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Preface 

 

 

 

I started the studies for this PhD on January 5, 2015. Doing a PhD is rarely 

straightforward; thus, there have been many ups and downs for me during the last four 

years. I have indisputably learned a lot in that time, hardly knowing what lichens were 

before I started. In particular, I was not aware that there were so many new lichen 

species to be found in the tropical material, which I was supposed to investigate. 

Discovering a new species was kind of a childhood’s dream for me and I am happy it 

came true. In the end, it was not only one new species but eleven. 

 

I thank Mirko Dreßler, supervisor of my Diplom thesis at the University of Rostock, 

Germany, who first aroused my interest for taxonomy and molecular systematics. He 

always encouraged me to do a PhD. Admittedly, I first considered taking up this PhD 

position in lichen systematics, because I missed working taxonomically. Getting the 

chance to go on fieldwork in the tropics was a very tempting prospect as well. Lichens 

are indeed a special group to work with and I am very glad I decided to start this 

journey. 
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Summary 

The lichen family Ramalinaceae is one of the largest families of lichenized ascomycetes 

comprising morphologically rather heterogeneous representatives found all over the 

world. Since the end of the last century, DNA sequence data have been incorporated in 

lichen taxonomy as a valuable source of information. Molecular systematics, however, 

have shown that traditional taxonomy, i.e. exclusively based on morphological and 

anatomical characteristics as well as chemical analyses of lichen substances, may fall 

short in recognizing natural groups of lichenized fungi. This is also the case for several 

genera of the Ramalinaceae, where previous studies have indicated the need for 

revisionary work at genus and family levels; the tropical genera, in particular, exhibit 

similar morphological features. The tropical genera have not been studied in a 

molecular phylogenetic context at all and little is known about their evolutionary 

history. The genus Phyllopsora is the largest tropical genus in this family and 

Phyllopsora species are expected to have evolved from multiple ancestors, rendering 

its current classification in need of taxonomic revision as well. Species identification in 

this genus and its relatives is challenging when using morphology and chemistry, thus 

leaving a substantial proportion of specimens unidentified. While regional reports of 

Phyllopsora species have been provided for almost all continents, several Asian 

countries have escaped proper investigations of phyllopsoroid species. 

The aims of this PhD thesis were to contribute to the systematics of the lichen 

family Ramalinaceae in general and the genus Phyllopsora in particular. By collecting 

additional material of Phyllopsora and allied genera in South America (Brazil and 

Venezuela) and Asia (Sri Lanka), I have added to the knowledge of the species’ 
occurrences and diversity. Moreover, I conducted a pilot-study for overcoming some 

of the challenges in obtaining DNA sequence data from old herbarium material. 

This thesis includes five papers, of which three are published (Papers I, IV–V) 

and two are in revision (II–III). Paper I presents the first comprehensive molecular 

phylogeny of the family Ramalinaceae including five genetic markers of 

representatives from 36 out of 42 genera previously included in the family. Based on 

the supported phylogenetic relationships, we revise the taxonomy of the family and 

trace the main clades’ evolutionary history through ancestral state reconstructions. 

Four genera showed to be polyphyletic as circumscribed at that point. Thus, we 

describe two new genera and remodel several additional genera. Especially the tropical 

genera are found to have evolved independently and the large tropical genus 

Phyllopsora is split into segregates. The core group of Phyllopsora is examined in a 

global study in Paper II, where we investigate species circumscriptions within the 

genus based on morphological, chemical and molecular data. Additional nine species 
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of Phyllopsora are excluded from the genus and five species are described as new. We 

treat the investigated Asian and Melanesian collections of Phyllopsora s. str. in a 

regional study in Paper III, where we describe three species as new to science and 

report eight species as new for Asia and Melanesia. In Paper IV, we focus on the genus 

Krogia, which is morphologically similar to Phyllopsora. We describe three new 

species of Krogia from Asia and Melanesia employing morphological, chemical and 

DNA sequence data, and provide a key to all known species. In Paper V, we present a 

pilot-study for obtaining DNA sequence data from old lichen herbarium specimens. 

We investigate the applicability of an Ion Torrent protocol for sequencing specimens 

from four different families, which were collected up to 155 years ago. Although DNA 

sequence data is challenging to obtain from old specimens, we successfully generated 

sequence information using a two-step PCR protocol followed by Ion Torrent 

sequencing. For ca. 65% of specimens collected more than 100 years ago, the obtained 

sequence information was sufficient for identification at species level. 

In summary, this work has contributed to a revised taxonomy of the family 

Ramalinaceae and the genus Phyllopsora, thereby providing a framework for further 

and more in-depth research. The description of new species of Phyllospora and Krogia 

increases the known diversity of these tropical lichen genera. In addition, our attempt 

to DNA sequence old herbarium specimens represents the first study that 

systematically investigates potential patterns of DNA degradation in lichens. Results 

from this thesis should therefore be of interest to lichenologists working on the family 

Ramalinaceae, tropical rainforest biodiversity, or DNA sequencing of degraded 

material. 
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1 Introduction 

Lichens comprise a fascinating symbiosis formed by two main partners, a mycobiont 

and a photobiont (Schwendener 1869; see also Lutzoni and Miadlikowska 2009 for 

general information on lichens). The mycobiont, i.e. the main fungal partner, usually 

belongs to the Ascomycota, but also 172 species of the Basidiomycota are known to 

form a lichen symbiosis (Lücking et al. 2017b; c). The photobiont is either a green alga 

or a cyanobacterium and sometimes a combination of both. Lichens disperse by 

producing and spreading (asco-)spores, the sexual reproduction unit of the mycobiont. 

They may also form special structures for vegetative dispersal, such as isidia or soredia, 

which spread both the myco- and photobiont at the same time (reviewed by Seaward 

2008). 

The main fungal partner determines the taxonomy in lichenology. Currently, ca. 

20,000 species of lichen-forming fungi are known worldwide (Hawksworth and 

Lücking 2017). Genus and species delimitation in lichens is traditionally based on 

morphological characters, such as apothecial anatomy including ascus and ascospore 

characteristics, thallus construction and vegetative dispersal units. In addition, many 

mycobionts produce secondary metabolite compounds (lichen substances). These 

substances are often species specific in their composition, and consequently, they can 

be used for identification (Elix and Stocker-Wörgötter 2008; Nylander 1866). The 

main lichen substances are commonly analysed by thin-layer chromatography (TLC) 

given reference substances, while high-performance liquid chromatography and 

related techniques are more suitable for identifying satellite compounds. More than 

800 different lichen substances have been described (Elix 2014). 

During the last decades, DNA sequences have increasingly been used for species 

identification (Hajibabaei et al. 2007; Hebert et al. 2003; Schoch et al. 2012). Usually, 

short DNA fragments, for example from the mitochondrial and nuclear ribosomal DNA 

or from various protein-coding genes, are targeted, amplified and sequenced to obtain 

information about taxonomic and evolutionary relationships on all levels in molecular 

phylogenetic trees (e.g., Divakar et al. 2017; Prieto and Wedin 2017; Stenroos et al. 

2018; Thell et al. 2012). Such molecular studies have frequently shown that the 

traditional understanding (i.e., based on morphology and chemistry) of species, genus 

and/or family affiliations and circumscriptions are not always congruent with 

statistically inferred evolutionary trees based on DNA sequence data. Thus, many 

groups of lichens have undergone extensive taxonomic revisions based on molecular 

data. Several new species and genera have first been detected and/or described because 

of DNA sequence data (e.g., Bendiksby and Timdal 2013; Lendemer and Hodkinson 

2013; Otálora et al. 2014). 
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Lichens are globally distributed and may grow on stones, soil, bark of trees, leaves or 

other living organisms. While temperate lichens have been rather well studied within 

the last centuries, tropical lichens are less well known and have only been studied more 

intensively within the last decades. Recent publications suggest that a considerable 

part of the lichen biodiversity in tropical rainforests is still undescribed and may yet to 

be discovered (e.g., Lücking et al. 2014). 

1.1 The family Ramalinaceae 

The lichen family Ramalinaceae C. Agardh (Lecanorales) is the fourth largest family of 

lichenized ascomycetes. The family has a worldwide distribution, i.e. occurring in both 

dry and wet habitats from the tropics to even Antarctica. According to the latest 

classification — prior to this thesis — by Lücking et al. (2017b; c), the family comprises 

42 genera and 913 species, representing both macro-lichens and those with crustose 

growth forms (Fig. 1), most of which grow on the bark of trees or on stone, rarely on 

soil or on leaves. The circumscription of the family is generally based on visible 

morphological characters, such as the presence of a chlorococcoid photobiont, mostly 

biatorine or lecideine apothecia, hyaline and often transversely septate ascospores as 

well as asci typically with an amyloid apex and a more or less conical ocular chamber 

and axial body. 

Miadlikowska et al. (2014) presented a molecular phylogenetic hypothesis of the 

Lecanoromycetes and included several taxa of the Ramalinaceae, of which many were 

resolved as sister to the family Psoraceae Zahlbr. The study corroborated many of the 

findings by Ekman (2001) showing the current family circumscription to be non-

monophyletic. Generic boundaries have been left largely unexamined apart from a few 

DNA based studies targeting selected genera (e.g., Bacidia De Not.: Ekman 2001; 

Biatora Fr.: Printzen 2014; Lecania A. Massal.: Reese Næsborg et al. 2007). These 

studies included only a limited number of species, and yet, they showed the genera to 

be polyphyletic to various degrees. This clearly indicated the need for a taxonomic 

revision of the whole family that includes DNA sequence data. Tropical genera in 

particular (i.e., Bacidiopsora Kalb, Crocynia (Ach.) A. Massal., Eschatogonia Trevis., 

Krogia Timdal, Phyllopsora Müll. Arg. and Physcidia Tuck.) have yet to be studied in 

a molecular phylogenetic context. Species of these corticolous genera are 

morphologically similar possibly because they grow in the same type of habitat, moist 

tropical rainforests. Convergent evolution of morphological traits might therefore be 

expected. So far, little is known about their phylogenetic relationships internally and 

to each other. 



7 

 

Figure 1. Selected species belonging to the family Ramalinaceae according to Lücking et al. (2017b; c). 

A: Biatora vernalis (L.) Fr. (O-L-164706); B: Eschatogonia prolifera (Mont.) R. Sant. (O-L-144572); C: 

Lecania aipospila (Wahlenb.) Th. Fr. (O-L-123172); D: Krogia coralloides Timdal (O-L-21909); E: 

Phyllopsora chlorophaea (Müll. Arg.) Zahlbr. (O-L-73858); F: Ramalina fastigiata (Pers.) Ach. (O-L-

130217); G: Rolfidium coccocarpioides (Nyl.) Timdal (O-L-22063); H: Toninia squalida (Ach.) A. 

Massal. (O-L-149088). Scale bar in A–C and E ca. 2 mm, in D and H ca. 1 mm, in F ca. 0.5 mm. Photos 

by E. Timdal. 
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As the current taxonomy of this family does not seem to accommodate evolutionary 

lineages correctly, more DNA sequence data representing a comprehensive taxon 

sampling is likely to give new insight into circumscriptions of natural groups. 

Phylogenetic relationships between the genera, along with information about their 

evolutionary history, are necessary to revise the taxonomy of the family towards a more 

natural classification. 

1.2 The tropical genus Phyllopsora and its relative Krogia 

The genus Phyllopsora is almost exclusively tropical with a pantropical distribution. It 

usually grows on the bark of trees (rarely on stones) in rainforests or moist woodlands 

ranging from low to high altitudes (up to 3500 m; Brako 1991; Fig. 2). A typical growth 

form characterizes the genus, where the areoles or squamules often grow on a thick 

prothallus (‘phyllopsoroid’ growth form; Fig. 1E). It remains unclear whether this 

growth form is a useful taxonomic character or whether it evolved independently as a 

result of ecological adaptation (Lakatos et al. 2006). Prior to the taxonomic 

conclusions made in this thesis, the genus comprised ca. 72 accepted species (Brako 

1991; Elix 2009; Kondratyuk et al. 2016; Mishra et al. 2011; Swinscow and Krog 1981; 

Timdal 2008; 2011; Timdal and Krog 2001). 

