RADseq) (Baird et al. 2008). We
recently designed a RADseq approach for metagenomic data derived from symbiotic
lichen genomes, which allows reduced representation genomic analyses of numerous
individuals for population-scale studies (Grewe et al. 2017).

By using genome-wide single nucleotide polymorphisms (SNPs) produced by re-
striction site-associated DNA sequencing (RADseq) of predominantly Antarctic li-
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chcn—forming fungi, our main aim in this study was to clarify the taxonomy of asexual
Usnea antarctica and sexual Usnea aurantiacoatra and test their hypothcsised species
pair relationship. To further support our ﬁndings, we applicd population genomic
methods to measure the degrce of genomic divergcnce and infer the levels of co-ances-
try for each species.

Methods

Sample collection and site description

Samples were collected in Antarctica between December 2015 and January 2017. From
these collected specimens, we chose to compare 105 representative specimens of the
species U. antarctica and U. aurantiacoatra for this study (see derails of specimens in
Suppl. material 1). All selected specimens were cither collected on King George Island
(65) and Elephant Island (19) of the South Shetland Islands or in the Northern part
of the Antarctic Peninsula (21) near the research bases Esperanza and Primavera. Fifty-
cight of the 105 selected specimens were identified as U. antarctica and 47 specimens
were identified as U. aurantiacoatra based on their phenotypical characters (Walker
1985). As a reference sequence to filter for lichen-fungal loci of U. antarctica and U.
aurantiacoatra during the RADseq processing, we sequenced a specimen of U. strigosa
that was collected in Arkansas, U.S.A. (Suppl. material 1).

DNA extraction

Total metagenomic DNA was extracted either by foilowing a ccryltrimethylammo—
nium bromide (CTAB) protocol as modified by Cubero et al. (1999) or by using
the ZR Fungal/Bacteriai DNA MiniPrep Kit (Zymo Research, Irvine, CA, USA) as
recommended by the manufacturer. We used the whole lichen thalli for DNA extrac-
tion from U. antarctica and U. aurantiacoatra, but only the central axis in U. strigosa
to preferentially extract DNA from the lichen fungus (to avoid the photobiont). DNA
concentrations of all samples were quantified with a Qubit fluorometer (Thermo Fish-

er Scientific, Waltham, MA, USA).

Reference Sequencing and Assembly

We first deep-sequenced and assembled a reference sequence of an Usnea strigosa
specimen to aid in mapping lichen-fungal loci during the processing of metagenomic
RADseq data. A paired-end [llumina sequencing library of 150 bp read lcngth was
constructed from total DNA with the Nextera XT DNA Library Prep Kit (Illumina,
San Diego, CA, USA) and scquenccd on a NextSeq platform at the University of II-
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linois Chicago’s Sequencing Core Facility (Chicago, IL, USA). The resulting reads were
quality trimmed using the programme Trimmomatic v0.36 (Bolger ct al. 2014). Bases
were trimmed when the average quality of 4-base sliding windows was below 15 and
bases at the start and end of reads had a quality below 10. Subsequently, all trimmed
reads, shorter than 25 bp, were filtered out (LEADING:10 TRAILING:10 SLIDING-
WINDOW:4:15 MINLEN:25). The trimmed reads were used for a genome assembly
with the programme SPAdes v3.5 (Bankevich et al. 2012) with default parameter set-
tings. The assembled metagenomic scaffolds were loaded into the programme Meta-
Watt v3.5.3 (Strous et al. 2012) for a binning based on tetranucleotide frequencies.
Scaffolds of fungal origin that clustered together were separated from the remaining
scaffolds. All selected scaffolds that were larger than 10 kb were then included into the
final reference sequence of U. strigosa. We used the Core Eukaryotic Gene Mapping
Approach (CEGMA) to estimate the genomic completeness of the assembly (Parra et
al. 2009). Finally, we created a Bowtic2 (Langmead and Salzberg 2012) database from
the selected scaffolds for the mapping approach to filter for fungal RAD loci.

RADseq Library Preparation and Sequencing

RADseq libraries for Usnea antarctica and U. aurantiacoatra were prepared as described
previously (Grewe et al. 2017). In short, for the RADseq library production, DNA
isolations were pooled with sequence adapters (Rubin and Moreau 2016), subsequent-
ly digested with the restriction enzyme ApeKI (New England Biolabs, Ipswich, MA,
USA) and ligated using T4 ligase (New England Biolabs). Up to 48 samples with com-
patil)le barcodes were pooled and selected for ﬁ'agments of sizes between 300 and 500
bp using the BluePippin DNA size selection system (Sage Science, Beverly, MA, USA).
The pooled libraries were ampliﬁed using the REDTaq ReaclyMix (Sigma—Aldrich, St.
Louis, MO, USA) prior to sequencing on an Illumina MiSeq using the MiSeq Reagent
Kitv3 for 150 cycles (Illumina, San Diego, CA, USA) to produce single-end sequences
with a length of 150 bp.

Assembly of RADseq datasets

The raw reads of U. antarctica and U. aurantiacoatra from the MiSeq sequencing
were processed and assembled as described earlier for metagenomic datasets of lichens
(Grewe et al. 2017). This process used a combination of the ipyRAD (https://github.
com/derencaton/ipyrad/blob/master/docs/index.rst) and pyRAD (Eaton and Ree
2013) pipelines with an additional mapping step that filtered for lichen-fungal loci
with a reference sequence. Subsequently, we refer to the raw Illumina RAD sequences
as ‘read” and name the clustered reads per individual sample ‘loci’; the final matrices
are alignments of homologous loci from multiple samples with nucleotide substitu-

tions referred to as ‘SNP’. In pyRAD, we set the datatype to genotype—by—sequencing
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(gbs), ploidy to haploid (1), a similarity threshold for the clustering of reads within
and between individuals to 90% (.90) and a minimum coverage of four individuals
per locus (4). For the reference-based filtering of RAD loci, we used Bowtic2 with
adjusted parameters to allow one permitted mismatch (-N 1), a sced length of 20 (-L
20), up to 20 seced extension attempts (-D 20) and a maximum “re-seeding” of 3 (-R
3). Following an initial round with all sequenced samples, we re-ran step / of pyRAD
and excluded samples with less than 1000 recovered loci. We used the filtered pyRAD

output ﬁiCS, such as unlinked_snps, aileles and VCf, fOI’ further anaiyses.

Phylogenetic reconstructions

Phylogenetic trees were calculated from all unlinked SNPs of the filtered RADseq
dataset, i.c. a matrix that was limited to one SNP per RAD locus. This matrix was used
for a RAXML v7.2.8 (Stamatakis 2006) maximum likelihood analysis using the GTR
+ G model. For cach analysis, 100 bootstrap replicates were calculated using the fast
bootstrapping option implemented in RAXML (Stamatakis et al. 2008). The resulting
phylogenetic tree was midpoint rooted and drawn to scale with FigTree v1.4.3 (htep://
tree.bio.ed.ac.uk/software/figtree/).

Analysis of population structure

To calculate differences in the population structure between U. antarctica and U. au-
rantiacoatra, we created a reduced dataset that included all sites with a minor allele
frequency (MAF) greater than or equal to 0.05 and greater than 50% coverage using
veftools v0.1.15 (Danecek et al. 2011). This reduced vef file was converted into a
genind object from the R package adegenet v2.0.2 (Jombart and Ahmed 2011; Jom-
bart et al. 2010). The genind object was appended with additional information set-
tings for lmploid genomes and the population memberships for samples according to
their initial identification based on morphological characters. With all information en-
closed, the genind object became subject to population genetics analyses encoded in R.
To determine the degree to which both populations are subdivided, we estimated
Gst (Nei 1973) and Hedrick’s standardised genetic differentiation measures G'st (He-
drick 2005) and Jost'’s D (Jost 2008) by using the R package mmod v1.3.3 (Winter
2012). Gst is a good measure when the mutation rate is small relative to migration rate;
contrarily, G’st and D fit to data with high mutation rates and two populations (Whit-
lock 2011). We used these multiple statistics to get a comprehensive measure of genom-
ic differentiation. In a population pairwise comparison, we calculated these indices per
site and plotted the values by frequency in separate histograms for Gst, G’stand D.
The genetic structure of samples of U. antarctica and U. aurantiacoatra was evalu-
ated with the Discriminant Analysis of Principal Components (DAPC) implemented
in the R package adegenet v2.02. This non-parametric method first transforms the data
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using a principle components analysis (PCA) and subsequently distinguishcs between
two or more groups using a discriminant analysis (DA). The DAPC was conducted
by using the first 60 principal components and all (ewo) DA-cigenvalues. In addition
to the display of the genetic variation in genomic space, the DAPC allows a prcdic—
tion of the group membership probability for each sample which is visualised in a
STRUCTURE-like plot.

In addition to the nonparametric approach with DAPC, we used a model-based
method to detect population subdivision using the programme fineRADstructure
(Malinsky et al. 2018). This software is specifically designed to measure population
structure amongst haplotypes inferred from RADseq datasets. We used the script fine-
rad_input.py included in fineRADstructure-tools (https://github.com/edgardomortiz/
fineRADstructure-tools) to convert the pyRAD alleles output into the input format
for fineRADstructure. During the conversion, we also reduced the dataset to only
unlinked loci (default parameter) with a minimum sample number of 4 (--minsample
4). As recommended by the authors, we then re-ordered the unsorted RAD loci with
the script sampleLD.R which is part of the fineRADstructure package. Next, we used
the scripts, RADpainter and fineSTRUCTURE, which are both implemented in fine-
RADstructure, to measure the population structure. First, we calculated the co-ancestry
matrix with RADpainter for haploid datasets (-p 1). We then used ineSSTRUCTURE
for the Markov chain Monte Carlo (MCMC) clustering algorithm with the following
arguments: -x 100,000, -z 100,000 and -y 1,000. We also started ineSSTRUCTURE
with the arguments -m T and -x 10,000 to run a simple tree-building algorithm on the
darta of the co-ancestry matrix. Finally, the co-ancestry matrix, MCMC output and the
coalescence tree were loaded into the programme ‘Finestructure GUT’ for visualisation.

Reproducibility

The U. strigosa reference sequence and all scripts that were used in this study are avail-
able online (https://github.com/felixgrewe/Usnea). All RAD sequences were deposited
in the NCBI Sequence Read Archive (SRA) with accession number PRINA505526.