Species of Phyllopsora are usually distinguished by a combination of 

morphological and chemical features (Elix 2009; Swinscow and Krog 1981). Prothallus 

and squamule/areole morphology along with ascospore size and vegetative dispersal 

propagules play an important role in morphological species discrimination. In 

addition, many species contain a characteristic composition of lichen substances, some 

of which are not found outside the genus, for instance, furfuraceic acid and 

parvifoliellin. Hence, TLC is an invaluable identification tool, which often provides 

more reliable results than morphological species identification (Timdal 2008). Some 

species are reported to form different chemotypes, such as P. buettneri (Müll. Arg.) 

Zahlbr. and P. porphyromelaena (Vain.) Zahlbr. It remains unclear whether these 

chemotypes represent different species or merely genetic or geographical variation. 

Despite several useful diagnostic characters from morphology and chemistry, species 

identification and delimitation has proven difficult when specimens are sterile, exhibit 

a reduced thallus and/or lack lichen substances (Timdal 2008). In such cases, the 

correct identification is nearly impossible and the only means to assign the specimen 

reliably to any known species is achieved through generating and comparing DNA 

sequences. Prior to this thesis, only eight sequences of Phyllopsora were available in 

public DNA sequence repositories, such as GenBank (Benson et al. 2018), of which 

seven are not identified to species level. Preliminary studies by Bendiksby and Timdal 
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prior to this PhD project revealed that the genus Phyllopsora was non-monophyletic 

and comprised a heterogeneous assemblage of species, which most likely belonged to 

several, not closely related genera. A thorough molecular study targeting all known 

species seems necessary to elucidate which species belong in Phyllopsora s. str. and 

which should be excluded from this genus. Moreover, comparative DNA sequencing 

might also disclose useful characters for species delimitation. 

As many species of Phyllopsora are rather inconspicuous, they have not been 

comprehensively collected and studied. Even though travelling to tropical regions and 

returning safely was more challenging a century ago than it is today, difficult 

administrative processes for obtaining all necessary permissions often hamper 

fieldtrips to tropical rainforests nowadays. Therefore, collections are available mainly 

from readily accessible tropical regions and the species distribution pattern is therefore 

strongly biased. Fresh collections of Phyllopsora and other tropical genera (i.e., 

suitable for generating DNA sequences) from more remote regions are highly needed 

for a global monographic treatment of the genus. While regional monographic 

revisions of Phyllopsora have been published from East Africa (Swinscow and Krog 

1981; Timdal and Krog 2001), the Neotropics (Brako 1991), Australia (Elix 2009), Peru 

(Timdal 2008) and the West Indies (Timdal 2011), little is known about the genus in 

West Africa or in Asia (except for India; Mishra et al. 2011). Consequently, little is 

known about the occurrence of the various potential segregates of Phyllopsora in these 

Figure 2. A typical Phyllopsora habitat at ca. 2000 m elevation in Caracas, Venezuela. Photo by S. 

Kistenich. 



10 

Paleotropical areas. Several species of Phyllopsora are known to exhibit a pantropical 

distribution, such as P. corallina and P. chodatinica, but it remains unclear whether 

specimens from different continents indeed belong to the same species. 

The tropical genus Krogia (Fig. 1D) is morphologically similar to Phyllopsora 

and often misidentified as such at first glance. Krogia is thus assumed to be closely 

related to Phyllopsora (Timdal 2002). The genus is distinguished by usually having 

red to purple patches on the thallus and by forming a nearly non-amyloid tholus of the 

asci as well as long, curved, spirally arranged ascospores (Timdal 2002). It was first 

described in 2002 by Timdal as a monotypic genus from Mauritius, but two additional 

species have been described from the Neotropics (Timdal 2009; Timdal in Lumbsch et 

al. 2011). Specimens of Krogia are not collected very often, indicating that they might 

occur less frequently than specimens of Phyllopsora. So far, it remains unknown if 

species of the genus Krogia occur at all in tropical Asia or Australia. 

1.3 Historical lichen collections 

In the Natural History Museum of Oslo, the lichen herbarium houses ca. 330,000 

specimens with the earliest specimen collected in the year 1800. DNA sequence data 

has become essential for the identification of lichen species, but DNA fragments can 

often not be amplified and sequenced from old and degraded specimens. Sometimes, 

specimens collected a few years or even merely a few months ago seem to be too old for 

DNA sequencing (Gueidan et al. 2015; Kelly et al. 2011). For some tropical species in 

the family Graphidaceae Dumort., DNA has to be extracted within three months after 

collection to ensure successful DNA sequencing (Staiger et al. 2006). Some 

researchers, on the other hand, report successful polymerase chain reaction (PCR) 

amplification and Sanger sequencing of century-old specimens (Bendiksby et al. 2014). 

Generally, specimens collected within the last 30 years are suitable for DNA 

sequencing using standard protocols, which involve PCR amplification and Sanger 

sequencing of ca. 500–800 base pair (bp) long DNA fragments routinely used for 

molecular lichen systematics. Thus, a large proportion of material in lichen collections 

worldwide remain unused for phylogenetic studies. Ironically, collections from the 19th 

century and older may be the most important ones to place into a molecular 

phylogenetic context to obtain information about the application of the names in the 

past vs. the present. In this regard, types are extremely valuable specimens, which 

connect names to taxonomical concepts, laying the foundation for the following species 

identification. In Phyllopsora, several species have been described from types collected 

in either the 19th or the early 20th century (Fig. 3). Sometimes, these types are in such 

a poor condition that the application of the name is impossible to understand and it 
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remains unknown whether recent collections of this species exist or not. In these cases, 

DNA sequences are the only means to interpret the species names. 

Unfortunately, there are several challenges connected with obtaining DNA sequences 

from old material: DNA extracts from old specimens show typically highly fragmented 

DNA (ca. < 200 bp), contain low amounts of DNA (< 0.1 ng/µl) and often PCR 

inhibitors (Staats et al. 2011). While standard PCR amplification and Sanger 

sequencing usually fails under such conditions, high-throughput sequencing (HTS) 

technologies make use of fragmented DNA by producing millions of short reads (often 

< 200 bp) from the same genetic locations (Goodwin et al. 2016). In fungal, plant and 

insect specimens, HTS technologies have already contributed to successfully obtaining 

DNA sequence information from more than 100-year-old specimens (Andreasen et al. 

2009; Gutaker et al. 2017; Larsson and Jacobsson 2004; Prosser et al. 2016). In 

lichens, however, no such study has been attempted. Moreover, no studies have 

systematically investigated the extent of DNA degradation in lichens with regard to 

age, taxonomic affinity, or ecology. In addition, some lichens from wet-tropical areas 

seem to be more difficult to DNA sequence than those growing in dry habitats. Any 

study, which facilitates routine sequencing of old lichen material, would dramatically 

increase the value of these collections for taxonomic research. 
  

Figure 3. Old and poorly understood Phyllopsora types. A: Syntype of P. bibula (Taylor) Swinscow & 

Krog, collected in 1830 (H-NYL 20540); B: Lectotype of P. minor Brako, collected in 1892 (TUR-V 

22612). Scale bar = 1 mm. Photos by E. Timdal. 
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1.4 Main objectives of the thesis 

The present thesis aims at revising the taxonomy of the lichen family Ramalinaceae 

and at increasing knowledge about the evolution and phylogenetic relationships of the 

tropical genera, in particular Phyllopsora. The thesis explores the diversity of the 

genus Phyllopsora as well as its relatives by involving an integrative approach, 

comprising phylogenetic analyses of DNA sequence data in combination with 

traditional morphological and chemical investigations. Moreover, it provides a pilot-

study for sequencing old lichen specimens, serving as starting-point for further 

research on obtaining DNA sequences from old archived material. 

 

Paper I aims at improving the knowledge of phylogenetic relationships as well as 

character evolution in the family Ramalinaceae and at revising the taxonomy 

accordingly. Special focus is on the relations between the tropical genera. 

 

Paper II focuses on investigating species boundaries within the genus Phyllopsora s. 

str. (as delimited in Paper I) based on DNA sequence data complemented by 

morphological and chemical assessment. The taxonomy is revised accordingly. 

 

Paper III aims at giving an overview of the species of Phyllopsora in Asia and 

Melanesia. Three new species are described based on morphology, chemistry and DNA 

sequence data accompanied by a key to the Asian and Melanesian Phyllopsora species. 

 

Paper IV focuses on the tropical genus Krogia. Three new species are described from 

Asia and Melanesia based on morphology, chemistry and DNA sequence data 

accompanied by a key to the six species of the genus. 

 

Paper V is a pilot-study for obtaining DNA sequence reads from old lichen herbarium 

material using HTS on a time series of selected species collected up to 155 years ago. 

Correlation between sequencing success and age, taxonomic affinity as well as ecologic 

preferences of the selected specimens are investigated. 
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2 Material and methods 

2.1 Taxon sampling 

More than 2000 specimens were studied for Papers I–V in this PhD thesis. In addition 

to specimens already held at O, material collected during my fieldwork in Brazil (Pará, 

Pernambuco, Rio de Janeiro, São Paulo), Sri Lanka (Central, Kalutiare, 

Sabaragamuwa, Western) and Venezuela (Capital District, Carabobo, Miranda) is used 

in Papers I–III. For Papers I–V, further material was loaned from the following 

herbaria: AAS, ABL, ASU, B, BG, BM, BORH, BR, CANB, E, FR, G, GZU, H, HO, 

HUTPL, KR, LD, M, MIN, NY, OTA, PDA, SBBG, SP, TNS, TRH, TROM, TSB, and UPS 

(acronyms according to Index Herbariorum). The Korean Lichen Research Institute 

(Suncheon, South Korea) and the private herbaria of P. Diederich, A. Frisch, H. Holien, 

T. Johansson, D. Killmann, P. Kirika, Mellansel, Z. Palice, S. Pérez-Ortega, C. Printzen, 

and P. van den Boom also lent specimens for this project. In addition, relevant DNA 

sequences were downloaded from GenBank (Benson et al. 2018). 

2.2 Morphological and anatomical investigations 

For morphological investigations of the thallus and apothecia including ascus analyses 

and ascospore measurements, selected specimens in Papers I–IV were studied using 

light microscopy. Microscope sections were cut on a freezing microtome at 16–20 μm 
thickness and mounted in water, 10% KOH (K), lactophenol cotton blue and a modified 

Lugol’s solution, in which water was replaced by 50% lactic acid (I). Amyloid reactions 
were observed in the modified Lugol’s solution after pre-treatment in K (KI reaction). 

2.3 Thin-layer chromatography 

Lichen substances of selected specimens from Papers I–IV were identified by applying 

TLC, following the standard methods of Culberson and Kristinsson (1970) and 

Culberson (1972), modified as suggested by Menlove (1974) and Culberson and 

Johnson (1982). Examinations were made in the three standard solvent systems A, B’ 
and C. In rare cases, two-dimensional chromatography was performed (Culberson and 

Johnson 1976). The presence of fatty acids was generally not investigated, but when so, 

in system C.  
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2.4 Molecular methods 

For all samples in Papers I–IV and some in Paper V, DNA was extracted of thallus 

and/or apothecial tissue using the E.Z.N.A. HP Plant DNA Mini Kit (OMEGA Bio-tek). 

For Paper V, some samples were extracted following either the protocol by Werth et al. 

(2016) or using the DNeasy Plant Mini Kit (QIAGEN). 

For Paper I, five DNA regions were amplified by PCR and sequenced: the 

mitochondrial ribosomal small subunit (mtSSU), the nuclear ribosomal internal 

transcribed spacer region (nrITS: ITS1, 5.8S, ITS2), the nuclear ribosomal large 

subunit (nrLSU) as well as the protein-coding genes for the largest subunit of the RNA-

polymerase II (RPB1) and the second largest subunit of the RNA-polymerase II 

(RPB2). For Papers II–IV, only the mtSSU and the nrITS regions were used. In Paper 

V, the mtSSU was amplified in a two-step, nested and multiplex PCR protocol using 

seven primer pairs according to Prosser et al. (2016). Detailed descriptions of the 

primers and PCR programmes used are found in the respective papers. 

All PCR products were enzymatically purified and prepared for sequencing. 

Sanger sequencing was used in all papers. Samples in Paper V also underwent library 

preparation and sequencing on an Ion Torrent PGM (Life Technologies, Thermo Fisher 

Scientific Inc.). 