Results

Reference assembly and RADseq results

We assembled a draft reference genome of U. strigosa to filter for fungal RAD loci from
U. antarctica and U. aurantiacoatra. The Illumina NextSeq sequencing of the whole U.
strigosa lichen resulted in 8,552,530 metagenomic paired-end reads. First, we trimmed
these raw data which reduced the paired-end reads to 8,366,962 (97.78% of raw data).
The trimmed read pairs were then assembled into 16,932 scaffolds (N50 = 12,750 bp)
with a total size of 40.9 Mbp (including 1,187 scaffolds of sizes larger than 10 kb).
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Metagenomic binning identified 28.92 Mbp of the assembly as fungal derived from
which we selected 1,100 scaffolds (N50 = 23,562 bp) with sizes largcr than 10 kb; all
but two of these scaffolds were continuous assemblies (contigs). The sorted draft genome
of U. strigosa had a total size of 24.1 Mbp and an estimated complctcness of 72.18%.
We included 105 specimens of U. antarctica and U. aurantiacoatra that were collect-
ed in Antarctica in four RADseq libraries (Suppl. material 2). The sequence read number
of each sample varied widely from 13,659 for sample EL0059 to 1,942,819 for sample
EL0074 with an average sequence read number of 488,468 (sd = 313,604). The number
of loci (within sample clusters) that pyRAD generated from these sequences directly cor-
related with the initial number of sequences (R2 = 0.8017, Suppl. material 3). An aver-
age of 21.8% (sd = 2.9%) of all loci mapped to the lichen fungus reference genome and,
of these, an average of 85.4% (sd = 5.5%) were included into the final pyRAD datasct.
The numbers of loci before and after the mapping were directly correlated (R2 = 0.7598,
Suppl. material 3); however, the number of mapped loci reached saturation at an aver-
age of 6,496 (sd = 801) for samples with more than 40,000 initial loci. In addition, the
number of mappcd loci were strongly correlated to the number of loci included in the
final dataset (R2 = 0.9869, Suppl. material 3). Two samples of U. antarctica (EL0059,
EL0281) and two samples of U. aurantiacoatra (EL0415, EL0437) had less than 1,000
loci in the final dataset and were removed from the analysis. All remaining 101 samples

in the final dataset had on average of 4,143 (sd = 1,316) loci (Suppl. material 2).

Phylogenetic analysis of RADseq data

The phylogcnctic analysis of the RADseq data showed two distinct and highiy supportccl
clades corrmponding to the phenotypically circumscribed species U. antarctica and U. au-
rantiacoatra (Figure 1). The phylogcnctic tree was calculated from a matrix with 7,087
positions and 53.24% gaps. Most internal relationships within each clade remained un-
resolved; however, the U. antarctica clade showed higher internal support values than
the U. aurantiacoatra clade. Within the U. antarctica clade, three sister relationships of
U. antarctica (EL0001 and EL0409, EL0382 and EL0390, EL0713 and EL0743) had a

100% bootstrap support and short branches, indicating low genomic divergence.

Population genomic analyses of RADseq data

We determined the degree to which both species complexes are subdivided by Gst, G'st
and D measurements. For these analyses, we included only SNPs with a MAF greater
than 0.05 and more than 50% coverage. This reduced the RAD dataset to a total of
4,132 SNPs. We plotted the frequency of Gst, G’st and D measures for each SNP
(Figure 2). A strong tendency towards 1 for most SNPs in all three measures strongly
indicated that genomes of both species were completcly isolated. This was also sup-

portcd by the average measures of Gst, G’stand D of 0.70, 0.93 and 0.60, rcspcctivcly.
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The same reduced dataset of 4,132 SNPs was used to differentiate the genomes by
their variation in a non-parametric approach with a DAPC (Figure 3A). The DAPC
combines a PCA with a DA for a separation of genomes based on their variance be-
tween groups rather than the total variance of the sample. The resulting clusters of both
species were clearly separated in genomic space and showed no evidence for admixture.
In addition, the group mcmbership probabilities indicated absolute discrimination of
the two species by the DAPC assigning each individual with 100% probability to their
respective species (Figure 3B).

The separation of U. antarctica and U. aurantiacoatra was further supportcd by the
results of a Bayesian model-based approach with the programme fineRADstructure. By
converting the pyRAD allele output for ineRADstructure, we reduced the dataset to
3,803 unlinked SNPs with a minimum coverage of 4 samplcs. The rcsuiting clustered
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Figure 3. Genomic variation by non-parametric DAPC. A DAPC plot of the densities of U. antarctica
(blue) and U. aurantiacoatra (green) on the first retained discriminant function B Bar plot of group mem-
bership probabilities.

co-ancestry matrix showed that both species shared more co-ancestry within each other
than between species (Figure 4). By comparing both species clusters, U. aurantiacoatra
showed a highcr estimated co-ancestry than U. antarctica (Figure 4A). To avoid a sam-
pling bias, we reduced the dataset for the fineRADstructure analysis to include only
samples collected on King George Island and Elephant Island. This reduced the dataset
to 80 samples and 3,652 unlinked SNPs with a minimum coverage of 4 samples. The
resulting plot of the reduced dataset also showed higher shared co-ancestry within each
species compared to that between species, but estimated higher co-ancestry of U. ant-
arctica than U. aurantiacoatra (Figure 4B), opposite to the entire dataset. In addition,
both matrices visualised different dcgrccs of intraspeciﬁc co-ancestry and suggested
substructure for a group of three specimens of U. antarctica from Potter Peninsula,
King George Island (EL0022, EL0034 and EL0051) and for six specimens of U. au-
rantiacoatra from Fildes Peninsula, King George Island (EL0444, EL0435, EL0445,
EL450, EL0455 and EL0453). Morcover, two U. antarctica specimen pairs collected
on King George Island (EL0001 and EL0409, EL0382 and EL390) and one pair col-
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A1mar—

Figure 4. Clustered fineRADstructure co-ancestry matrix. A Full dataset including U. antarctica col-
lected on the Antarctic Peninsula in addition to U. antarctica and U. aurantiacoatra collected on King
George Island and Elephant Island B Reduced dataset with all Ul antarctica and U. aurantiacoatra col-
lected on King George Island and Elephant Island. Two major clades are corresponding to the two species
U. antarctica (top-left) and U. aurantiacoatra (bottom-right). The top and left trees were calculated from
the co-ancestry matrix to sort the individuals by their population structure. The matrix is diagonally split

into the top-right half showing raw data and the bottom-left half displaying aggregated data.
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lected on the Antarctic Peninsula (EL0713 and EL0743) showed the highest degrees of
co-ancestry demonstrating very close relatedness, such as sister or clonal relationships.
These results agrecd with the phylogcnetic inference (see above) in which the same
U. antarctica specimens were close sister taxa.

Discussion

In this study, we used RAD sequencing for evaluating the delimitation of two predom-
inantly Antarctic Usnea species. Phylogenetic evidence and population genomic analy-
ses of the RADseq data strongly supported that the two species represent independent
lineages. Although both species showed no overlapping genomic structure in a DAPC,
we could compare levels of co-ancestry and detect genomic substructure within each
species in a fineRADstructure plot.

In previous studies using multi-locus approaches, including the ITS barcoding
marker (Schoch et al. 2012), the relationship of U. antarctica and U. aurantiacoatra
remained unresolved and, since specimens of both species did not separate as different
clades, conspcciﬁcity of the species was not ruled out (Seymour et al. 2007; Wirtz et al.
2012). Our study using RADseq supports the results obtained using microsatellite data
that suggested the two species are distinct lincages (Lagostina et al. 2018). In U. ant-
arctica and U. aurantiacoatra, the taxonomic interpretation of species pairs as separate
species (Poelt 1972) is supported.

We devcioped a RADseq method for lineages involved in intimate symbiotic as-
sociations (Grewe et al. 2017), which we here successfully implemented for the use
of dciimiting two species. Different to the prcviously described RADseq method that
used a reference genome from a lichen-fungal culture, we successfully generated a refer-
ence genome from a metagenomic de-novo assembly of U. strigosa. The filtering of the
metagenomic assembly for fungal derived content reduced the size and completeness
of the fungal reference (28.92 Mbp, CEGMA: 72.18%) compared to the reference
genome assembly from a lichen-fungal culture which was used in ecarlier studies (31.6
Mbp, CEGMA: 96.77%) (Grewe et al. 2017; Leavitt et al. 2016b). However, the satu-
ration of successfully mapped loci to the reference (Suppl. material 3) suggested that
the maximum number of possibie mappcd loci was reached for samplcs with many
initial loci. Therefore, although using a smaller reference and less fungal derived loci
than in our initial study (Grewe et al. 2017), this RADseq approach still was successful
in mapping a large number of fungal loci sufficient for phylogenetic and population
genomic methods. This widens the potential application of RADseq for intimate sym-
biotic organisms and includes studies where cultures of one symbiotic partner are not
readiiy available.

RADseq data are extremely powerful, since the method generates a matrix of thou-
sands of homologous loci derived from randomly distributed regions across the ge-
nome. Many studies have successfully used large RADseq datasets for phylogenetic
analysis which were difficult to resolve due to insufficient signals in available markers
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(Eaton and Ree 2013; Escudero et al. 2014; Hipp et al. 2014; Vargas et al. 2017; Wag-
ner et al. 2018). Our phylogenctic and population genomic results from the RADseq
dataset clearly delimited U. antarctica and U. aurantiacoatra into two lineages (Fig-
ures 1-4) supporting the acceptance of two species. This confirms that closely related
species are difficult to separate using sequence-based multi-locus approaches and great
care should be taken when interpreting results from molecular studies when it comes
to testing for conspecificity. On the other hand, the microsatellite-based multi-locus
approach by Lagostina et al. (2018) rendered almost identical results, including nearly
100 % correct assignment of samples to their species.

The fineRADstructure matrix estimated lower co-ancestry (and hence higher
genotypic variation) for the sexually-reproducing U. aurantiacoatra, compared to the
asexually-reproducing U. antarctica when comparing samples that were collected in
the same geographic range (Figure 4B). This result agrees with carlier observations that
asexual populations have lower genotypic variation than sexual populations in model-
ling approaches (Balloux et al. 2003) and empirical measures (Delmotte et al. 2002).
Morecover, Lagostina ct al. (2018) inferred lower genetic variability for U. antarctica
than U. aurantiacoatra using 23 microsatellite loci. These authors also used samples
collected in mixed stands of both species from King George and Elephant Island.
When we increased our sampling of U. antarctica to include a much wider gcographi—
cal range (Antarctic Peninsula in addition to King George and Elephant Island) com-
pared to the sampling of U. aurantiacoatra (King George and Elephant Island only),
the matrix indicated increased levels of co-ancestry and a lower genotypic variation
(Figure 4A). Although this comparative analysis is lacking collections of U. aurantia-
coatra from the Antarctic Peninsula for a direct comparison, it should be noted that
U. antarctica covers a wider geographical range than U. aurantiacoatra (Walker 1985)
and this wider species distribution might increase genetic variability. The difference in
distribution may result from the main form of rcproductivc units of both Usnea. The
exclusively sexual U. aurantiacoatra reproduces via the dispersal of ﬁlngal spores which
are requircd to meet with an appropriate photobiont after germination. The asexual
U. antarctica on the other hand is in majority vegetatively reproducing via soredia,
which alreacly include the photobiont. Therefore, even if both reproductivc units are
dispersed over similar distances, the success rate of colonisation may be higher for
soredia and explain the overall wider distribution and therefore genetic variability of
U. antarctica. Finally, it was predicted that a small number of sexual individuals per
generation — and U. antarctica rarely can be found with apothecia — is sufficient to
make an apparently asexual population highly variable (Bengtsson 2003).

Despite the lower co-ancestry of U. antarctica compared to U. aumantiacoatra, we
detected three pairs of very close relatives with high co-ancestry of U. antarctica (Fig-
ure 4). The three pairs were collected on Elephant Island, King George Island and on the
Antarctic Peninsula, respectively and may indicate almost immediately related clones. On
Elephant Island and the Antarctic Peninsula, the pairs were collected in the same loca-
tions with a greater chance to pick up clones. However, the clonal pair from King George
Island must have dispersed between Fildes and Potter Peninsula over ice or water bounda-

137



Population genomic analyses of RAD sequences resolves the phylogenetic... 105

ries prior to our collection. Contrarily, none of the individuals of U. aurantiacoatra ex-
pressed similarly close relationships. However, we could detect substructure for a group
of six individuals of U. aurantiacoatra collected at the same location and three specimens
of U. antarctica collected at different locations on King George Island, which indicates
the potential of this analysis to identify (sub)population structure. Using this detailed
method to measure co-ancestry on a deeper sampling of individuals of Usnea may, in
future, provide a comprehensive picture of population structure and diversification.

Conclusion

We successfully used RADseq for phylogenetic and po pulation genomic studies on two
species of the lichen-fungal genus Usnea. Phylogenetic inference using RAD data clear-
ly delimited the species U. antarctica and U. aurantiacoatra into two lineages, which
were irresolvable using multi-locus DNA sequence markers. Furthermore, the RADseq
approach offered sufficient genotyping data for conclusive population genomic analy—
ses. We used RADseq to measure lower co-ancestry in the asexual U. antarctica than
in the sexual U aurantiacoatra, potentially derived from a wider geographical distribu-
tion of U. antarctica in our sample. These results show that RADseq has much poten-
tial for future phylogenetic and population genomic studies on lichens, particularly for
groups of organisms which remained unresolved l)y multi-locus markers.
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Specimen Collector Species Name Continent Location Coordinates sampling
Number date
TW2605 Todd Widhelm Usnea strigosa North America USA, Arkansas, Queen Wilhelmina State Park 34°41'N94° 19' W 19.05.16
ELO001 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
EL0002 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO004 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO006 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
EL0010 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO011 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO013 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO015 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
EL0022 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
EL0026 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO028 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO034 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO040 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO042 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' $58°38.971'W 22.12.15
ELO044 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO045 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S58°38.971' W 22.12.15
ELO047 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO051 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO052 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO057 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO059 Elisa Lagostina Usnea antarctica Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELOO64 Elisa Lagostina Usnea aurantiacoatra ~ Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO065 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO068 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO069 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO072 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO074 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO082 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.220' S 58° 39.492' W 18.12.15
ELO085 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO086 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO087 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.16
ELO088 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO091 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
EL0093 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO095 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO098 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO100 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°14.363' S 58° 39.202' W 27.12.15
ELO107 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO110 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO111 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO113 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' S58°38.971'W 22.12.15
ELO114 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' $58°38.971' W 22.12.15
ELO115 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO118 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' S 58°38.971' W 22.12.15
ELO121 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' $58°38.971'W 22.12.15
ELO124 Elisa Lagostina Usnea aurantiacoatra  Antarctica King George Island, Potter Peninsula 62°15.174' $58°38.971'W 22.12.15
ELO375 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO377 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO380 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO381 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO382 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO387 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO390 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO393 Mikhael Andreev Usnea antarctica Antarctica Elephant Island 61°13.337' S 55° 21.581' W 08.02.16
ELO396 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416'S 58° 55.604' W 08.04.16
ELO397 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416'S 58° 55.604' W 08.04.16
ELO398 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416' S 58° 55.604' W 08.04.16
EL0402 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416' S 58° 55.604' W 08.04.16
EL0408 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416' S 58° 55.604' W 08.04.16
ELO409 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62° 11.416' S 58° 55.604' W 08.04.16
ELO410 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416' S 58° 55.604' W 08.04.16
ELO413 Mikhael Andreev Usnea antarctica Antarctica King George Island, Fildes Peninsula 62°11.416' S 58° 55.604' W 08.04.16
ELO415 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992' S 55° 21.527' W 04.02.16
ELO416 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992' S 55° 21.527' W 04.02.16
ELO417 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992'S 55° 21.527' W 04.02.16
ELO419 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992'S 55° 21.527' W 04.02.16
ELO420 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992' $ 55° 21.527' W 04.02.16
ELO423 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992' S 55° 21.527' W 04.02.16
ELO426 Mikhael Andreev Usnea aurantiacoatra  Antarctica Elephant Island 61°12.992' S 55° 21.527' W 04.02.16
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Within . s e
Specimen , MiSeq sample Loci Percentage Loci in final Loci in fin
Number Species Name sequencing cluster mapped to mapped  dataset dataset

(loci) refernce (>1000)
ELO0O01  Usnea antartica 556,958 22,561 4,915 21.8% 4,106 4,108
ELO002  Usnea antartica fis6,335 11,131 2,559 23.0% 2,393 2,393
ELO004  Usnea antartica 423,463 20,713 4,934 23.8% 4,081 4,083
ELO006  Usnea antartica 294,306 19,364 4,424 22.8% 4,133 4,133
ELOO10 Usnea antartica B47,330 16,384 3,718 22.7% 3,006 3,008
ELO011  Usnea antartica 807,277 16,342 3,681 22.5% 3,029 3,026
ELO013  Usnea antartica Bi6,494 19,259 4,570 23.7% 3,772 3,774
ELO015  Usnea antartica 406,654 22,695 5,103 22.5% 4,665 4,666
EL0O022  Usnea antartica 210,615 12,658 3,029 23.9% 2,380 2,382
EL0O026  Usnea antartica [1,639,547° 36,253 8,246 22.7% 7,169 7,170
EL0O028  Usnea antartica 201,408 13,476 3,070 22.8% 2,852 2,852
ELO034  Usnea antartica [i8s,669 13,088 3,006 23.0% 2,799 2,799
ELO040 Usnea antartica 532,132 21,068 4,405 20.9% 3,671 3,673
ELO042 Usnea antartica 626,333 23,759 5,558 23.4% 4,720 4,722
ELO044  Usnea antartica [799)833 28,368 6,640 23.4% 5,750 5,752
ELO045  Usnea antartica 74,992 9,665 2,290 23.7% 1,733 1,735
ELO047  Usnea antartica 453,480 24,895 5,778 23.2% 5,210 5,211
ELO051  Usnea antartica 8031397 28,199 6,695 23.7% 5,798 5,800
ELO052 Usnea antartica 26,118 8,419 1,920 22.8% 1,777 1,777
ELO057  Usnea antartica 557,373 27,533 5,783 21.0% 5,200 5,202
ELOO59 Usnea antartica 13,659 63 10 15.9% 10
ELOO64 Usnea aurantiaco-atra 16,561 7,525 1,747 23.2% 1,571 1,572
ELO065 Usnea aurantiaco-atra 202,688 12,670 2,898 22.9% 2,443 2,442
ELO068  Usnea aurantiaco-atra [Mj023)871 47,973 5,786 12.1% 4,883 4,887
ELO06S Usnea aurantiaco-atra 638,013 26,113 6,105 23.4% 5,257 5,261
ELO072 Usnea aurantiaco-atra 829,200 17,358 4,181 24.1% 3,425 3,429
ELO074  Usnea aurantiaco-atra [1j942)819MM 55,459 7,531 13.6% 6,381 6,385
ELO082 Usnea aurantiaco-atra 3,415 16,611 3,839 23.1% 3,098 3,103
ELOO85 Usnea aurantiaco-atra 589,806 29,379 4,360 14.8% 3,562 3,566
ELO086 Usnea aurantiaco-atra [643}322 25,389 6,099 24.0% 5,289 5,293
ELO087 Usnea aurantiaco-atra 538,540 22,856 4,833 21.1% 3,997 4,001
ELO0O88  Usnea aurantiaco-atra MJ002J560 30,095 7,087 23.5% 6,214 6,218
ELO091 Usnea aurantiaco-atra 578,617 26,430 5,721 21.6% 4,786 4,790
ELO093 Usnea aurantiaco-atra 7192 29,078 5,441 18.7% 4,520 4,525
ELO09S5 Usnea aurantiaco-atra 383,863 18,990 4,589 24.2% 3,757 3,761
ELO098 Usnea aurantiaco-atra 804,105 15,797 3,633 23.0% 2,890 2,894
ELO100 Usnea aurantiaco-atra 167,610 9,691 2,228 23.0% 1,967 1,965
ELO107 Usnea aurantiaco-atra 244,936 14,771 3,617 24.5% 2,857 2,861
ELO110 Usnea aurantiaco-atra 88,501 5,732 1,379 24.1% 1,262 1,260
ELO111 Usnea aurantiaco-atra 755220 31,945 5,190 16.2% 4,313 4,317
ELO113  Usnea aurantiaco-atra 837J008 36,040 5,563 15.4% 4,641 4,645
ELO114 Usnea aurantiaco-atra {28,508 8,310 1,917 23.1% 1,696 1,696
ELO115 Usnea aurantiaco-atra 401,037 19,826 4,814 24.3% 3,999 4,003
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ABSTRACT

Aim To study the effects of dispersal strategy and phylogeographic history on the population
genetic structure of Antarctic lichens.