2.5 Sequence editing 

Raw sequences and sequence reads were edited using the software Geneious R9 

(Kearse et al. 2012). In Papers I–V, the trace files generated through Sanger sequencing 

were assembled, trimmed and corrected to generate a consensus sequence. In Paper V, 

sequence reads generated by the Ion Torrent PGM were demultiplexed, duplicate reads 

removed and PCR primers as well as low quality reads trimmed using the BBTools 

package v.35.8 (Bushnell 2015) as implemented in Geneious. The reads were then 

mapped to reference sequences downloaded from GenBank using the Geneious Read 

Mapper. 

2.6 Alignment 

The Sanger sequences were subjected to various sequence alignment algorithms with 

all genetic markers aligned separately (Papers I–IV). In Paper I, PASTA v.1.7 (Mirarab 

et al. 2015) was used for the separate alignment of the ITS1 and ITS2 regions as well as 

for the mtSSU, the online version of MAFFT v.7.3 (Katoh and Standley 2013) was used 

for the 5.8S (G-INS-i) and nrLSU (E-INS-i) regions. The translation align function in 

Geneious (Kearse et al. 2012) was applied to RPB1 and RPB2. Introns were deleted 
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from the RPB1 alignment. All alignments were adjusted manually when necessary. The 

same algorithms as used in Paper I were run for the mtSSU and nrITS datasets in Paper 

IV. In Papers II–III, the mtSSU and the nrITS region were each subjected to the online 

version of MAFFT v.7.4 (Katoh and Standley 2013) using the E-INS-i algorithm. 

2.7 Phylogenetic analysis 

In Papers I and IV, the best-fitting substitution models and partitioning schemes were 

inferred using PartitionFinder 2 (Lanfear et al. 2016) and incorporated into the 

subsequent phylogenetic analyses. The maximum likelihood (ML) analyses were 

conducted with Garli v.2.0 (Zwickl 2006) using 500 standard non-parametric 

bootstrap (BS) replicates. In Papers II and III, the software IQ-TREE v.1.6 (Nguyen et 

al. 2015) was applied to find the best-fitting substitution models as well as partitioning 

schemes, and to conduct the ML analyses with 1000 BS replicates. In addition, 

Bayesian analyses were run using MrBayes v.3.2.6 (Altekar et al. 2004; Ronquist and 

Huelsenbeck 2003) with BEAGLE (Ayres et al. 2012) by conducting four Makov Chain 

Monte Carlo (MCMC) runs with six chains in Papers I–IV. Tree Graph 2 v.2.14 (Stöver 

and Müller 2010) was used to construct the final, extended majority-rule consensus 

trees. 

Topological incongruences between preliminary ML trees of each marker 

generated either by IQ-TREE v.1.6 or RAxML v.8.2 (Stamatakis 2014) were assessed 

using the programme compat.py (Kauff and Lutzoni 2002). If no strongly supported 

incongruences, affecting the respective focal taxa, were reported, the alignments were 

concatenated for the final phylogenetic analyses (Papers I, III, IV). 

Additional analyses were carried out for Paper I: A rogue taxa analysis was 

conducted to identify place-shifting taxa in the preliminary ML trees using the dropset 

algorithm (Pattengale et al. 2011) as implemented in RAxML v.8.2. The identified 

rogues were pruned from the respective dataset. Furthermore, approximately unbiased 

(AU) tests (Shimodaira 2002) as implemented in IQ-TREE v.1.6 were performed to 

test specific phylogenetic hypotheses regarding monophyly of selected taxa. 

For Paper II, we constructed a species tree from the incongruent mtSSU and 

nrITS gene trees using StarBeast (*BEAST) v.2.0.3 (Heled and Drummond 2010) of 

the BEAST 2 package v.2.5.1 (Bouckaert et al. 2014). Three MCMC runs were 

conducted and assessed using Tracer v.1.7.1 (Rambaut et al. 2018). The runs were 

combined with LogCombiner v.2.5.0 (BEAST 2 package) and used as input file for 

generating a maximum clade credibility tree with posterior probabilities (PP) in 

TreeAnnotator v.2.5.0 (BEAST 2 package). 
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For further details about the phylogenetic analyses and chosen settings, see the 

respective papers. 

2.8 Ancestral state reconstruction 

In Paper I, ancestral character state reconstructions (ASR) were performed to 

investigate the evolution of selected morphological and ecological traits in the family 

Ramalinaceae. All calculations were carried out in R v.3.4 (Team 2017). Stochastic 

mapping of the coded character states on both phylograms and chronograms as well as 

character state reconstructions at selected nodes were conducted using phytools 

v.0.6.4 (Revell 2012). Transformation counts as well as statistics were summarized and 

extracted using additional functions of phytools v.0.6.4, matrixStats v.0.52.2 

(Bengtsson 2017), and coda v.0.19.1 (Plummer et al. 2006). Root and node 

reconstructions were checked for potential influences caused by distribution 

assumptions using corHMM v.1.22 (Beaulieu et al. 2013). 

2.9 Species delimitation analysis 

In Paper II, species delimitation analyses were performed to investigate the correlation 

between species circumscriptions in Phyllopsora based on morphology and chemistry 

versus molecular data. The software mPTP v.0.2 (Kapli et al. 2017; Zhang et al. 2013) 

was used to infer species boundaries on the two gene trees generated by IQ-TREE. Both 

Bayesian and ML analyses were conducted. 

2.10 Statistical analysis 

In Paper V, additional statistical analyses were performed to investigate the three 

hypotheses about obtaining sequence reads based on age, taxonomic affinity and 

ecology. The software R v.2.3 (Team 2018), including the package vegan v.2.4 

(Oksanen et al. 2016) was used to calculate generalized linear models (McCullagh and 

Nelder 1989) and Pearson’s r (Pearson 1901) to inform about correlations between 

selected predictor and response variables. 
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3 Main findings and discussion 

3.1 The family Ramalinaceae 

In Paper I, the heterogeneous lichen family Ramalinaceae was investigated in a 

molecular phylogenetic context by employing 156 accessions and five molecular 

markers. Most Ramalinaceae genera (sensu Lücking et al. 2017b; c) jointly form a 

strongly supported monophyletic clade (Fig. 4), while some genera and selected species 

fell outside this clade (Paper I: Fig. 2). Our results corroborate the family 

circumscription by Miadlikowska et al. (2014). Based on our molecular phylogenetic 

hypothesis, we named five major, well-supported clades after the largest represented 

genus (Fig. 4: C–G): The Bacidia-, Biatora-, Ramalina-, Rolfidium- and Toninia-

clades. The genera Bacidia, Phyllopsora, Physcidia and Toninia A. Massal. were found 

to be polyphyletic and thus split into segregates. Some of the Phyllopsora and Toninia 

segregate species were found in clades A and B (Fig. 4), respectively, thus belonging in 

different families (I: Figs. 2, S1). To accommodate these segregates, 49 new 

combinations were made, the genera Bibbya J.H. Willis, Kiliasia Hafellner, 

Sporacestra A. Massal. and Thalloidima A. Massal. were resurrected and the two new 

genera Bellicidia Kistenich et al. and Parallopsora Kistenich et al. (I: Fig. 3) were 

described. With our taxonomic conclusions made in Paper I, the family Ramalinaceae 

comprises 39 genera. 

In addition to revising the taxonomy of the family, we traced the evolution of 

selected character traits. We were interested in the morphological and ecological 

nature of the Ramalinaceae ancestor. Our results indicate that the ancestor had most 

likely arisen from moist, temperate forests growing on the bark of trees with a crustose 

growth form and reproduced mainly by forming apothecia and long, multi-septate 

spores (I: Table 4). The same pattern was also found for the immediate ancestors of 

the five major clades except for the Ramalina-group, where the ancestor was found to 

have produced single-septate spores (I: Table 4). This finding was unexpected since we 

anticipated that short, single-septate spores, as found in the sister family Psoraceae, 

were the plesiomorphic state in the Ramalinaceae. Instead, the transformation counts 

in the ASR analysis (I: Table 5) indicated repeated reductions in spore length and 

amounts of septa throughout the phylogenetic tree. The presence of vegetative 

dispersal units had also shifted frequently throughout the evolution of genera in the 

Ramalinaceae. 
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Figure 4. Simplified molecular phylogeny of the family Ramalinaceae including the revised genus 

names. Extended majority-rule consensus tree with BS ≥ 50 and PP ≥ 0.7, modified from the molecular 

phylogenetic hypothesis in Paper I: Fig. 2. Strongly supported branches (BS ≥ 75 and PP ≥ 95) are 

marked in bold; for all other branches support values are indicated (BS below and PP above branch). 

Seven clades are indicated to facilitate discussion (A–G). Genera occurring mainly in the wet-tropics are 

marked in green. 
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When focusing on the tropical genera of the family Ramalinaceae, we found them to 

occur in all of the five major groups (Fig. 4: C–G). The transformation counts indicated 

several state changes from temperate to tropical habitats, but only rarely vice versa (I: 

Table 5). Several independent transitions from the crustose to the phyllopsoroid 

growth form could be observed. Lakatos et al. (2006) advocated that the presence of a 

prothallus in lichens growing in tropical lowland-rainforests might be 

ecophysiologically advantageous. According to the authors, a thick prothallus may 

increase the possibility of continued photosynthesis by keeping the squamules free of 

water, while rainwater is running down the tree stems (Lakatos et al. 2006). This might 

explain the high degree of convergent evolution found in the corticolous tropical genera 

of the Ramalinaceae. 

The results obtained in Paper I indicate that the growth form is subject to 

frequent changes and thus not a reliable character to delimit lineages in the 

Ramalinaceae. We investigated most of the 42 genera assigned to the Ramalinaceae by 

Lücking et al. (2017b; c), but could not generate sequences for the following six genera: 

Auriculora Kalb, Echidnocymbium Brusse, Heppsora D.D. Awasthi & Kr.P. Singh, 

Jarmania Kantvilas, Pseudohepatica P.M. Jørg., and Tibellia Vězda & Hafellner. For 

these genera, PCR amplification or Sanger sequencing failed. While most of these 

genera were probably too old to produce long DNA sequences, our specimens of 

Jarmania failed PCR amplification despite being more recently collected. New 

analytical approaches are needed to sequence old or difficult herbarium material in 

order to clarify the taxonomic position of these genera. 

3.2 The genus Phyllopsora 

In the molecular phylogeny of the Ramalinaceae (Paper I), we showed the tropical 

genus Phyllopsora to be polyphyletic splitting into four segregates (I: Fig. 2): (1) three 

species outside the family Ramalinaceae (Fig. 4: A), as sister to Crustospathula 

Aptroot, and as such, most likely belonging to the family Malmideaceae Kalb et al.; (2) 

three species, of which one is sister to Physcidia cylindrophora (Taylor) Hue belonging 

to Bacidia, and two species that we placed in the resurrected genus Sporacestra 

(Bacidia-group, Fig. 4: C); (3) four species falling out in the Toninia-group (Fig. 4: D), 

of which one belongs to the genus Bacidina Vězda, while a new genus, Parallopsora, 

was established for the remaining three species; (4) the true Phyllopsora s. str. 

including the type species P. breviuscula (Nyl.) Müll. Arg., sister to Biatora (Fig. 4: F). 

Two species of Crocynia, including the type species, C. gossypina (Sw.) A. Massal., 

were nested in Phyllopsora s. str. and, hence, reduced to synonymy. Thus, 

Phyllopsora, which comprised 72 species prior to this thesis, was in Paper I remodelled 
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to comprise 64 species (II: Table S1). The Ramalinaceae phylogeny clearly showed that 

Phyllopsora s. str. is in strong need of revision and that the typical phyllopsoroid 

growth form does not represent a good diagnostic character at the genus level because 

of its seemingly parallel or convergent pattern of evolution. 