Location Maritime Antarctic and southern South America.

Methods Populations of three fruticose lichen species, Usnea aurantiacoatra, U. antarctica
and Cetraria aculeata, were collected in different localities in the Maritime Antarctic and
southern South America. Usnea aurantiacoatra reproduces sexually by ascospores, whereas
the other two species disperse asexually by symbiotic diaspores. Samples were genotyped at
8-22 microsatellite loci. Different diversity and variance metrics and Bayesian cluster
analyses were used to study population genetic structure. Gene flow between southern
South America and different locations in the Antarctic was investigated for U. aurantiacoatra
and C. aculeata by coalescent sampling using MIGRATE-N.

Results The two asexual species display lower levels of genetic diversity than U.
aurantiacoatra. Low levels of genetic differentiation within the Antarctic and higher levels in
Patagonia indicate a long-lasting presence of U. aurantiacoatra in Antarctica and dispersal to
South America from there. Genetic differentiation between populations of U. antarctica
were comparable to the ones found in U. aurantiacoatra but the species was not found in
South America. Low diversity and strong genetic differentiation of C. aculeata in the
Antarctic confirms that the species colonized the Antarctic from Patagonia. Glacial refugia
were identified on Navarino Island and in the South Shetland Islands. We found no evidence
of migration or ongoing gene flow between the two continents.

Main Conclusions Phylogeographic history better explains the population genetic structure
of each species than mode of propagation. Contrasting patterns of genetic differentiation
provide evidence for glacial in situ survival of Usnea antarctica and U. aurantiacoatra in the

Antarctic.

Keywords

Biodiversity, climate change, conservation, microsatellites, MigrateN, Usnea antarctica, U.

aurantiacoatra, Cetraria aculeata, Parmeliaceae.
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1. INTRODUCTION

Antarctica separated from South America over 40 million years ago (Scher & Martin
2006) and today is 900 kilometres distant from the southernmost tip of South America. Its
strong spatial isolation is reinforced by the Antarctic Circumpolar Current (ACC) and
atmospheric circulation patterns that both act as effective barriers against colonization from
the north (Fraser et al. 2018). Consequently, levels of endemism are high (between 35 and
100% in different organismal groups, Rogers 2007). The Antarctic biota is restricted to widely
separated and small ice-free areas that cover only 0.3 % of the continent (Convey & Stevens
2007) and show distinct biogeographical structure (Chown & Convey 2007, Terauds et al.
2012). Patterns of genetic diversity in Antarctica organisms have been shaped by isolation
and recolonization, allopatric divergence among populations, founder events and the
occasional occurrence of secondary contact zones (Domaschke et al. 2012, Nolan et al. 2006,
Rogers 2007), but above all by limited migration and gene flow due to the strong
fragmentation of habitable areas and reduced dispersal abilities of many organisms.
Therefore, strong local and regional genetic differentiation has been observed in most
Antarctic terrestrial organisms (Chong et al. 2015, Courtright et al. 2000, McGaughran et al.
2010, Skotnicki et al. 2004, van de Wouw et al. 2008). Together with high levels of endemism
this is evidence for long-standing survival of terrestrial and lacustrine organisms in glacial
refugia (Convey & Stevens 2007, de Wever et al. 2009, Green et al. 2011, Jones et al. 2013)
perhaps concentrated around areas of geothermal activity (Fraser et al. 2014). From a
biological perspective, the Antarctic thus presents an assemblage of widely spaced “habitat
islands” (Bergstrom & Selkirk 1997) with sufficiently long continuity to support considerable
genetic diversity (Convey et al. 2014).

The Western Antarctic region (south of the Pacific Ocean), particularly the Antarctic
Peninsula and the Bellingshausen Sea, have until recently been subject to rapid regional
warming (Turner et al. 2005). The ensuing glacial retreat exposes so far uninhabited
disturbed ground, potentially favouring the establishment of invasive species (Chown et al.
2012). Moreover, higher temperatures alleviate physiological stress, and the increase in
available habitat leads to larger population sizes and reduced competition as witnessed by 5-
25-fold increases in local abundance of indigenous plants over a few decades (Fowbert &
Lewis Smith 1994). Simultaneously, human impact on Antarctic ecosystems is growing,

either because of increased scientific activities (>100 research facilities in the Antarctic
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Treaty area) and rising numbers of tourists with multiple landings in different Antarctic
regions. Both activities facilitate propagule movement into Antarctica and among different
habitats and bioregions. Together with an expansion of habitable terrain this facilitates the
breakdown of dispersal barriers and the merging of genetically isolated populations (Chown
et al. 2015). The potential genetic homogenization of gene pools that are now highly
differentiated has been identified as a serious threat to Antarctic biodiversity (Hughes &
Convey 2010, Terauds et al. 2012) and “one of the most significant conservation problems in
the Antarctic” (Chown & Convey 2007). Consequently, there is a growing need to reassess
and monitor the extent of Antarctica’s biological isolation and the genetic structure of its
biota (Fraser et al. 2018).

Lichens, symbioses of heterotrophic fungi (mycobionts) and autotrophic green algae
and/or cyanobacteria (photobionts), play a dominant role in the Antarctic terrestrial
vegetation. Of the more than 400 reported species, 34% are endemics, indicating isolation of
lichen biota over geological timescales. The other species are mostly cosmopolitan or
bipolar, many are found in southern South America. Global distribution patterns and
molecular phylogenetic analyses suggest that some of the more widespread species evolved
in the Antarctic and colonized South America and the Arctic from there (Sgchting & Castello
2012) while others migrated from the Northern Hemisphere southwards into Patagonia and
Antarctica (Fernandez-Mendoza & Printzen 2013). Lichens display different reproductive and
dispersal strategies that may affect their dispersal abilities and gene flow between isolated
populations. Small-sized meiotic and mitotic fungal spores are generally considered ideal
vehicles for long-distance dispersal by wind (Tibell 1994) while asexual propagules (soredia,
isidia or thallus fragments) containing both symbionts may facilitate the establishment on
newly exposed substrata. Human-induced gene flow between Antarctic lichen populations
and increased migration rates between South America and Antarctica would be of
immediate conservation concern, because both would change the genetic composition of
Antarctic lichen populations and endanger the survival of genetically isolated and locally
adapted lineages.

Information about the spatial genetic structure of lichens is therefore urgently needed
to understand the joint effects of local human activities and global temperature increase on
Antarctic terrestrial vegetation. We present here population genetic data on three fruticose

lichens species reported from South America and the Maritime Antarctic: Usnea
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aurantiacoatra reproducing sexually via ascospores, U. antarctica with asexual propagation
via soredia and Cetraria aculeata dispersing by thallus fragments. Usnea antarctica and U.
aurantiacoatra belong to the Neuropogon group of Usnea. Most species of this group occur
in southernmost South America, Australasia and Antarctica and have likely evolved there
(Jorgensen 1983, Wirtz et al. 2008, 2012). C. aculeata is a bipolar lichen species that
colonized Antarctica from Patagonia during the Pleistocene (Fernandez-Mendoza & Printzen
2013). Therefore, these this three species are representative taxa to study the effects of
dispersal strategy and phylogeographic history on the population genetic structure of
Antarctic lichens and assess the likely effects of climate change and human impact on them.
Our main research questions can be summarized as follows:

e Are lichen populations genetically isolated, or exists gene flow, particularly between

southern South America and the Antarctic?
e How does the dispersal strategy influence the genetic structure of the mycobionts?
e What impact does the phylogeographic history have on the population genetic

structure of the Antarctic lichens?

2. MATERIAL AND METHODS:
2.1 Sample collection and DNA extraction

Sampling covered a wide range of localities in the Maritime Antarctic (61-64°S) and
southern South America (50-55°S) (see localities in S1), including the Falkland Islands
(hereafter “Falkland”). Most samples were collected between 2015 and 2018. A few
populations sampled between 2007 and 2014 and cryo-conserved at Herbarium
Senckenbergianum (FR) were added to the dataset. For most analyses, samples from
different nearby stands (e.g. on the same island) were pooled into “localities”. The data sets
comprised: 10 localities/22 stands/441 individuals for U. aurantiacoatra, 6 localities/20
stands/370 individuals for U. antarctica and 10 localities/16 stands/266 individuals for C.
aculeata. For further details on sampling locations see Supplementary Table 1.

Total DNA was extracted from young terminal branches. Branches were ground with the
Bead Ruptor 24 (Omni International Inc., Kennesaw, Ga., USA) and DNA was extracted with
the GeneOn BioTech Plant Kit (BGgreen Biotech, Ratingen, Germany) according to the

manufacturer’s instructions. The identification of the two Usnea species was confirmed with
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a Discriminant Analysis of Principal Components (DAPC) based on microsatellite markers as

reported in Lagostina et al. (2018).

2.2 Microsatellite analyses and genetic diversity

Samples of Usnea aurantiacoatra and U. antarctica were genotyped using 21 and 22
microsatellites markers, respectively. Eight consistently amplifying markers were used for
Cetraria aculeata. Detailed information on primers and PCR amplification can be found in
Lagostina et al. (2017) and Lutsak et al. (2016). PCR amplicons were electrophoresed using
an Applied Biosystems 3730 sequencer, with the LIZ 600 (Usnea sp.) or LIZ 500 (C. aculeata)
size standards (Applied Biosystems, Waltham, Mass., USA). Allele sizes were manually scored
using the Geneious 10 microsatellites tool (Kearse et al. 2012).

Allele frequencies and genetic diversity (Shannon’s information index) were calculated
using the software GenAlEx 6.503 (Peakall & Smouse 2006, 2012) for the three species. Tests
for clonal population structure and differentiation among populations using Jost’s D were
calculated with the software GenoDive 2.0b23 (Meirmans & Van Tienderen 2004). Clones in
each population were detected using a stepwise mutation model, discarding null alleles and
assessed based on the number of genotypes, with 999 permutations randomizing alleles

over individuals over all populations.