In Paper II, we focused on species delimitation in Phyllopsora s. str. as 

delimited in Paper I (I: Fig. 2). We investigated archived material directly available at 

O as well as extensive loans from other herbaria. This, in addition to our newly 

collected material from Brazil, Venezuela and Sri Lanka. Based on morphological and 

chemical investigations, we assigned most of the fresh specimens to 48 morphospecies, 

from which we later on also generated DNA sequences. Unfortunately, only about 75% 

of the total investigated material could be identified to species level. Still, we were able 

to generate DNA sequences for most of the 64 accepted species of Phyllopsora. Based 

on mtSSU and nrITS sequence data, we constructed phylogenetic gene trees, which 

were subjected to species delimitation analyses using the software mPTP. Most of the 

accessions of each morphospecies grouped together in well-supported clades, 

indicating that morphology in combination with TLC are useable tools for species 

delimitation. Using morphology on its own, however, had proven to be difficult for 

many species and nearly impossible for certain species. We found that four 

morphospecies (i.e., P. byssiseda (Nyl.) Zahlbr., P. chodatinica Elix, P. furfuracea 

(Pers.) Zahlbr., and P. parvifoliella (Nyl.) Müll. Arg.) were split into two clades each 

(II: Figs. 2, 3). In these cases, only minute anatomical details or chemical differences 

distinguished between the two clades. These differences formed the basis for 

describing the separate clades as the new species P. isidiosa Kistenich & Timdal, P. 

neotinica Kistenich & Timdal, P. furfurella Kistenich & Timdal and P. concinna 

Kistenich & Timdal (II: Figs. 5, 6), respectively. In addition, we described the new 

species P. amazonica Kistenich & Timdal (II: Fig. 5) based on two specimens from 

Brazil, which were distinct in morphology, chemistry and DNA sequence data. 

Several species of Phyllopsora showed intraspecific chemical variation, such as 

P. buettneri and P. porphyromelaena. In Paper II, we attempted to investigate as many 

of these chemotypes as possible. In P. buettneri, five chemotypes had been reported 

(Timdal 2011). We found that the former chemotype 3 represented a separate species 

(II: Figs. 2, 3) and the old species name P. melanoglauca Zahlbr. was resurrected for 

it. Unfortunately, we were unable to investigate chemotype 5 (Elix 2006). The 

sequences of chemotype 1, 2 and 4 grouped according to chemotype into a larger clade 

together with the chemotypes of P. porphyromelaena and P. chodatinica (II: Figs. 2, 

3). The accessions of chemotypes 1–3 of P. porphyromelaena, however, did not 

separate equally well (II: Figs. 2, 3). Especially chemotype 3 (a new chemotype 

described in Paper II), might be more closely related to P. chodatinica and thus 
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represent a different species. Further new chemotypes were found in P. africana 

Timdal & Krog, now comprising three chemotypes (described in Paper II). However, 

chemotype 2 of P. africana shows the same chemical pattern as found in the 

morphologically identical species P. swinscowii Timdal & Krog. In Paper III, additional 

specimens of P. africana were sequenced, and all chemotypes and morphs were found 

to mix (Fig. 5). While the majority of the newly sequenced specimens grouped together 

with the other P. africana accessions, a lacinulate specimen associated more closely 

with the P. swinscowii clade (Fig. 5). Thus, only specimens of P. ochroxantha (Nyl.) 

Zahlbr. can be distinguished without DNA sequence data, while the border between P. 

africana and P. swinscowii in their current circumscription clearly overlaps. More in-

depth analyses are necessary to evaluate the taxonomic status of the chemotypes in 

these species and of the species themselves (i.e., P. africana, P. buettneri, P. 

porphyromelaena and P. swinscowii). 

While many accessions grouped into well-delimited clades according to species 

circumscriptions in Paper II, we also encountered several clades with species 

Figur 5. Phylogenetic relationships of P. africana, P. ochroxantha and P. swinscowii. Modified from 

the molecular phylogenetic hypothesis in Paper III: Fig. S1. Strongly supported branches (PP ≥ 0.95 and 
BS ≥ 75) are marked in bold; branches only supported with PP ≥ 0.7 or BS ≥ 50 are marked with a dot 
above the branch. Accessions in bold mark type specimens. Terminal names include extract number, 

species name, and the three-letter country codes according to ISO 3166-1 alpha-3. For P. africana 

specimens, chemotype (ch) and morph (isidiate/lacinulate) are also indicated. 
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complexes, which could not be fully resolved (II: Figs. 2, 3). The accessions of P. 

hispaniolae Timdal and P. rosei Coppins & P. James mixed in a strongly supported 

clade. Accessions of P. gossypina (Sw.) Kistenich et al. and Crocynia molliuscula (Nyl.) 

Nyl. also mixed with each other in a strongly supported clade. It is possible that neither 

mtSSU nor nrITS might be variable enough to distinguish between each species pair. 

In these two cases, the two respective species are morphologically different and a 

possible synonymization has to be evaluated with additional data. 

As there has never been made a comprehensive revision of the genus 

Phyllopsora in Asia and Melanesia, we investigated phyllopsoroid material (ca. 900 

specimens, of which 625 turned out to represent Phyllopsora) from 17 Asian countries 

including freshly collected (2017) specimens from Sri Lanka (Paper III). In total, we 

found 28 different species of Phyllopsora in the material including three new species: 

P. pseudocorallina Kistenich & Timdal (III: Fig. 2A), P. sabahana Kistenich & Timdal 

(III: Fig. 2B) and P. siamensis Kistenich & Timdal (III: Fig. 2C). The three species were 

not recognized as new species at first sight, as they are morphologically and chemically 

very similar to P. corallina (Eschw.) Müll. Arg., P. porphyromelaena and P. imshaugii 

Timdal, respectively. The results of the phylogenetic analyses, however, showed that 

the species pairs in all three cases were not sister species (III: Fig. 1: A–C). Re-

Figur 6. Unidentified specimens potentially representing one or more new species. A: Phyllopsora sp.  

from Malaysia (BM001104019); B–D: Phyllopsora spp. from Sri Lanka; B: O-L-207864; C: O-L-

207854; D: O-L-207879. Scale bar = 2 mm. Photos by E. Timdal. 
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investigating the morphology and anatomy of the tentatively new species revealed 

subtle differences in squamule form and/or ascospore size, enough to distinguish the 

new species from their look-alikes. In addition, four unidentified specimens (one from 

Malaysia and three from Sri Lanka; Fig. 6) sat on long branches in the phylogenetic 

tree (III: Figs. 1, S1). These might represent additional new species, but more 

specimens are necessary to investigate their morphological and genetic variability 

before possibly describing them formally. 

In total, eight species of Phyllopsora are reported as new for Asia and Melanesia 

in Paper III, two of which are P. cuyabensis (Malme) Zahlbr. and P. parvifoliella. 

About 30% of the specimens belonged to other phyllopsoroid genera, both from the 

Ramalinaceae and the Malmideaceae. They were generally not identified to the species 

level because of taxonomically unresolved problems at the genus level. Moreover, 141 

Phyllopsora specimens could not be assigned to any known species as they usually 

were poorly developed and/or lacked lichen substances. This indicates that the 

diversity of phyllopsoroid species in Asia and Melanesia is probably much higher than 

described in Paper III. The material needs further attention, for example by obtaining 

DNA sequence data of the remaining unidentified specimens. 

Following these taxonomic revisions, we acknowledge 57 species in the genus 

Phyllopsora. Several more species are considered dubious and poorly understood, 

including several old types (II: Taxonomy B). 

3.3 The genus Krogia 

In the molecular phylogeny of Paper I, the genus Krogia formed a supported clade 

together with Physcidia striata Aptroot et al. and accessions of the genus Bacidina (I: 

Fig. 2). Molecular sequence data of the type species, K. coralloides (Fig. 1) corroborates 

its placement in the family Ramalinaceae. Molecularly, the genus Krogia is clearly 

distinct from the morphologically similar genus Phyllopsora s. str., which was found 

in a different major subclade of the family (Toninia-group vs. Biatora-group, 

respectively; Fig. 4). 

Before the start of this PhD project, only three species of Krogia were known 

from the Neotropics and tropical Africa. No records of the genus had been reported 

from Asia or Oceania. When we routinely investigated phyllopsoroid material from 

Malaysia and New Caledonia, we discovered three new species of Krogia. In Paper IV, 

we describe these as K. borneensis Kistenich & Timdal, K. isidiata Kistenich & Timdal 

and K. macrophylla Kistenich & Timdal. Krogia borneensis (IV: Fig. 2) was described 

from the island of Borneo (Malaysia), while K. isidiata (IV: Fig. 3) and K. macrophylla 

(IV: Fig. 4) were both described from the island Grand Terre (New Caledonia). The 
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three new species are distinguished by morphological, chemical and DNA sequence 

data from each other and the three previously known species (i.e., K. antillarum 

Timdal, K. coralloides and K. microphylla Timdal). We constructed a molecular 

phylogenetic tree using both mtSSU and nrITS sequence data of the three new species 

along with sequences of K. antillarum and K. coralloides. Unfortunately, we were not 

able to sequence specimens of K. microphylla. All five species formed together a well-

delimited, monophyletic clade, sister to Bacidina. 

Morphological investigation of K. borneensis revealed the presence of a 

unicellular cortex surrounding the thallus. This type of cortex is characteristic for the 

genus Eschatogonia indicating that this morphological trait may have originated at 

least twice in the family. In the Ramalinaceae phylogeny, Eschatogonia was also found 

in the same major group, the Toninia-group (I: Fig. 2: D), but in a different clade than 

Krogia. This group, however, is characterized by rather poor phylogenetic resolution 

and it is not unlikely that the two genera may be closely related. More sequence data of 

additional Eschatagonia species should be included in a phylogeny of the Toninia-

group to investigate this relationship in more detail. 

In Paper IV, we doubled the amount of species in this genus. Two new species 

were found on New Caledonia, seemingly a hotspot for discovering new lichen species 

(Aptroot 2014; Papong et al. 2014). Hence, additional material of Krogia should be 

collected throughout the wet-tropics and especially from islands to gain more 

information about distribution ranges and to find out if additional species remain to 

be discovered. 

3.4 Sequencing historical lichens 

In Paper V, we investigated the sequencing success along an age gradient with 

reference to genus affiliation and ecological preferences. To evaluate the sequencing 

success of historical lichens systematically, we selected four species pairs from Norway, 

each from the same genus from four different families: Cladonia floerkeana (Fr.) 

Flörke and C. gracilis (L.) Willd. (Cladoniaceae Zenker), Nephroma laevigatum Ach. 

and N. arcticum (L.) Torss. (Nephromataceae Wetmore), Peltigera collina (Ach.) 

Schrad. and P. malacea (Ach.) Funck (Peltigeraceae Dumort.), Ramalina siliquosa 

(Huds.) A.L. Sm. and R. fraxinea (L.) Ach. (Ramalinaceae; V: Fig. 1). The former 

representative in each species pair has a mainly coastal (humid) distribution, while the 

latter occurs in more continental (dry) habitats. Each species was sampled from 

herbarium vouchers collected between 2010 and 1860, compiling a time series with 25 

years between each sampling point (i.e., seven periods in total). 
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Using a modification of the Ion Torrent approach developed by Prosser et al. (2016), 

we were in Paper V able to generate sequence reads of the mtSSU for 54 of the 56 

selected specimens, including a full sequence of a specimen collected 127 years before 

DNA extraction (i.e., 2018). In addition, we obtained enough sequence information for 

species identification of a 150-year-old specimen. In contrast, when using Sanger 

sequencing, we only received useable trace files for 15 of the 56 specimens, mainly from 

recent collection periods, but also from 108–127-year-old specimens. Three of the 

specimens from the 1985 and 1960-period showed longer sequences obtained by 

Sanger sequencing compared with those from the Ion Torrent protocol. 

Statistical analyses indicate that younger specimens perform better than older 

ones (V: Fig. 6). While we were able to assemble nearly 100% of the reference sequence 

length for the most recently collected specimens, only short sequences could be 

assembled for the oldest ones. Genus affiliation also showed to influence the 

sequencing success (V: Table 4). Specimens of Peltigera Willd. performed extremely 

well, whereas specimens of Nephroma Ach. showed the poorest sequencing success (V: 

Fig. 5). For specimens of Ramalina Ach., we never managed to assemble the full target 

sequence. In contrast, we could not observe any statistically significant difference 

between sequencing success of specimens with humid versus dry habitat preferences 

(V: Table 4). As our selected species pairs have partly overlapping distribution ranges, 

we assume that the difference in humidity was not large enough to give a statistically 

significant result. Therefore, a parallel study should ideally be tested on specimens 

from the wet-tropics versus arid regions. In that way, one could simultaneously assess 

the applicability of this approach on types of Phyllopsora, for example. 

We also found that the DNA concentration of the initial extracts appeared to be 

uncorrelated with sequencing success when inspecting data of all specimens. However, 

when using data from specimens more than 100 years old only, we received a 

significant correlation between DNA concentration and sequencing success. In 

addition, genus affiliation explained a larger fraction of variation in DNA concentration 

than did age (V: Table 4). This indicates that successful DNA sequence generation of 

old lichen specimens largely depends on the taxonomic group for deciding whether 

high or low DNA concentrations are needed. 

Our sample size was rather low with only one individual from each species per 

period. Increasing the sample size is necessary to obtain more robust results. It is 

possible that different sequencing platforms (e.g., Illumina platforms) may give better 

results and these should be explored as well. Therefore, different taxonomical groups 

from the humid tropics should be subjected to this approach prior to destructive 

sampling of old Phyllopsora types, such as for example P. bibula from 1830. 
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3.5 Additional comments 

After the Parmeliaceae Zenker (Crespo et al. 2010), the Graphidaceae (Staiger et al. 

2006) and the Verrucariaceae Zenker (Gueidan et al. 2007), the Ramalinaceae, as the 

fourth largest lichen family has now also received a new family circumscription, which 

includes DNA sequence data. In the Ramalinaceae, we encountered the same 

challenges with polyphyletic taxa and phylogenetically unresolved relationships as in 

the three above-mentioned studies, and we likewise resolved polyphyly with taxonomic 

remodeling of genera. The tropical genera in particular proved to be polyphyletic. 

In recent years, lichenologist have discovered immense numbers of new tropical 

lichen species, for instance, placed in the Graphidaceae (Lücking et al. 2014), the 

Trypetheliaceae Zenker (Aptroot et al. 2016b), and the basidiomycete lichen genus 

Cora Fr. (Lücking et al. 2017a). Estimates suggest that the diversity in these groups 

may be even higher (see Aptroot et al. 2016a and references therein). There may be 

comparable numbers of new species to be discovered in the phyllopsoroid genera. In 

this thesis, we describe 11 new tropical species and detected several additional new 

candidate species (Fig. 6; Papers II–IV). Tropical lichens are generally found to 

diversify to a greater extent than their temperate counterparts (Singh et al. 2018). Our 

species delimitation analyses in the genus Phyllopsora suggest splitting off many 

species from seemingly monospecific assemblages. Additional specimens providing 

DNA sequence data, however, are necessary to support these inferred species entities. 

Species delimitation studies focusing on other genera, such as Diploschistes Norman 

(Zhao et al. 2017) and Peltigera (Magain et al. 2018), reveal up to 50 new lineages that 

may deserve species level recognition. In the genus Usnea Dill. ex Adans. (Gerlach et 

al. 2019), most delimited lineages in U. cornuta Körb. correspond with secondary 

chemistry, but these were not formally described as new species. We also discovered a 

similar pattern in P. buettneri, but we only acknowledged one chemotype as a separate 

species in the taxonomic treatment. The remaining chemotypes should be re-

investigated with additional specimens. All species delimitation analyses, however, will 

greatly benefit from including types where morphologically cryptic species are split. 

There have not yet been conducted molecular studies, which systematically investigate 

the feasibility of sequencing old herbarium specimens from the tropics. Thus, we 

encourage the initiation of these studies to avoid redundant descriptions of new 

species. 
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4 Concluding remarks and perspectives 

In the course of this thesis, the fourth largest lichen family, the Ramalinaceae, has 

received a new family circumscription based on new insights gained by molecular 

phylogenetic data and knowledge about character evolution. Moreover, this thesis has 

contributed to increase the understanding of species limits within Phyllopsora s. str. 

and led to the description of 11 new species of Phyllopsora and Krogia. Even though 

the taxon sampling for Papers I–IV has been balanced and rather extensive, not all 

targeted taxa could be sequenced. There are various reasons for not obtaining DNA 

sequences of these taxa: (1) We could not get in contact with the respective herbaria 

that hosted the taxa of interest; (2) specimens were too old to attempt DNA extraction 

as Sanger sequencing would most likely have failed; and/or (3) despite being collected 

only a few years ago, some specimens failed PCR amplification because of, for instance, 

inhibitors, degraded DNA, or poor primer binding. In Paper V, we made a first attempt 

to develop a protocol for routinely sequencing old lichen specimens, which proved 

successful for specimens up to 150 years old. This protocol may be applied to the 

missing taxa from Papers I–IV to investigate its potential to generate sequences from 

further Ramalinaceae species. 

While this thesis has initiated taxonomic revisions of the family Ramalinaceae 

and the genus Phyllopsora in particular, some taxonomic affinities could not be 

resolved simply by investigating selected molecular markers. Some species complexes 

in the genus Phyllopsora remain phylogenetically unresolved despite morphological 

differences. In these cases, additional sequence data should be included to inform 

about the species status of the respective specimens. Moreover, some specimens, which 

could not be identified by morphology or chemistry, remain unidentifiable (i.e., 

unassigned to species) even when sequence data is available. Phylogenetic species 

boundaries may be uncertain and/or reference sequences may lack to assign 

questionable specimens unambiguously to a known species. It is likely that our 

understanding of the extent of morphological, chemical and molecular variation in 

several phyllopsoroid species is still incomplete. It is also probable that there are 

additional new species in the unidentified material of Phyllopsora and its related 

genera. There are still many tropical regions that have not yet been investigated for 

phyllopsoroid species, and additional collections will most likely benefit our taxonomic 

understanding of the genus Phyllospora and its relatives. 
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Krogia (Ramalinaceae, lichenised Ascomycota) from the Paleotropics. MycoKeys 40: 69–88. https://doi.org/10.3897/
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Krogia borneensis Kistenich & Timdal, K. isidiata Kistenich & Timdal and K. macrophylla Kistenich & 

Timdal are described as new species, the first from Borneo and the two latter from New Caledonia. The 

new species are supported by morphology, secondary chemistry and DNA sequence data. Krogia borneen-

sis and K. isidiata contain sekikaic and homosekikaic acid, both compounds reported here for the first time 

from the genus. Krogia macrophylla contains an unknown compound apparently related to boninic acid 

as the major compound. DNA sequences (mtSSU and nrITS) are provided for the first time for Krogia 

and a phylogeny of the genus based on 15 accessions of five of the six accepted species is presented. Krogia 

antillarum is reported as new to Brazil, Guatemala and Mexico.

Borneo, New Caledonia, lichens, Phyllopsora, phylogeny, rainforest, TLC 
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Krogia Timdal is a corticolous genus occurring in tropical humid forests and rainforests. 
It closely resembles the much more common genus Phyllopsora Müll. Arg. in thallus 
morphology, but differs mainly in having a weak or absent amyloid reaction in the tholus 
of the asci and filiform, curved ascospores that are spirally arranged in the ascus (Timdal 
2002). In Phyllopsora, the tholus shows a deeply amyloid conical structure (Bacidia-type) 
and the ascospores vary from ellipsoid to acicular, but are never spirally arranged. Nearly 
every examined specimen of Krogia has at least some scattered red or purple patches on 
the thallus or apothecia caused by non-crystalline, acetone-insoluble pigment(s).

Three species of Krogia are known: K. antillarum Timdal (the West Indies; Timdal 
2009), K. coralloides Timdal (Mauritius; Timdal 2002) and K. microphylla Timdal (the 
Dominican Republic; Lumbsch et al. 2011). All species are recently discovered and 
known from only a few collections.

During revision of material of Phyllopsora from Southeast Asia and Oceania, we 
have come across material of three apparently undescribed Krogia species. There are no 
published sequences of Krogia, but we have provided sequences of the mitochondrial 
small subunit (mtSSU) and of the nuclear ribosomal transcribed spacer region (ITS) 
from the three putative new species and from two of the three previously described spe-
cies. The sequences, some of which were taken from an unpublished paper on the phy-
logeny of the Ramalinaceae (Kistenich et al. in press), were used to infer a phylogeny.

The specimens of the three new species were discovered during ongoing global stud-
ies of Phyllopsora by Kistenich and Timdal in material provided by Rikkinen (New 
Caledonia) and Thüs, Vairappan and Wolseley (Borneo), with additional specimens 
provided by A. Elvebakk (New Caledonia) and A. Paukov (Borneo). The specimens are 
deposited in B, BM, BORH, H, O and PC. DNA sequences of the two previously de-
scribed Krogia species were generated from specimens in B and O and from a specimen 
provided by P. Diederich (hb Diederich). Additionally, we included 14 mtSSU and 12 
ITS sequences (Table 1) from nine species in six genera known to be closely related to 
Krogia as well as from the holotype of the genus Krogia, K. coralloides, from a previous 
molecular study on the family Ramalinaceae (Kistenich et al. in press).

Microscope sections were cut using a freezing microtome and mounted in water, 10% 
KOH (K), lactophenol cotton blue and a modified Lugol’s solution, in which water 
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 Specimens used in this study with voucher information, major lichen substances and GenBank 

accession numbers. New sequences are indicated by accession numbers in bold.

Species and sequence 
ID

Voucher
Major lichen 
substances

mtSSU ITS

Aciculopsora salmonea
Costa Rica, 2004, Lücking 17543 (BR), 
isotype

– MG925842 MG925948

Bacidia rosella Sweden, 1997, Ekman 3117 (BG) – AY300877 AF282086

Bacidia rubella
Switzerland, van den Boom 41103 (LG DNA 
578)

– JQ796830 JQ796852

Bacidia sipmanii Tenerife, Sérusiaux s.n. (LG DNA 361) – JQ796832 JQ796853

Bacidina brittoniana USA, 1999, Ekman 3657 (BG) – – MG925954

Bacidina delicata France, Sérusiaux s. n. (LG DNA 369) – JQ796834 JQ796854

Bacidina neosquamulosa
Netherlands, van den Boom 41056 (LG DNA 
490)

– JQ796837 JQ796855

Bacidina phacodes Sweden, 1998, Ekman 3414 (UPS) – AY567725 AF282100

Eschatogonia prolifera I Peru, 2006, Timdal 10207 (O) didymic acid MG925870 MG925969

Eschatogonia prolifera II Peru, 2006, Timdal 10429 (O) didymic acid MG925871 MG925970

Krogia antillarum I
Trinidad And Tobago, 2008, Rui & Timdal 
10844 (O), paratype

4-O-methylcrypto-
chlorophaeic acid

MH174271 MH174281

Krogia antillarum II Guatemala, 2002, Andersohn s.n. (B)
4-O-methylcrypto-
chlorophaeic acid

MH174272 –

Krogia antillarum III Mexico, 1994, Wolf & Sipman 2052 (B)
4-O-methylcrypto-
chlorophaeic acid

MH174273 MH174282

Krogia antillarum IV
Brazil, 2015, Dahl, Kistenich, Timdal & 
Toreskaas AM-39 (O)

4-O-methylcrypto-
chlorophaeic acid

MH174274 MH174283

Krogia borneensis I
Malaysia, 2013, Vairappan & Thüs L291 
(BORH), holotype

sekikaic acid, 
homosekikaic acid

MH174275 –

Krogia borneensis II
Malaysia, 2012, Wolseley, Thüs & Vairappan 
D-3-10-2 (BM)

sekikaic acid, 
homosekikaic acid

MH174276 –

Krogia borneensis III Malaysia, 2014, Paukov 2234 (B)
sekikaic acid, 

homosekikaic acid
MH174277 –

Krogia borneensis Malaysia, 1997, Wolseley Q21 p.p. (BM)
sekikaic acid, 

homosekikaic acid
– –

Krogia borneensis Malaysia, 2013, Vairappan & Thüs L229 (BM)
sekikaic acid, 

homosekikaic acid
– –

Krogia coralloides I
Mauritius, 1991, Krog & Timdal MAU51/83 
(O), holotype

boninic acid, 
unknown

MG925875 MG925977

Krogia coralloides II
Mauritius, 2016, Diederich 18455 (hb. 
Diederich)

boninic acid, 
unknown

MH174278 MH174284

Krogia isidiata I
New Caledonia, 2005, Elvebakk 05:633 (O), 
holotype

sekikaic acid, 
homosekikaic acid

– MH174285

Krogia isidiata II New Caledonia, 2016, Rikkinen 34385 (H)
sekikaic acid, 

homosekikaic acid
MH174279 MH174286

Krogia isidiata New Caledonia, 2016, Rikkinen 35034 (H)
sekikaic acid, 

homosekikaic acid
– –

Krogia isidiata New Caledonia, 2016, Rikkinen 35688 (H)
sekikaic acid, 

homosekikaic acid
– –

Krogia macrophylla I New Caledonia, 2016, Rikkinen 36047 (H) unknown – MH174287

Krogia macrophylla II
New Caledonia, 2016, Rikkinen 36077 (H), 
holotype

unknown – MH174288

Krogia macrophylla III New Caledonia, 2016, Rikkinen 35037 (H) unknown – MH174289

Krogia macrophylla IV New Caledonia, 2011, Rikkinen 38565 (H) unknown MH174280 MH174290

Physcidia wrightii I
Mauritius, 1991, Krog & Timdal MAU14/14 
(O)

sekikaic acid, 
divaricatic acid

MG925911 –

Physcidia wrightii II
Mauritius, 1991, Krog & Timdal MAU13/10 
(O)

sekikaic acid, 
divaricatic acid

MG925912 –

Toninia cinereovirens Norway, 1994, Haugan & Timdal 7953 (O) – AY567724 AF282104

Waynea californica USA, 1995, Ekman L1486 (UPS) – MG925947 –
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was replaced by 50% lactic acid. Amyloid reactions were observed in the modified Lu-
gol’s solution after pretreatment in K and crystals of lichen substances were observed 
using polarised light.