2.3 Clustering analysis

Individuals of each species were clustered into gene pools using STRUCTURE v.2.3.4
(Pritchard et al. 2000, Falush et al. 2003). The analyses were based on ten serial runs for
each number of clusters (K) between one and ten. Admixture models used a uniform alpha
prior, independent allele frequencies and no prior population information. All analyses were
run for 5*10° generations after a burn-in of 25*10* generations. To estimate the optimal
number of admixture clusters we used the summary likelihood statistics AK proposed by
Evanno et al. (2005) through the website Pophelper v1.0.10 (Francis 2016,
www.pophelper.com). The number of clusters was chosen as the value of K where AK
reached its first minimum. Results of the ten runs for each species were summarized using
CLUMPP (Jakobsson & Rosenberg 2007) and printed out through the web interface of
Pophelper v1.0.10.
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2.4 Estimation of gene flow

We used the coalescent sampler Migrate-N estimate gene flow from South America and
Falkland to different areas of the Maritime Antarctic. In order to keep the number of
parameters low, samples of U. aurantiacoatra were pooled into 5 regions: South America,
Falkland, Elephant Island, King George Island, and Livingston + Deception Island. The data set
for C. aculeata was divided into: South America + Falkland, Elephant Island, King George
Island and Primavera (Antarctic Peninsula). For this species, stands from South America and
Falkland were pooled, because there was no evidence of population differentiation in the
Structure analysis (Fig. 2). All South American samples presumed to represent U. antarctica
proved to belong to other species. Consequently, we could not analyse intercontinental
gene flow for this species. For the U. aurantiacoatra dataset, we used 0.0-10 priors on 8 and
0.0-20 on M, divided into 1500 bins, and ran four chains with static heating (temperatures of
1.0, 1.2, 3.0 and 1 x 10°) for 10 replicated long runs of 5 x 10* generations (sampling every
500th step) with a burn-in of 4 x 10 For the C. aculeata dataset, we used uniform priors
(0.0-25) on both 8 and M divided into 1500 bins and ran four chains with static heating of 1
x 10° generations (sampling every 500th step) with a burn- in of 5 x 10%. Convergence of
Markov chains was monitored with Tracer (http:// beast.bio.ed.ac.uk). All effective sample

sizes of the Markov chain Monte Carlo (MCMC) chain were larger than 10°.

3. RESULTS
3.1 Genetic diversity

We sampled 22 stands of Usnea aurantiacoatra and 16 stands of Cetraria aculeata in
southern South America, Falkland, and the Maritime Antarctic as well as 20 stands of U.
antarctica in the South Shetland Islands and the Antarctic Peninsula. We confirmed
identification of Usnea antarctica and U. aurantiacoatra with a DAPC analysis (Fig. S2 in
supplementary material). The analysis showed that all of the supposed samples of U.
antarctica from South America were identified as U. aurantiacoatra.

For Cetraria aculeata the final dataset comprised 2128 alleles including 19 null alleles.
For U. antarctica we analysed 8140 alleles including 41 null alleles and for Usnea
aurantiacoatra we scored 9261 alleles including 164 null alleles. Usnea aurantiacoatra had
the highest total number of alleles (232), with the highest mean number of observed (7.476)

and effective alleles (4.016) recorded on Navarino Island in South America followed by
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Livingston Island in the Antarctic (7.238; 2.725, Table 1). The highest mean number of
private alleles was observed on Livingston Island (0.857) followed by Navarino Island (0.762).
The Shannon information index was highest on Navarino (1.490) with rather similar values
around 1.0-1.1 on Livingston, King George and Falkland. None of the diversity metrics
showed a clear latitudinal pattern. In Cetraria aculeata the highest observed number of
alleles (4.750) was also found on Navarino and decreased to the north and south. The
highest effective number of alleles (2.902) was detected in a stand in Chile and the observed
(1.250) and effective number of alleles (ca. 1.0) was lowest on Elephant Island and near
Primavera Base on the Antarctic Peninsula. Private alleles were detected in all South
American populations (except Falkland) and on King George Island, but not on Elephant
Island and on the Antarctic Peninsula. In Usnea antarctica the observed (effective) mean
number of alleles ranged between 4.682 (1.954) on Livingston and 1.591 (1.238) on
Deception Island. Private alleles were recorded in all the sampling areas except for
Deception Island.

Every individual of U. aurantiacoatra belonged to a different clone. Hence there was no
evidence for clonal structure of populations (Table 2). In C. aculeata there was strong
evidence for clonal reproduction. The 133 samples from South America and Falkland
belonged to 113 different clones (Supplementary Table 3), while all individuals from
Elephant Island and the Antarctic Peninsula belonged to the same multilocus genotype and
samples from King George Island and Primavera on the Antarctic Peninsula were dominated
by a single clone. Genodive also inferred significant clonal population structure in U.

antarctica although the number of clones was almost as high as expected.

3.2 Genetic structure

Antarctic populations of C. aculeata were strongly differentiated from each other and
from South American localities. The highest value of Jost’s D (0.502) was observed between
Primavera base and Tierra del Fuego (Table 3). South American localities were poorly
differentiated (D values ranging between 0.003 and 0.131). The highest differentiation in U.
aurantiacoatra was observed between localities in South America and Falkland (0.495
between Navarino and Falkland 1). Antarctic localities of U. aurantiacoatra were poorly
differentiated (Jost’s D 0.021-0.075). Antarctic localities of U. antarctica showed similarly

low differentiation (between 0.007 and 0.095), only for Deception Island D exceeded 0.2.
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The STRUCTURE analysis showed different geographic structure in all three species
(Figure 2). For all datasets, the optimal number of clusters was inferred as K=4. Antarctic
populations of C. aculeata display extreme regional genetic structure with different gene
pools on the Antarctic Peninsula, King George and Elephant Islands. The gene pool on
Elephant Island is also relatively common in South America, where it co-occurs with a fourth
gene pool that is absent from Antarctica. South American populations show no strong
differences in gene pool composition. Populations of U. aurantiacoatra in Falkland and
Navarino Island are dominated by local gene pools that are absent elsewhere. A third gene
pool is largely restricted to Antarctica. About half of the samples from Livingston Island
belong to a fourth gene pool that also predominates in populations from Mt Tarn and Torres
del Paine in Chile. Populations of U. antarctica on Livingston and Deception Island are
dominated by two gene pools that are virtually absent in other localities. Most samples from
Elephant Island and Esperanza belong to a third gene pool that, together with a fourth one,

also occurs on King George Island and near Primavera.

3.3 Migration and intercontinental gene flow from South America

Since U. antarctica was not found by us in southern South America, we studied
intercontinental gene flow only in U. aurantiacoatra and C. aculeata (Figure 3). C. aculeata
showed dispersal rates of 4.4 migrants per generation from South America to Elephant
Island. Gene flow was considerably lower towards the Antarctic Peninsula (1.5
migrants/generation) and absent towards King George Island. All Antarctic populations had
comparably low effective population sizes (0.3 for Elephant Island and Primavera base and
0.5 for King George Island). In U. aurantiacoatra, the highest values of >5 migrants per
generation were inferred from South America to Elephant Island. Gene flow into Antarctica
along the other routes was considerably lower and ranged between 1.4 (Falkland to King
George Island) and 3.5 (South America to King George Island) migrants per generation.
Dispersal between continental South America and Falkland was negligible (<1 migrant per
generation in both directions). Effective population sizes in different Antarctic localities
differed vastly. Populations on Livingston + Deception island (6.1) were at least three times
larger than those of the remaining stands (0.9 Elephant Island and 2.0 King George Island)

and comparable to the South American populations (8.1) and Falkland (5.2).
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4. DISCUSSION

Fine-scale population genetic data on Antarctic lichens, the most important primary
producers of Antarctic terrestrial ecosystems, is still largely lacking. This lack of data is
mostly due to the logistic challenges of sampling over large areas and has made it difficult to
assess the present and future human impact on Antarctic vegetation. Our study provides a
first insight into levels of genetic diversity, connectivity and isolation among populations of
three common Antarctic lichens. By including populations from southern South America we
were also able to study levels of intercontinental gene flow in two of the three species. Our
results allow us to assess the impact of different factors — reproductive mode, colonization
and glacial history — on the diversity and spatial structure of Antarctic lichen populations.
They also provide further insight into dispersal capacities and conservation of Antarctic

lichens.

4.1 Impact of reproductive mode on genetic diversity

As expected by population genetic theory (e.g. Bengtsson 2003), the sexually
reproducing U. aurantiacoatra shows higher genetic diversity than the mostly asexual C.
aculeata and U. antarctica. While diversity levels are difficult to compare among Cetraria
and U. aurantiacoatra due to the different numbers of genotyped loci, results for the two
closely related Usnea species are based on the same set of loci and confirm that asexual
reproduction reduces genetic diversity in lichens (Grewe et al. 2018; Otalora et al. 2013). The
observed clonal population structure in the two asexual species (Tab. 2) further supports this
interpretation. However, SSR data discovers much higher genetic diversity in the two asexual
species than was previously found based on DNA sequences (Domaschke et al. 2012). In C.
aculeata we found 130 clones and a total of 67 SSR alleles (data not shown). U. antarctica
displays even higher allelic richness and genetic diversity in our sample. The extremely high
genetic diversity in U. aurantiacoatra corresponds well with the genotypic richness found in
the Mediterranean Parmelina carporrhizans (Alors et al. 2017) indicating that this might be a

general trend among sexually reproducing lichens.

4.2 Impact of historical factors
Biersma, Jackson, Bracegirdle et al. (2018) explained the reduced genetic diversity of

Antarctic bryophytes with colonization events and Pleistocene population size bottlenecks.
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The observed differences in diversity and genetic structure among the species studied by us
exemplify the important impact of historical factors on the spatial genetic structure of
lichens, particularly at the range margins (Eckert et al. 2008). South American populations of
C. aculeata comprise two to four times higher genetic diversity than Antarctic ones
confirming similar results by Domaschke et al. (2012) based on DNA sequence data. In
contrast, U. aurantiacoatra displays higher numbers of alleles and private alleles in Antarctic
than in South American populations, while genetic diversity is equal in both regions. Genetic
differentiation among populations also shows opposite trends in both species (Fig. 2, Tab. 3).
Antarctic populations of C. aculeata are strongly differentiated while U. aurantiacoatra
shows strong differentiation in South America. The D-values for both species in these regions
resemble the level of differentiation found between geographically isolated populations of
Buellia frigida in the Queen Maud Mts and other areas in the Ross Sea Region (Jones et al.
2015). In contrast, South American populations of C. aculeata and Antarctic populations of
U. aurantiacoatra are considerably less well differentiated. These pronounced differences
are hardly explained by geographic distances among populations on both sides of the Drake
Passage (Fig. 1), but rather reflect range centres and margins of the two species and, hence,
their different phylogeographic histories.