Thin-layer chromatography (TLC) was performed in accordance with the methods of 
Culberson (1972), modified by Menlove (1974) and Culberson and Johnson (1982). 
Examinations were made in the three standard solvent systems A, B' and C.

We extracted DNA from apothecia and/or thallus tissue of 14 Krogia specimens. The 
DNA extraction followed the protocol described by Bendiksby and Timdal (2013). We 
selected the two genetic markers mtSSU and nrITS (including ITS1, 5.8S and ITS2) 
for molecular analyses. Polymerase chain reactions (PCR) were performed with the 
primer pairs mtSSU1 and mtSSU3R (Zoller et al. 1999) for mtSSU as well as ITS1-F 
(Gardes and Bruns 1993) and ITS4 (White et al. 1990) for ITS. In case of poor ampli-
fication success, internal primers were used: mtSSUF (5’-ACCAGTAGTGAAGTAT-
GTTGTT-3’) and mtSSUR (5’-AACAACATACTTCACTACTGGT-3’) for mtSSU 
and ITS_lichF and ITS_lichR (Bendiksby and Timdal 2013) for ITS. We used the 
following cycling conditions: 95 °C for 7 min, 35 cycles of 95 °C for 30 s, 60 °C for 
30 s, 72 °C for 30 s, followed by 72 °C for 7 min. We used Illustra PuReTaq Ready-
To-Go PCR Beads (GE Healthcare, Buckinghamshire, UK) with half-sized reactions, 
i.e. prior to adding DNA, we transferred 12 μl of the mixture to a new PCR tube. To 
this, we added 0.5 μl of template DNA and 1 μl of each primer (10 μM). The PCR 
products were purified with the Illustra ExoProStar Clean-Up Kit (GE Healthcare, 
Buckinghamshire, UK) following the manufacturer’s instructions, but with a 10-fold 
enzyme dilution. We sent the purified PCR products to Macrogen Europe (Amster-
dam, The Netherlands) for Sanger sequencing according to the company’s instructions 
for sample preparation.

We assembled and edited the resulting sequences using the software Geneious R9 
(Kearse et al. 2012). For the separate alignment of the variable ITS1 and ITS2 se-
quences, we used PASTA version 1.7 (Mirarab et al. 2015) with OPAL as aligner and 
merger, the maximum subproblem set to 50%, RAxML as the tree estimator under a 
GTR+  model and a maximum of 500 iterations. We also used PASTA for the mtSSU 
alignment with the same settings except that we used a GTR+I+  model. As the 5.8S 
alignment contains mainly conserved regions, the online version of MAFFT version 
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7.313 (http://mafft.cbrc.jp/alignment/software/; Katoh and Standley 2013) was used 
(G-INS-i) with default settings except that the scoring matrix was set to 2PAM. Align-
ments were concatenated for subsequent analyses.

We used PartitionFinder2 (Lanfear et al. 2016) to infer the best-fitting substitu-
tion models and partitioning scheme for the concatenated alignment with the Bayes-
ian Information Criterion (BIC) to select amongst all possible combinations of mod-
els implemented in MrBayes (1-, 2- and 6-rate models). Subset rates were treated as 
proportional (‘linked branch lengths’). We defined four potential subsets prior to the 
analysis: mtSSU, ITS1, 5.8S and ITS2.

Three Bacidia De Not. species, B. rosella (Pers.) De Not., B. rubella (Hoffm.) A. 
Massal. and B. sipmanii M. Brand et al., were used as outgroup in all phylogenetic 
analyses based on the molecular phylogeny of the Ramalinaceae (Kistenich et al. in 
press). We checked for incompatibilities amongst gene trees by subjecting each marker 
to a simple maximum likelihood bootstrap analysis as implemented in RAxML Black 
Box 8.2.10 (Stamatakis 2014) on the CIPRES webserver (Miller et al. 2010) with 
default settings. Resulting gene trees were inspected manually for incompatibilities.

The alignment was subjected to maximum likelihood analyses using Garli 2.01 
(Zwickl 2006) on the CIPRES webserver (Miller et al. 2010) and on the Abel high 
performance computing cluster (University of Oslo, Norway) under the models and 
partitioning scheme suggested by PartitionFinder2. We searched for the best tree using 
500 repetitions from a random tree. We ran the nonparametric bootstrapping analysis 
with 500 replicates, each on 10 search replicates from a random tree.

We analysed the alignment phylogenetically using MrBayes 3.2.6 (Altekar et al. 
2004; Ronquist and Huelsenbeck 2003) with BEAGLE (Ayres et al. 2012) on the 
CIPRES webserver (Miller et al. 2010). We used a (1, 1, 1, 1, 1, 1) Dirichlet for 
the rate matrix, a (1, 1, 1, 1) Dirichlet for the state frequencies, an exponential (1) 
distribution for the gamma shape parameter and a uniform (0, 1) distribution for 
the proportion of invariable sites. Subset rates were assumed proportional with the 
prior distribution following a (1, 1, 1, 1, 1, 1, 1) Dirichlet. We assumed a compound 
Dirichlet prior on branch lengths (Rannala et al. 2011; Zhang et al. 2012). For the 
gamma distribution component of this prior, we set = 1 and = 0.5, as the expected 
tree length /  (taken from the preceding maximum likelihood analysis) was approxi-
mately 1.9. The Dirichlet component of the distribution was set to the default (1, 1). 
Four parallel Markov chain Monte Carlo (MCMC) runs were performed, each with 
six chains and the temperature increment parameter set to 0.2 (Altekar et al. 2004). 
The appropriate degree of heating, adjusted for swap rates in the interval 0.1–0.7, was 
determined by monitoring cold and hot chains in preliminary runs. We used a burnin 
of 50% and sampled every 1000th tree. The runs were diagnosed for convergence every 
106 generations and were set to terminate either at convergence or after having reached 
100×106 generations. Convergence was defined as an average standard deviation of 
split frequencies (ASDSF) smaller than 0.01. We projected the bootstrap support (BS) 
values from the Garli-analysis on to the MrBayes majority rule consensus tree with 
posterior probabilities (PP) and collapsed branches with BS < 50 and PP < 0.7. The 
resulting trees were edited in TreeGraph 2 (Stöver and Müller 2010).



 Sonja Kistenich et al.  /  MycoKeys 40: 69–88 (2018)74

The results of the TLC analyses are shown in Table 1. We identified four lichen substanc-
es: 4-O-methylcryptochlorophaeic acid (in K. antillarum), sekikaic acid and homo-
sekikaic acid (in K. borneensis and K. isidiata) and boninic acid (in K. coralloides). An 
unidentified major compound, similar to boninic acid in colour and fluorescence on 
the developed chromatograms, occurred in K. coralloides and K. macrophylla. On the 
chromatograms, the two compounds were first pale brown, then after a few days turn-
ing greyish-pink, UV

366
+ blue and occurred in R

f
-classes A:5, B':5, C:6; the unknown 

moved just above boninic acid in all solvent systems.

We successfully generated DNA sequences for 14 Krogia specimens, including 10 
mtSSU and 10 ITS sequences (Table 1). The final dataset comprised 29 accessions 
(Table 1) and resulted in a 1424 bp long alignment counting 28% missing data and 
470 parsimony-informative sites. The alignment is available at TreeBase (https://tree-
base.org – study no. 22518).

Initial RAxML analyses produced congruent gene trees of the mtSSU and ITS 
datasets; only unsupported (< 0.7) topological differences between the consensus 
trees were observed. We therefore continued with the subsequent phylogenetic anal-
yses. PartitionFinder2 suggested three subsets and two different substitution mod-
els, the GTR+G model for (1) mtSSU, (2) ITS1 and ITS2 and the K80+I model for 
(3) 5.8S. The likelihood score of the best tree found by Garli was –8023.487881. 
The Bayesian analysis halted automatically after 3 million generations, when the 
ASDSF in the last 50% of each run had fallen below 0.01. We used 6004 trees for 
constructing the final majority-rule consensus tree. The phylogenetic results gener-
ated by Garli and MrBayes showed no incongruences. The extended majority-rule 
consensus tree of our alignment (Fig. 1), based on the Bayesian topology with all 
compatible groups (BS ≥ 50 and/or PP ≥ 0.7), shows that all Krogia accessions group 
together in five distinct and well-supported clades with short terminal branches. 
Accessions of Bacidina Vězda were resolved as the phylogenetic sister clade to the 
Krogia accessions, albeit only supported by PP. Not all Bacidina accessions formed 
a distinct group, but were split in two clades. Except for accessions of the same spe-
cies, i.e. Eschatogonia prolifera (Mont.) R. Sant. and Physcidia wrightii (Tuck.) Tuck., 
there was poor resolution for the remaining accessions resulting in polytomy for the 
backbone of the ingroup.
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Hypothesis of the phylogenetic relationships and placement of the 15 Krogia accessions. It 

shows the extended majority-rule consensus tree resulting from the Bayesian MCMC analysis with Bayes-

ian PP ≥ 0.7 (above branch) and/or Garli maximum likelihood BS ≥ 50 (below branch) and branch 

lengths. Strongly supported branches (PP ≥ 0.95 and BS ≥ 95) are marked in bold; branches with PP ≥ 

0.95 and BS ≥ 70 are marked in bold grey; branches only supported by PP ≥ 0.7 are marked with an aster-

isk above the branch. Bacidia rosella, B. rubella and B. sipmanii were used as outgroup. Scale bar indicates 

0.05 changes per site.
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The genus Krogia was first described by Timdal in 2002 and only few reports of the 
genus have been published since (Lumbsch et al. 2011; Timdal 2009). Furthermore, 
no molecular phylogenetic studies investigating the monophyly of this genus have 
been conducted. In our study, we present the first multi-locus phylogenetic hypothesis 
of the genus Krogia (Fig. 1) and describe three new species from the Paleotropics based 
on molecular, morphological and chemical data.

All accessions of Krogia included in our molecular phylogeny (Table 1) form a 
well-supported, monophyletic group (Fig. 1). Five strongly supported clades can be 
distinguished within the genus. These five clades are delimited by rather long branches 
in comparison to the short terminal branches, indicating that the five clades corre-
spond to five different species (Fig. 1). Two clades correspond to the two previously 
described species K. coralloides (Timdal 2002) and K. antillarum (Timdal 2009), while 
the remaining three clades correspond to the three new species K. borneensis, K. isidiata 
and K. macrophylla. The new species are morphologically distinct from one another 
and from the three known species, K. antillarum, K. coralloides and K. microphylla: 
Krogia borneensis forms more elongated and often linear squamules, K. isidiata forms 
characteristically long and sparingly branched isidia and K. macrophylla is a large spe-
cies with wider squamules than any of the known species. We therefore describe them 
as new species. All Krogia species known contain the characteristic red or purple spots 
on the thallus and apothecia, consisting of one or more unknown pigments.

Our specimens of the genus Krogia were typically found amongst collections of 
undetermined tropical rainforest lichens, particularly amongst those tentatively named 
Phyllopsora. Timdal (2002) suggested a close relationship between Krogia and Phyllop-
sora based on overall morphological similarity. The two genera are anatomically distinct 
(Timdal 2002), although both form small squamules or lobes on bark. A comprehen-
sive molecular phylogeny of the family Ramalinaceae, however, revealed the type spe-
cies of the two genera to belong to different major clades within the family (Kistenich 
et al. in press). They are therefore not as closely related as previously anticipated.

On detailed microscopic examination of specimens of the new species K. borneen-
sis, we discovered a thin, unicellular cortex on the upper and lower side of the thallus. 
This type of cortex, with a single layer of rounded or cuboid cells and a thick cell wall, 
is characteristic for the tropical genus Eschatogonia Trevis. (Timdal 2008). The cellular 
cortex surrounding the fungal tissue in K. borneensis has thinner cell walls and consists 
of somewhat longer, rather rectangular cells instead of the round and cuboid cells ob-
served in Eschatogonia species. Our molecular phylogenetic hypothesis confirms that 
Krogia is not closely related to Eschatogonia. This indicates that the characteristic cortex 
in Eschatogonia has evolved independently.

Krogia is resolved as the phylogenetic sister to a clade consisting of the type species 
of Bacidina, B. phacodes (Körb.) Vězda and B. brittoniana (Riddle) LaGreca & Ekman 
(Fig. 1). Krogia differs from Bacidina s.str. (sensu Kistenich et al. in press) in having 
spirally arranged ascospores and a non- to weakly amyloid ascus tholus.
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In recent years, lichenologists have increasingly focused on tropical regions and 
many new species have been described each year (e.g. Aptroot et al. 2018; Lücking 
et al. 2014; Masson et al. 2015; Naksuwankul et al. 2016; Sodamuk et al. 2017). It 
seems that the full diversity of tropical lichens is yet to be discovered. In our study, we 
report two new species of Krogia, K. isidiata and K. macrophylla, from but one island, 
the island Grande Terre belonging to New Caledonia. Therefore, further extensive col-
lecting expeditions to remote tropical areas are necessary to explore the total diversity 
of the genus Krogia.

Krogia borneensis Kistenich & Timdal, sp. nov.
Mycobank: MB825078
Fig. 2

Diagnosis. The species differs from K. isidiata in forming lacinules as vegetative dis-
persal units, not isidia, and from the other species in the genus in producing sekikaic 
and homosekikaic acid.

Type. Malaysia, Borneo, Sabah, Maliau conservation area, trail between Nepenthes 
Camp and waterfall Takob Akob, 4°43.4'N, 116°52.2'E, 900–1000 m alt., in low (few 
metres) and open pristine montane "Kerangas" (heath) forest with higher trees mostly 
along a small stream, on smooth barked tree in the vicinity of the stream, 2013-02-23, C. 
Vairappan & H. Thüs L291 (BORH, holotype) [TLC: sekikaic and homosekikaic acid; 
GenBank: MH174275 (mtSSU)].

Description. Thallus effuse, squamulose; squamules up to 1 mm wide, deeply di-
vided into 0.1–0.2 wide lobes, ascending, imbricate, flattened, elongated to partly linear, 
often slightly laterally constricted, greyish-green with patches of red (K+ purple) spots, 
epruinose, glabrous; margin concolorous with upper side, not fibrillose; lower side white; 
lacinules formed by tips of the lobes. Upper cortex composed of a single layer of thick-
walled cells with angular to shortly cylindrical lumina (resembling Eschatogonia-type), 
not containing crystals (polarised light!); algal layer 30–40 μm thick, filled with crystals 
dissolving in K; medulla composed of loosely interwoven hyphae, not containing crystals 
dissolving in K; lower cortex resembling upper cortex, both continuing over the edge of 
the squamule; prothallus brownish-black, often well developed. Apothecia (present in 
the holotype only) up to 0.6 mm diam. when simple, forming aggregates up to 1.5 mm 
diam., medium brown with red patches or entirely reddish-brown, more or less plane, 
with an indistinct, slightly paler, often flexuose margin; excipulum pale brown to col-
ourless, composed of radiating, closely conglutinated hyphae, in inner part containing 
colourless crystals dissolving in K; hypothecium partly to entirely stained by a blood red 
pigment which dissolves in K with a purple effusion; epithecium colourless, not contain-
ing crystals. Ascospores filiform, curved, non-septate, spirally arranged in ascus, 20–31 × 
ca. 1.0 μm (n=10, from holotype). Conidiomata not seen.
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Chemistry. Sekikaic acid (major), homosekikaic acid (major). Spot tests: all negative, 
except for red patches being K+ purple.

Distribution. The species is known from five localities in Borneo.
Ecology. The species occurred in rather low "Kerangas" (heath) forest vegetation or 

on transition vegetation between the heath and oak/conifer (particularly Agathis) forest 
at higher elevations (ca. 1000 m) on very poor soils on sandstone (Fig. 2B). The species 
always grew on the rather smooth barked, middle-sized trees together with various Pyr-
enulaceae and Graphidaceae.

Etymology. The specific epithet refers to its occurrence in Borneo.

 Krogia borneensis.  Field photograph of the holotype  habitat at type locality  herbarium 

photograph of holotype. Scale bar: 1 mm. Photo: H. Thüs ( ), E. Timdal ( ).
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Remarks. The medium-sized, flattened squamules make the species morphologically 
most similar to the neotropical K. antillarum. The squamules are more elongated, often 
linear and with more lateral constrictions in K. borneensis than in K. antillarum, which has 
more fan-shaped squamules. The former species has a thin, unicellular cortex on both up-
per and lower side, whereas the latter has a multicellular (20–30 μm thick) upper cortex 
and lacks a lower cortex (Timdal 2009). Chemically, the latter species differs in forming 
4-O-methylcryptochlorophaeic acid.

Krogia isidiata shares the secondary chemistry (sekikaic and homosekikaic acid) with 
K. borneensis, but they differ in their vegetative dispersal units, the former producing 
cylindrical isidia, the latter flat lacinules (fragmenting squamules). The upper cortex of K. 
isidiata is multicellular (15–30 μm thick) and the lower cortex is absent.

Additional specimens examined. Malaysia, Borneo. Sabah: Danum, plot 88, dip-
terocarp forest logged in 1988, 4°58'N, 117°50'E, 131 m alt., 1997-04-30, P. Wolse-
ley Q21 p.p. (BM 001104020); Danum valley, pristine lowland dipterocarp forest 
4°57.96'N, 117°47.32'E, 200–400 m alt., 2012, P. Wolseley, H. Thüs & C. Vairappan 
D-3-10-2 (BORH); Maliau conservation area, trail between Nepenthes Camp and wa-
terfall Takob Akob, transition between pristine montane "Kerangas" (heath forest) and 
montane oak-conifer (Agathis) forest, 4°42.6'N, 116°52.5'E, 900–1000 m alt., 2013, 
C. Vairappan & H. Thüs L229 (BM); Ranau district, Kinabalu park, Musang camp on 
the Tambuyukon trail (loc. T98), 6°12.720'N, 116°40.891' E, 1429 m alt., epiphytic, 
2014-12-09, A. Paukov 2234 (B).

Krogia isidiata Kistenich & Timdal, sp. nov.
Mycobank: MB825079
Fig. 3

Diagnosis. The species differs from K. borneensis in forming isidia as vegetative disper-
sal units, not lacinules, and from the other species in the genus in producing sekikaic 
and homosekikaic acid.

Type. New Caledonia, Province Sud, 20 km NNE of Nouméa, along dirt mountain 
road to Mt Dzumac, 3–400 m S of Seismic Station, ca. 22°03'S, 166°25'E, 830 m alt., 
on unidentified tree trunk in forest near the road, 2005-12-06, A. Elvebakk 05:633 (O 
L-186393, holotype; CANB, isotype [not seen]) [TLC: sekikaic and homosekikaic acid; 
GenBank: MH174285 (ITS)].

Description. Thallus effuse, squamulose; squamules up to 0.4 mm wide, round-
ed and adnate when young, later becoming somewhat elongated with a crenulate and 
slightly ascending margin, flattened, green, with scattered patches of red (K+ purple) 
spots, epruinose, glabrous; margin concolorous with upper side, not fibrillose; lower side 
white; isidia attached marginally to the squamules, simple or sparingly branched, up to 
1.8 mm long and 0.1 mm wide. Upper cortex composed of a few layers of thick-walled, 
irregularly or mainly periclinally orientated hyphae with angular to shortly cylindrical 
lumina, 15–30 μm thick, lacking an epinecral layer, not containing crystals (polarised 
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Krogia isidiata.  field photograph of JR35688  field photograph of JR35034  herbarium 

photograph of holotype. Scale bar: 1 mm. Photo: J. Rikkinen ( ), E. Timdal ( ).

light!); algal layer 30–40 μm thick, filled with crystals dissolving in K; medulla com-
posed of loosely interwoven hyphae, containing crystals in the upper part; lower cortex 
lacking; prothallus brownish-black, well developed. Apothecia up to 0.8 mm diam. 
when simple, often forming aggregates up to 1.6 mm diam., dark reddish-brown to 
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brownish-black, more or less plane, with a rather distinct, concolorous or slightly dark-
er, flexuose margin; excipulum dark reddish-brown throughout, composed of radiating, 
closely conglutinated, thick-walled hyphae with narrowly cylindrical lumina, inner part 
containing crystals dissolving in K; hypothecium dark reddish-brown, composed of 
closely conglutinated, thick-walled hyphae with narrowly cylindrical lumina, contain-
ing crystals dissolving in K; epithecium colourless, not containing crystals (but crystals 
present in hymenium below). Ascospores filiform, curved, simple, spirally arranged in 
ascus, ca. 20–30 × ca. 1.0 μm (estimate of curved spores). Conidiomata not seen.

Chemistry. Sekikaic acid (major), homosekikaic acid (major). Spot tests: all negative, 
except for red patches being K+ purple.

Distribution. The species is known from four collections at three localities in New 
Caledonia.

Ecology. The species grows on tree trunks in moist or mesic tropical forests and 
woodlands (Fig. 5B). All collections are from low-elevation sites and from ultramafic soils 
typical of the southern part of Grande Terre (main island of New Caledonia). It prefers 
shaded basal trunks that are otherwise mainly dominated by epiphytic bryophytes and/
or leprarioid lichens.

Etymology. The specific epithet refers to its vegetative dispersal units, isidia.
Remarks. This species and K. macrophylla are the only isidiate species of Krogia. 

They differ morphologically mainly in the size and shape of the squamules. In K. isid-
iata, they are small (up to 0.4 mm wide), rounded and adnate to somewhat elongated 
and with a slightly ascending margin and, in K. macrophylla, large (up to 3 mm wide), 
elongated and ascending even when young. In K. isidiata, the squamules are attached 
to a prothallus, whereas in the latter species, a prothallus has not been observed. The 
former species contains sekikaic and homosekikaic acid, the latter an unknown com-
pound resembling boninic acid.

Krogia isidiata shares the secondary chemistry with K. borneensis; see that species for 
discussion.

Additional specimens examined. New Caledonia. Province Sud: Yaté, dense 
forests along road RP 3 about 5 km west of Yaté, on tree trunk, 22°10'03.63"S, 
166°54'10.15"E, 410 m alt., 2016-09-20, J. Rikkinen 34385 (H); Blue River Provincial 
Park, dense riparian forest near camp site on river bank, on tree trunk, 22°05'54.79"S, 
166°38'20.24"E, 200 m alt. 2016-09-22, J. Rikkinen 35034 (H); Blue River Provincial 
Park, dense forest between camp site and road GR NC1, on tree trunk, 22°05'47.63"S, 
166°38'22.54"E, 220 m alt., 2016-09-24, J. Rikkinen 35688 (H, PC).