While C. aculeata originated in the Northern Hemisphere, dispersed into South America
during the Pleistocene and colonized the Antarctic recently (Fernandez-Mendoza & Printzen
2013), the two Usnea species are assumed to have evolved either in the Antarctic or in
southern South America (Jgrgensen 1983). The longer presence of C. aculeata in South
America together with moderate levels of gene flow apparently prevented strong genetic
differentiation between populations, while long-distance dispersal into the Maritime
Antarctic was too recent to allow homogenization of gene pools between these
geographically isolated, marginal populations. A similar pattern of genetic diversity has been
reported from Parmelina carporrhizans with diverse, poorly differentiated source
populations in the Mediterranean and sink populations on the Canary Islands (Alors et al.
2017). In contrast, populations of U. aurantiacoatra from Falkland, Navarino Island and more
northern sites in Patagonia are assigned to three distinct gene pools, whereas Antarctic
populations are poorly differentiated (Fig. 2, Tab. 3). If, as in C. aculeata, stronger

differentiation among lichen populations indicates a more recent colonization history, then
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postglacial recolonization in U. aurantiacoatra apparently took place from southern source

populations.

4.3 Glacial population history

The effects of Pleistocene glacial cycles on the distribution ranges of species and their
genetic diversity have frequently been studied in the Northern Hemisphere (Hewitt 2004).
The effects of southern hemispheric glaciations on biota have received less attention, but
due to the stronger geographical isolation of Antarctica, demographic processes, including
range shifts, extinction of populations and recolonization during glacials and interglacials are
likely to differ between these regions (Fraser et al. 2012). The extension of ice caps and
severe environmental conditions during the last glacial maximum were once believed to
have precluded survival of organisms in polar regions (e.g. Nordal 1987). Nowadays, the
glacial persistence of organisms in the Antarctic is hardly questioned (Pugh & Convey 2008,
Biersma, Jackson, Stech et al. 2018). Nunataks, perhaps associated with geothermal
activities, or debris covering glaciers may have provided refugial habitats (Fickert et al. 2007,
Fraser et al. 2014). Comparative population genetic data on lichens from glacial refugia and
formerly glaciated areas are scarce and entirely lacking for Antarctic lichens, but higher
genetic diversity and numbers of private alleles in glacial refugia with gradual decrease of
diversity with increasing distance from these areas have been observed in some Northern
Hemispheric species (Printzen et al. 2003, Scheidegger et al. 2012, Allen et al. 2018).

The high genetic diversity of C. aculeata and U. aurantiacoatra on Navarino lIsland
therefore supports the existence of a southern Patagonian refugium postulated for plant
and fungal species (Sérsic et al. 2011, Eizaguirre et al. 2018) and is consistent with
reconstructions of the Patagonian ice shield indicating that Navarino Island was at least
partly ice-free during the Last Glacial Maximum (LGM, Glasser & Jansson 2008, Darvill et al.
2014). Our data does not indicate whether the gradually declining levels of genetic diversity
in C. aculeata resulted from postglacial recolonization of northern localities from the
Navarino refugium or persistence in smaller local refugia. The more pronounced diversity
gradient in U. aurantiacoatra and the lack of private alleles in Torres del Paine and Mt. Tarn
suggest more pronounced population size bottlenecks during the LGM either because of
more recent origin or because, as a saxicolous subalpine species, U. aurantiacoatra had

more restricted glacial habitats than the terricolous lowland Cetraria.
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Another refugium, in Antarctica, is indicated by the higher allelic richness and numbers
of private alleles on Livingston and King George Island as compared to Elephant Island,
Deception Island or the Antarctic Peninsula in all three species. Such a refugium would be
consistent with the reconstruction of Nunataks in the region, e.g. on Livingston, King George
and Deception Islands (Simms et al. 2011, Ruiz-Fernandez & Oliva 2016). In C. aculeata, the
diversity on King George Island is comparable to that found in South American populations.
This and the presence of private alleles indicate a relatively high, probably pre-glacial age of
this population. The extremely low diversity and effective population sizes on Elephant
Island and the Antarctic Peninsula contrast with the higher diversity found in the moss
Chorisodontium aciphyllum (Biersma, Jackson, Bracegirdle et al. 2018) and speak against
Elephant Island as a glacial refugium for C. aculeata. Instead, although postglacial
recolonization from lower latitudes appear to have been extremely rare among terrestrial
Antarctic taxa (Fraser et al. 2012) the apparent absence of migration between Antarctic
populations and the fact that all individuals of C. aculeata on Elephant Island belong to a
single clone also present near Calafate in Argentina suggest founder effects during
independent colonization events from South America. The strongly diverging levels of
genetic diversity of U. antarctica and U. aurantiacoatra populations on Livingston and
Deception Island merit some attention. Both islands are close to each other and Deception
Island, the most active volcano in the area, was probably not glaciated during the LGM
(Simms et al. 2011, Guillemin et al. 2018). The absence of private alleles and low diversity on
Deception Island could result from recent volcanic eruptions in 1967, 1969 and 1970 that
strongly reduced the size of lichen populations (Lewis-Smith 1984), but are more likely an

artefact resulting from low sample sizes.

4.4 Intercontinental gene flow and consequences for conservation

Due to its geographical distance from other continents and the strong effects of the ACC
Antarctica is considered the biologically most isolated continent. As judged from levels of
endemism, the degree of isolation varies strongly with the taxonomic group considered
(Barnes et al. 2006), and such data for terrestrial organisms is still very scarce. Distribution
patterns of bryophytes and lichens on sub-Antarctic islands are indeed correlated with the
prevailing wind patterns indicating directional long-distance colonization (Mufoz et al.

2004). However, for some bryophytes with bipolar distribution, long-distance dispersal
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mediated by migratory birds has been demonstrated (Lewis, Behlin et al. 2014, Lewis, Rozzi
et al. 2014). The wide geographical ranges of many lichens and genetic similarities among
widely separated populations have sometimes been interpreted as evidence for ongoing
long-range dispersal, even between continents (Geml et al. 2010). But although numerous
lichen species occur in South America and Antarctica our data does not confirm dispersal of
lichens across the Drake Passage on short time scales. Since we could not confirm the
presence of U. antarctica in South America this species might be an Antarctic endemic that
never managed to cross the Drake Passage. Neither do the MigrateN analyses and genetic
differentiation among populations (Fig. 3) indicate high levels of ongoing gene flow in U.
aurantiacoatra or C. aculeata. U. aurantiacoatra apparently survived the LGM in separate
refugia north and south of the Drake passage, while the high genetic differentiation of
peripheral Antarctic populations of C. aculeata suggest in situ survival in small populations or
rare colonization events with founder effects.

The invasion of alien species and propagule transfer into Antarctica has been a major
concern of conservationists (Hughes & Convey 2010) and is regarded as “one of the most
significant conservation problems in the Antarctic” (Chown & Convey 2007). The increasing
risk of accidental introduction of invasive species and genetic homogenization of Antarctic
gene pools is due to two interacting factors. While global warming is beginning to change
the ACC and associated aerial currents (Chown et al. 2015, Fraser et al. 2018), exposes so far
uninhabited, disturbed ground and alleviates physiological stress, growing numbers of
researchers and tourists in the region act as possible vectors for propagules. Although our
results do not indicate any immediate threat to the genetic composition of lichen
populations, they suggest that C. aculeata and U. aurantiacoatra are exposed to different
risks. Conservation measures for Antarctic organisms should therefore consider the different
phylogeographic histories and spatial genetic structure of the species. The genetically
diverse and poorly differentiated Antarctic populations of the two Usnea species are
apparently experiencing high natural levels of gene flow. On this background, additional
human transfer of propagules will have comparatively little impact (and would be difficult if
not impossible to detect). The genetically poor and highly differentiated populations of C.
aculeata, on the other hand, require stronger conservation measures to avoid the
introduction of alien genotypes and homogenization of gene pools. The different

distributional patterns of both species in South America, a result of their different
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phylogeographic histories, exacerbate this problem. U. aurantiacoatra only occurs in small
and isolated patches and prefers higher elevations, reducing the risk of accidental
introduction into Antarctica, e. g. by tourists. In contrast, C. aculeata is much more
widespread in South America and also grows at lower elevations, e.g. around the airport of
Rio Gallegos (Fernandez-Mendoza, pers. comm.). It therefore has a much higher chance to

be transferred by Antarctic visitors.

5. CONCLUSIONS
This is the first study to evaluate the effects of dispersal strategy and migration history on
genetic diversity and population structure of Antarctic lichens. As expected, levels of genetic
diversity are lower in the two asexual species but patterns of differentiation are affected by
phylogeographic history rather than reproductive mode. Both the northern immigrant C.
aculeata and the (sub)Antarctic U. aurantiacoatra show higher levels of genetic
differentiation in marginal than central populations. Diversity hotspots for both species
suggest the existence of glacial refugia on Navarino Island and Livingston or King George
Island, where also U. antarctica displays highest diversity. Although we found no convincing
evidence for ongoing gene flow from southern South America into the Maritime Antarctic,
the strong genetic structure of C. aculeata calls for protective measures to avoid gene flow

between isolated populations.
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TABLES AND FIGURES

Table 1: Localities of Cetraria aculeata, Usnea antarctica and U. aurantiacoatra investigated
in this study, number of individuals N, mean number of alleles Na, effective mean number of

alleles Ne, mean number of private alleles P and Shannon information index H.

Cetraria aculeata

Locality N Na Ne P H
Argentina, Calafate 11 2.250 £ 0.366 1.691 +0.263 0.125 £ 0.125 0.534 £ 0.149
Argentina, Rio Gallegos 12 3.250 £ 0.726 2.301 + 0.580 0.125 +0.125 0.789 +0.224
Chile, Pali Aike 20 4.000 + 1.069 2.902 £ 0.961 0.375+0.183 0.907+ 0.247
Chile, Punta Arenas 25 4.250 + 0.996 2.409 £ 0.674 0.375 £ 0.263 0.899 £ 0.193
Chile, Tierra del Fuego 23 4.250 + 0.773 2.638 + 0.548 0.375 +0.183 0.981 +0.210
Chile, Navarino 23 4.750 + 0.977 2.771 £ 0.555 0.250 £ 0.164 1.081 + 0.203
Falkland 19 3.500 + 0.756 2.426 + 0.657 0+0 0.841 +0.194
Elephant Island 39 1.250 + 0.250 1.014 + 0.014 0+0 0.031 + 0.031
King George Island 51 3.375 + 1.449 2.483 +1.073 0.500 + 0.378 0.541 +0.325
Primavera Base 43 1.250 + 0.164 1.018 + 0.013 0+0 0.037 + 0.026

Usnea antarctica

Locality N Na Ne P H
Elephant Island 19 2.227 £ 0.246 1.547 +0.161 0.045 + 0.045 0.43 £ 0.094
King George Island 100 4.409 + 0.425 1.808 +0.216 0.818 £ 0.243 0.645 £ 0.103
Livingston Island 83 4.682 + 0.485 1.954 + 0.195 1.227 £ 0.394 0.765 + 0.101
Deception Island 9 1.591 + 0.107 1.238 + 0.053 0+0 0.262 £ 0.051
Primavera Base 68 3.591 + 0.454 1.769 + 0.187 0.318 £ 0.121 0.593 £ 0.111
Esperanza Base 91 3.136 + 0.396 1.712 +0.215 0.227 + 0.091 0.517 £ 0.115

Usnea aurantiacoatra

Locality N Na Ne P H
Chile, Torres del Paine 14 2.857 £0.210 1.899 + 0.153 0+0 0.722 +0.077
Chile, Monte Tarn 49 3.810 + 0.496 2.141 £ 0.316 0+0 0.718 £ 0.136
Chile, Navarino 74 7.476 £ 0.770 4.016 + 0.415 0.762 + 0.266 1.490 + 0.104
Falkland 1 18 3.095 + 0.337 1.970 £ 0.180 0.048 + 0.048 0.742 £ 0.098
Falkland 2 18 4.00 + 0.431 2.642 +0.294 0.190 + 0.148 1.011+ 0.106
Falkland 3 17 3.524 +0.394 2.280 + 0.235 0.095 + 0.066 0.847 £ 0.119
Elephant Island 18 3.238 + 0.300 1.995 £ 0.213 0.095 + 0.095 0.753 + 0.098
King George Island 130 6.476 + 0.635 2.449 + 0.275 0.286 + 0.101 1.037 £ 0.106
Livingston Island 77 7.238 + 0.756 2.725 + 0.349 0.857 +0.221 1.141 £ 0.117
Deception Island 26 3.381+ 0.327 2.013 + 0.165 0+0 0.788 + 0.089

Table 2: Test for clonal population structure performed in GenoDive. Species, number of
samples N, expected (CE) and observed (CO) number of clones, percentual % of clones,

probability P of observing this number of clones under random mating.

Species N G Go % P
Cetraria aculeata 266 210.734 130.000 51.128 0.001
Usnea antarctica 370 369.329 342.000 7.568 0.001
Usnea aurantiacoatra 441 441.000 441.000 0 1.000
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Table 3: Symmetrical matrix of Jost’s D index of genetic differentiation for each species.

s (@’
& %,
", o %, % % %,
7 23 7 0 2 7 &
7 4 B [ <, © L7
2 i 2 . ‘> Y, %,
“Q ° % © o 9L, %,
% o <, A < A (4
%5, 2 % N < 2
% % 2 %, )
Cetraria aculeata % o
Argentina, Calafate 0 0.115 0.08 0.18 0.106 0.091 0.084 0.136 0.415 0.447
Argentina, Rio Gallegos 0.115 0 0.052 0.012 0.039 0.094 0.003 0.107 0.277 0.392
Chile, Pali Aike 0.08 0.052 0 0.129 0.081 0.122 0.012 0.227 0.291 0.433
Chile, Punta Arenas 0.18 0.012 0.129 0 0.086 0.131 0.064 0.143 0.344 0.408
Chile, Tierra del Fuego 0.106 0.039 0.081 0.086 0 0.104 0.068 0.223 0.412 0.502
Chile, Navarino 0.091 0.094 0.122 0.131 0.104 0 0.068 0.254 0.359 0.356
Falkland 0.084 0.003 0.012 0.064 0.068 0.068 0 0.164 0.282 0.338
Elephant Island 0.136 0.107 0.227 0.143 0.223 0.254 0.164 0 0.419 0.486
King George Island 0.415 0.277 0.291 0.344 0.412 0.359 0.282 0.419 0 0.244
Primavera Base 0.447 0.392 0.433 0.408 0.502 0.356 0.338 0.486 0.244 0

Usnea antarctica
Elephant Island
King George Island
Livingston Island
Deception Island
Primavera Base
Esperanza Base

%
N2
%
(S
Usnea aurantiacoatra
Chile_Torres Del Paine 0 0.24 0.434 0.383 0.291 0.328 0.158 0.163 0.093 0.226
Chile_Mont Tarn 0.24 0 0.359 0.462 0.378 0.406 0.118 0.166 0.15 0.168
Chile_Navarino 0.434 0.359 0 0.495 0.436 0.477 0.375 0.356 0.372 0.373
Falkland 1 0.383 0.462 0.495 0 0.208 0.173 0.366 0.374 0.332 0.403
Falkland 2 0.291 0.378 0.436 0.208 0 0.104 0.261 0.313 0.215 0.312
Falkland 3 0.328 0.406 0.477 0.173 0.104 0 0.307 0.353 0.292 0.379
Elephant Island 0.158 0.118 0.375 0.366 0.261 0.307 0 0.021 0.059 0.065
King George Island 0.163 0.166 0.356 0.374 0.313 0.353 0.021 0 0.064 0.069
Livingston Island 0.093 0.15 0.372 0.332 0.215 0.292 0.059 0.064 0 0.075
Deception Island 0.226 0.168 0.373 0.403 0.312 0.379 0.065 0.069 0.075 0
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Figure 1: Sampling localities of a. Cetraria aculeata (purple), b. U. antarctica (blue) and c.

Usnea aurantiacoatra (black).

Figure 2: Assignment of individuals of the three species to gene pools obtained by Structure.
Populations are sorted from North to South and separated with white dotted lines. The
height of each colour in a bar corresponds to the estimated probability with which the

individual belongs to the respective gene pool.
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Figure 3: Schematic maps summarizing results from the MigrateN analysis. Circles represent
regions between which migration was inferred, the width of the arrows is proportional to
gene flow levels. a. Cetraria aculeata, migration calculated between South America/Falkland
and three Antarctic regions. b. Usnea aurantiacoatra, migration calculated between South

America, Falkland and three Antarctic regions.
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Figure S2: Results of DAPC based on merged Usnea antarctica and U. aurantiacoatra
datasets to check species delimitation. Number of retained principal components = 50 and
number of groups K = 2. Left: DAPC density graph on discriminant function 1. The blue
cluster comprises samples of U. aurantiacoatra, the red one samples of U. antarctica. Right:

Assignment of samples to clusters for each population.

Faikand

Usnea aurantiacoatra Usnea antarctica

0.5

Density

0.2

0.0
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i
:

Table S3: Assigned clone for every individual, testing the probability of finding the observed

clonal diversity under random mating.
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Cetraria aculeata

Usnea antarctica

N PSP

NEN3BR828RRARRBEEYEREUNLB8Ea638GRa0 8B YRRURLEBRYBERENREBEENEGLHEGRES

EL1247
EL1248

Population
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Calafate
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Argentina, Rio Gallegos
Chile, Pali Aike

Chile, Pali Aike

Chile, Pali Aike

chile, Pali Aike

Chile, Pali Aike

Chile, Pali Aike

Chile, Pali Aike

Chile, Pali Aike

Chile, Pali Aike
Chile, Pali Aike

Chile, Pali Aike
chile, Pal
Chile, Pali Aike
chile, Pal
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Punta Arenas
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Tierra del Fuego
Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

chile, Navarino
Falklands

Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island

Clone

[
1
2
3
4
5
6
7
8
9

o
1

RREBEENELELR

Samples

1375
EL376
£L377
E1378
£1379
EL380
£L381
EL382
£1383
EL384

EL1468
EL1469

Population
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland
Elephant Islandisland

Elephant Islandisland
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island

Clone

110

112
13
100
114
115

118

Samples.
EL1162
EL1163
EL1165
ELL167
EL1170
EL1172
EL1174

N s w e

Blzlssles
gezaEE

145 EL1025
146 EL1026
147 EL1027
148 EL1028

Population
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine
Chile, Torres Del Paine

Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn

Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Mont Tarn
Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino

Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino

Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino
Chile, Navarino

Falkland 1
Falkland 1
Falkdand 1
Falkland 1
Falkland 1
Falkland 1
Falkdand 1
Falkland 1
Falkland 1

149
Clone 150
1 151
2 152
3 153
4 154
5 155
6 156
7 157
B 158
9 159
10 160
1 161
12 162
13 163
14 164
15 165
16 166
17 167
18 168
19 169
20 170
21 171
22 172
2 173
2 174
2 175
2 176
27 177
28 178
2 179
30 180
31 181
2 182
3 183
34 184
ES 185
36 186
Ed 187
38 188
39 189
a0 19
a 191
a2 192
a3 193
aa 194
5 195
a6 1%
a7 197
a8 198
a9 199
50 200
51 201
52 202
53 203
54 204
55 205
56 206
57 207
58 208
59 209
60 210
61 211
62 212
63 213
64 214
65 215
66 216
67 217
68 218
69 219
70 220
71 221
72 22
73 223
7 224
75 225
76 226
77 227
78 228
79 229
80 230
81 231
82 232
8 233
8 234
8 235
E3 236
87 237
88 238
89 239
% 210
91 21
92 22
93 243
£ 24
95 25
% 26
97 247
%8 28
£ 219
100 250
101 251
102 252
103 253
104 254
105 255
106 256
107 257
108 258
109 259
110 260
111 261
112 262
113 263
114 264
115 265
116 266
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
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EL1249
EL1250
EL1251
EL1252
EL1253
EL1254
EL1255
EL1256
EL1257

EL1316
EL1317
EL1318
EL1319

Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base

Primavera Base
Primavera Base
Primavera Base
Primavera Base

EIEIEIES

EL1470
EL1471
EL1472
EL1473
EL1474
EL1475
EL1476
EL1477
EL1478

ELO714

Livingston Island
Livingston Istand
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Istand
Livingston Island
Livingston Island
Livingston Island
Deception Island
Deception Island
Deception Island
Deception Island
Deception Island
Deception Istand
Deception Island
Deception Island
Deception Island
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Primavera Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base

149 EL1029
150 EL1030
151 EL1031
152 £L1032
153 EL1033
154 £L1035
155 £L1036
156 EL1040
157 £L1042
158 EL1044

292 EL462
293 EL463
294 EL464
295 EL46S
296 ELd66
297 EL467
298 ELd6E

Falkland 1
Falkland 1
Falkland 1
Falkland 1
Falkland 1
Falkland 1
Falkland 1
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 2
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Falkland 3
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
Elephant Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
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ELO715
L0680

L0684

Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base

Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base

Esperanza Base
Esperanza Base
Esperanza Base

Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base
Esperanza Base

299 EL469
300 EL470
301 EL125
302 EL126
303 EL127
304 EL130
305 EL131
306 EL132
307 EL134
308 EL135
309 EL136
310 EL138
311 EL139
312 EL140
313 £L141

441 147-32

King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George sland
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
King George Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
Livingston Island
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ANNEX 2: DEUTSCHE

ZUSAMMENFASSUNG

Diese manuskriptbasierte Dissertation ist in vier Kapitel unterteilt. Das erste
Kapitel ist eine Einfuhrung in die Flechten und die Antarktis. Es fuhrt in das Ziel der
Arbeit und die mit der Flechtensystematik und dem mangelnden Wissen Uber
antarktische Flechten verbundenen Probleme ein. Die Antarktis ist eine der letzten
vom Menschen weitgehend unbeeinflussten Regionen der Erde und ist von den
anderen Kontinenten durch den antarktischen Zirkumpolarstrom, die Subantarktische
Front, die Antarktische Polarfront und die Drake-Passage isoliert. Das terrestrische
Leben in der Antarktis beschrankt sich auf weit voneinander entfernte und kleine
eisfreie Gebiete, die nur 0,3% des Kontinents bedecken. Die Kolonisierung der
Antarktis ist fir viele Taxa eine Herausforderung und héngt mit ihrer Fahigkeit zur
Fernverbreitung und ihrer Anpassung an die raue Klimabedingungen zusammen. Die
terrestrischen Okosysteme der Antarktis sind durch den Klimawandel, das
Eindringen invasiver Arten und Wechselwirkungen zwischen diesen Faktoren
erheblich bedroht. Der durch tUberdurchschnittlich hohe Temperaturen verursachte
Gletscherriickgang legt neue Lebensraume frei, die leicht von lokalen Biota besiedelt
werden konnen. Aber auch nicht-einheimische Arten kdnnen durch die veranderten
klimatischen Bedingungen begtinstigt werden. Die anthropogene Ausbreitung von
Diasporen kann zur Ansiedlung neuer Arten in der Antarktis beitragen oder die

Populationsstruktur vieler Taxa verdndern. Die terrestrische Biota besteht fast
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ausschlie8lich aus "niederen Organismen” (wirbellose Tiere, Moose, Algen,
lichenisierte Pilze und Mikroorganismen). Flechten sind die dominierende
Komponente und die wichtigsten Primarproduzenten. Sie sind symbiotische
Systeme, die aus einem Pilz (Mykobionten) und einem oder mehreren
photosynthetischen Partnern (Photobionten) bestehen und kénnen sich sexuell oder
vegetativ verbreiten. Die symbiotische Natur der Flechten schafft verschiedene
Probleme, die eine einfache Artbestimmung bei Flechten erschweren. Selbst mit
molekularen Daten ist die Artabgrenzung bei Flechten noch immer nicht einfach. Die
wahre Anzahl der Arten wird aufgrund der Anwesenheit kryptischer Arten und
Artenpaaren haufig unterschatzt. Die empfohlenen universellen Marker fir das DNA-
Barcoding (z. B. ITS) kénnen manchmal keine Artenpaare abgrenzen. Bevor mit der
Analyse von Flechtenpopulationen begonnen werden kann, ist es daher notwendig,
schnell evolvierende Marker zu finden, die die Abgrenzung eng verwandter Arten
ermoglichen. Das Ziel dieser Arbeit ist es, die bisher unbekannte genetische Struktur
antarktischer Flechtenpopulationen wegen ihrer unmittelbaren Konsequenzen fir den
Artenschutz aufzuklaren. Die Arbeit konzentriert sich dabei nicht nur auf
Differenzierungsmuster und Genfluss, sondern untersucht auch die Frage des vom
Menschen vermittelten Diasporentransfers in die Antarktis und zwischen
antarktischen Standorten. Sie liefert Daten Uber die genetische Struktur antarktischer
Flechten, die dringend benétigt werden, um angesichts der globalen Erwéarmung und
der zunehmenden menschlichen Aktivitaten in der Region Artenschutzstrategien zu
entwickeln. Da es wegen ihrer symbiontischen Natur nicht méglich ist, unspezifische
Fingerprinting-Methoden auf Flechten anzuwenden, sind Mikrosatelliten oder ,Simple
Sequence Repeats® (SSRs) eines der besten Werkzeuge zur Untersuchung der
genetischen Struktur von Flechtenpopulationen. SSRs ermdglichen es, zwischen den
Flechtenpartnern zu unterscheiden, aber artspezifische Mikrosatelliten wurden nur
fur einige wenige Arten entwickelt. In der Antarktis ist bisher nur eine Art mit SSRs
untersucht worden.

Das zweite Kapitel beschreibt neue Methoden und Werkzeuge zur
Abgrenzung eng verwandter Flechtenarten und prasentiert schnell evolvierende
Marker zur Charakterisierung ihrer genetischen Struktur. Das Kapitel stellt die in
dieser Arbeit analysierten Flechtenarten und die Probleme im Zusammenhang mit
ihrer korrekten morphologischen und molekularen ldentifizierung vor. Im zweiten

Kapitel wird die Besammlungsmethode erlautert: Probenahme in kleinen Arealen, in
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denen die Artenpaare gemeinsam vorkommen. Dann werden die Methoden zur
Entwicklung und Validierung pilzspezifischer, aber artibergreifend amplifizierender
Mikrosatelliten beschriecben. Bei dem Artenpaar Ushea antarctica und U.
aurantiacoatra handelt es sich um die haufigsten Flechten in der maritimen Antarktis.
Der empfohlene DNA-Barcode fur Pilze, der internal transcribed spacer® der
ribosomalen RNA (ITS) unterscheidet nicht klar zwischen diesen Arten, und einige
Autoren haben deshalb vorgeschlagen, die beiden Namen als Synonyme zu
betrachten. Um die generelle Eignung von SSRs zur Unterscheidung eng verwandter
Flechtenarten zu bestatigen, werden hier auch unverdéffentlichte Ergebnisse eines
anderen antarktischen Artenpaares, Placopsis antarctica und P. contortuplicata,
dargestellt. Diese Arbeit ist die erste Studie, die Draft-Genome zweier Flechtenarten
verwendet, um SSR-Marker mit gleicher Lange in flankierenden Regionen zu
identifizieren, die Uber Artgrenzen hinweg amplifizieren. Mit Hilfe der neu
entwickelten SSRs ist es moglich, die beiden eng verwandten Arten klar zu
unterscheiden und gleichzeitig genetische Variabilitat auf Populationsebene zu
erfassen. Am Ende des Kapitels werden ITS-Sequenzen, Mikrosatelliten und SNPs
zur Abgrenzung der Arten Usnea antarctica und U. aurantiacoatra verwendet. Das
Kapitel zeigt die Bedeutung einer korrekten Artabgrenzung und die Vorteile von
SSRs und SNPs im Vergleich zu der empfohlenen universellen Pilz-Barcode-
Sequenz ITS bei der Abgrenzung antarktischer Usnea-Arten auf.

Im dritten Kapitel wird die genetische Vielfalt und Differenzierung von
Flechtenpopulationen untersucht, um den Einfluss von Ausbreitungsstrategien und
Migrationsgeschichte auf die populationsgenetische Struktur antarktischer Flechten
zu ermitteln. Proben aus Studamerika und der maritimen Antarktis wurden analysiert,
um einen moglichen vom Menschen vermittelten Genfluss zwischen den beiden
Kontinenten und zwischen antarktischen Standorten zu identifizieren. Im dritten
Kapitel werden populationsgenetische Analysen von drei Flechtenarten mit
unterschiedlichen Ausbreitungsstrategien (sexuell, vegetativ) basierend auf einer
hohen Anzahl von Proben vorgestellt. Usnea aurantiacoatra pflanzt sich sexuell fort
und kommt disjunkt in Soudamerika und der Antarktis vor. An ihr wird
interkontinentaler Genfluss von Stdamerika in die maritime Antarktis untersucht. Die
sterile, sorediose Usnea antarctica konnte Uberraschenderweise nur in der Antarktis
gefunden werden und ist dort vermutlich endemisch. Um Genfluss zwischen den

Kontinenten auch an einer asexuellen Flechtenart untersuchen zu kénnen, wurde auf
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Cetraria aculeata zuriickgegriffen. Die beiden vegetativen Arten (C. aculeata und U.
antarctica) weisen eine geringere genetische Vielfalt auf als U. aurantiacoatra. Die
geringe genetische Differenzierung innerhalb der antarktischen Populationen und die
hohere genetische Differenzierung innerhalb der patagonischen weisen auf ein altes
Vorkommen von U. aurantiacoatra in der Antarktis und eine Ausbreitung von dort
nach Sudamerika hin. Die genetische Differenzierung antarktischer Populationen von
U. antarctica ist vergleichbar mit der von U. aurantiacoatra, aber die Art wurde nicht
in Sudamerika gefunden. Die geringe Diversitat und starke genetische
Differenzierung antarktischer Populationen von C. aculeata bestatigt, dass die Art
von Patagonien aus die Antarktis besiedelt hat. Glaziale Refugien wurden auf
Navarino Island und auf den Sudshetlandinseln identifiziert. Es gibt keine Hinweise
auf vom Menschen verursachte Migration oder einen anhaltenden Genfluss in die
Antarktis.

Kapitel vier enthélt die wichtigsten Schlussfolgerungen. Mikrosatelliten sind
geeignete Instrumente zur Unterscheidung von Artenpaaren und zur Untersuchung
der genetischen Struktur von Flechtenpopulationen. Die phylogeographische
Geschichte erklart die genetische Struktur der Population jeder Art besser als die Art
der Vermehrung (sexuell oder vegetativ). Kontrastierende Muster der genetischen
Differenzierung liefern Hinweise darauf, dass U. antarctica und U. aurantiacoatra die
letzte Eiszeit in der Antarktis Uberdauert haben. Es gibt keine eindeutigen Hinweise
auf eine vom Menschen vermittelte Ausbreitung zwischen Siudamerika in die
Antarktis. Die starke genetische Differenzierung antarktischer Populationen von C.
aculeata erfordert Schutzmalinahmen, um Genfluss zwischen isolierten Populationen

und die Ausrottung lokaler Populationen zu verhindern.
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