Krogia macrophylla Kistenich & Timdal, sp. nov.
Mycobank: MB825080
Fig. 4

Diagnosis. The species differs from all other species of the genus in forming larger (up 
to 3 mm wide, vs. up to 0.3–1.5 mm wide in the other species) squamules and, except 
for K. coralloides, in producing an unknown compound resembling boninic acid.
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Krogia macrophylla  field photograph of JR36047  field photograph of holotype  her-

barium photograph of holotype. Scale bar: 1 mm. Photo: J. Rikkinen ( ), E. Timdal ( ).

Type. New Caledonia, Province Sud, Mont Mou Nature Reserve, in low dense 
mist forest along foot path to the mountain summit, on tree trunk, 22°03'39.66"S, 
166°20'53.54"E, 1162 m alt., 2016-09-26, J. Rikkinen 36077 (H, holotype [TLC: 
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unknown compound resembling boninic acid; GenBank: MH174288 (ITS)]; PC, 
isotype).

Description. Thallus effuse, squamulose; squamules up to 3 mm wide, at first 
rounded, later becoming incised and deeply divided into up to 1 mm wide lobes, as-
cending even when young, often imbricate, flattened or with an up-turned tip, greyish-
green, with patches of purple (K+ bluish-black) spots, epruinose, glabrous; margin 
concolorous with upper side, not fibrillose; lower side white; isidia (present in one 
specimen) attached marginally to the squamules, simple or sparingly branched, up to 
1.6 mm long and 0.2 mm wide. Upper cortex composed of thick-walled, irregularly 
orientated hyphae with angular to cylindrical lumina, 50–80 μm thick, lacking an 
epinecral layer, not containing crystals (polarised light!); algal layer 25–35 μm thick, 
filled with crystals dissolving in K; medulla composed of loosely interwoven hyphae, 
upper part containing crystals dissolving in K; lower cortex lacking; prothallus lack-
ing. Apothecia up to 1 mm diam. when simple, often forming aggregates up to 6 mm 
diam., pale to medium brown, with purple patches, plane to weakly convex, with 
an indistinct, slightly paler, often flexuose margin; excipulum pale brown to colour-
less, composed of radiating, closely conglutinated, thick-walled hyphae with narrowly 
cylindrical lumina, not containing crystals; hypothecium pale brown to colourless, 
composed of closely conglutinated, thick-walled hyphae with narrowly cylindrical lu-
mina, not containing crystals; epithecium colourless, not containing crystals; purple 
pigment occurring patchily in exciple, hypothecium and hymenium. Ascospores fili-
form, curved, simple, spirally arranged in ascus, ca. 20–30 × ca. 1.0 μm (estimate of 
curved spores). Conidiomata not seen.

Chemistry. An unknown compound resembling boninic acid (major) and traces 
of additional compounds. Spot tests: all negative, except for purple patches being K+ 
deeper purple to bluish-black.

Distribution. The species is known from three localities in New Caledonia.
Ecology. The species grows on tree trunks in moist or wet tropical forests (Figs. 

5A–C). Two collections are from montane mist forests and one from a low-elevation 
rainforest, all on ultramafic soils typical of the southern part of Grande Terre (main 
island of New Caledonia). It prefers shaded basal trunks that are otherwise mainly 
dominated by epiphytic bryophytes and/or leprarioid lichens.

Etymology. The specific epithet refers to the large squamules.
Remarks. In the examined material, one specimen (Rikkinen 38565) is isidiate, 

whereas the others are not. Our first assumption, that two species were involved, was 
not confirmed by the phylogeny (Fig. 1) and it appears that vegetative dispersal units, 
isidia, are produced occasionally in K. macrophylla. The only other isidiate species of 
Krogia is K. isidiata; see that species discussion.

Krogia macrophylla has a similar secondary chemistry to K. coralloides (an unknown 
substance resembling boninic acid as the major constituent) but differs in lacking the 
boninic acid that co-occurs as the major constituent in K. coralloides (Timdal 2002). 
Krogia coralloides forms smaller (up to 1 mm wide), more linear lobes with often down-
turned tips.
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Habitat images from New Caledonia  Mont Humboldt Nature Reserve, site of K. macro-

phylla, with Araucaria humboldtensis  Blue River Provincial Park, site of K. isidiata and K. macrophylla 

 Mont Mou Nature Reserve, holotype locality of K. macrophylla. Photo: J. Rikkinen.

Additional specimens examined. New Caledonia. Province Sud: Blue River 
Provincial Park, dense riparian forest near camp site on river bank, on tree trunk, 
22°05'54.79"S, 166°38'20.24"E, 200 m alt., 2016-09- 22, J. Rikkinen 35037 (H); 
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locality data as for holotype, J. Rikkinen 36047 (H); Mont Humboldt Nature Reserve, 
close to Mont Humboldt refuge, in low dense mist forest along foot path from shelter 
towards the mountain summit, on tree trunk, 21°52'46.79"S, 166°24'49.17"E, 1320 
m alt., 2011-11-09, J. Rikkinen 38565 (H).

1 Squamules large, up to 3 mm wide and with up to 1 mm wide lobes; contain-
ing an unknown compound resembling boninic acid ........... K. macrophylla

– Squamules smaller, up to 1.5 mm wide and with up to 0.4 mm wide lobes; 
chemistry various ........................................................................................2

2 Thallus with isidia; containing sekikaic and homosekikaic acid ......K. isidiata
– Thallus without isidia; chemistry various.....................................................3
3 Squamules minute, up to 0.3 wide and with up to 0.1 mm, simple lobes, 

forming a microphyllinous crust; not containing lichen substances ...............
 .............................................................................................K. microphylla

– Squamules medium sized, up to 1.5 mm wide and with up to 0.4 mm wide, 
coralloid elongated lobes; containing lichen substances ...............................4

4 Thallus with brownish black hypothallus; containing sekikaic and homoseki-
kaic acid .................................................................................. K. borneensis

– Thallus without distinct hypothallus; chemistry different ............................5
5 Squamules mainly flattened; lobes up to 0.4 mm wide; containing 4-O-

methylcryptochlorophaeic acid .............................................. K. antillarum
– Squamules mainly convex; lobes up to 0.1 mm wide; containing boninic acid 

and an unknown, similar compound ......................................K. coralloides
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Krogia antillarum is reported here as new to Brazil, Guatemala and Mexico from the 
following examined specimens: Brazil. Rio de Janeiro: Parque Nacional do Itatiaia, 
along trail to Três Picos, 22.4358°S, 44.6118°W, 1090 m alt., on tree trunk in At-
lantic rainforest, 2015-11-27, M.S. Dahl, S. Kistenich, E. Timdal & A.K. Toreskaas 
AM-39 (O L-202829). Guatemala. Depto. Alta Verapaz: NE of Cobán-Aragon, at the 
borders of Rio Cahabon (tierra fría), 1700 m alt., cloud forest, on Liquidambar tyraci-
flua, 2002-09-13, C. Andersohn s.n. (B 60-127330. Mexico. Chiapas: Municipio La 
Trinitaria, Parque Nacional Lagunas de Montebello, Paso del Soldado, 16°07'07"N, 
91°43'09"W, 1500 m alt., bosque de Pinus maximinoi y Quercus sapotifolia, exposición 
N, epífita, 1994-11-29, J. Wolf & H. Sipman 2052 (B 60-110597).
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Biological specimens in natural history collections worldwide are increasingly being

used in biogeographical, environmental, and taxonomic studies. For their meaningful

use, correct species identification is crucial. For example, clarifying if a species is new

to science requires an overview of what has already been described. This includes

comparisons with existing authoritative specimens (types). Most type specimens are

rather old and their DNA expected to be degraded to various extents. Comparative DNA

sequence analysis is in regular use in taxonomic research of today and is essential for

identifying and delimiting species. In this study, we focus on lichenized fungi (lichens),

in which many species groups are highly inconspicuous and impossible to identify to

species based on morphology alone. Our aim was to test the non-mutually exclusive

hypotheses that DNA quality of lichens depends on (1) time since collection, (2)

taxonomic affinity, and/or (3) habitat/ecology. We included two species from each of

four different lichen genera (i.e., Cladonia, Nephroma, Peltigera, and Ramalina), each

species pair with a different autecology. For each species, we included samples from

approximately every 25 years from present to about 150 years back in time. We used

a two-step PCR-based approach followed by sequencing on an Ion Torrent PGM to

produce target sequences (mtSSU) of degraded DNA. We received satisfactory DNA

sequence information for 54 of 56 specimens. We recovered full-length sequences

for several more than 100-years-old specimens, including a 127-years-old specimen,

and retrieved enough sequence information for species identification of a 150-years-old

specimen. As expected, sequencing success was negatively correlated with age of the

specimens. It also varied with taxonomic affinity. We found no significant correlation

between sequencing success and habitat ecology of the investigated specimens. The

herein tested Ion Torrent sequencing approach outperformed Sanger sequencing with

regard to sequencing success and efficiency. We find the protocol used herein highly

suitable for obtaining sequences from both young and old lichen specimens and discuss

potential improvements to it.

Keywords: museomics, herbarium genomics, Ion Torrent, mtSSU, lichens, natural history collections

INTRODUCTION

Herbarium specimens are of immense value for biological research, for example in a wide range
of spatial comparative analyses, for monitoring changes in biodiversity over time, and last, but not
least, in taxonomic and systematic research (e.g., Lavoie, 2013; Greve et al., 2016; Soltis and Soltis,
2016; James et al., 2018; Meineke et al., 2018). In particular, biogeographical and environmental
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research on climate change effects benefit extensively from the
use of herbarium specimens (e.g., Holmes et al., 2016;Willis et al.,
2017). However, a prerequisite for meaningful use of historical
specimens in research is that these are correctly identified.

Taxonomic identification has traditionally been based
on morphology, which has been the primary means of
identification before the advance of molecular methods.
Nowadays, morphology is often used in combination with DNA
analyses and other data. A popular method for fast species
identification of biological material is DNA barcoding (Hebert
et al., 2003; Hajibabaei et al., 2007). DNA barcoding comprises
the sequencing of a selected DNA region of the genome and
BLAST searches against a library of named DNA barcodes
(see also Kress et al., 2015), as implemented in the Barcode of
Life Data Systems (BOLD; Ratnasingham and Hebert, 2007), a
partner of the International Barcode of Life (iBOL, http://ibol.
org) project. Of particular interest is DNA sequencing of type
material, on which the barcode library ideally should be based, as
these specimens link a unique scientific name to each species.

There are challenges, however, linked to obtaining DNA from
long dead organic material. Weiß et al. (2016) found that DNA
degrades over time, albeit contrasting earlier finding by Staats
et al. (2011). Type specimens are typically rather old and the DNA
is expected to have become degraded to various extents. Many
types were collected during the numerous research expeditions
in the nineteenth and early twentieth century and are often
more than 100 years old. Moreover, type material is usually
a highly limited resource (a single or few specimens, often in
poor condition) and destructive sampling for DNA extraction
can only be tolerated when rich specimens are available and
successful output is ensured. Morphological investigations have
therefore for long been the single option for identifying old
specimens, and often also younger material (<10 years old)
that for various reasons does not provide DNA of sufficient
quality and quantity (Sohrabi et al., 2010). In addition to time
since collection, also poor storage conditions, chemical treatment
with mercuric chloride (mainly known to have been used on
dried plants) and unfavorable drying processes may contribute
to DNA degradation/inhibition in plant herbarium specimens
(liverworts: Jankowiak et al., 2005; angiosperms: Staats et al.,
2011; angiosperms: Lander et al., 2013), decreasing the chances
for successful DNA recovery and usability in downstream
processes. In recent years, increased focus on extracting and
sequencing DNA from old natural history collections has led
to the development of promising new approaches allowing for
obtaining DNA sequences from specimens collected up to 210
years before DNA extraction (fungi: Larsson and Jacobsson,
2004; plant pathogens: Telle and Thines, 2008; angiosperms:
Andreasen et al., 2009; insects: Prosser et al., 2016; algae: Suzuki
et al., 2016). Such studies, however, are still few in number and
restricted to a particular group of organisms. With advances
in high-throughput sequencing (HTS) methods, some of the
challenges (e.g., dominance of short fragments) are largely
overcome (see review by Bieker and Martin, 2018). For example,
Gutaker et al. (2017) managed to extract and shotgun sequence
ultra-short fragments (<50 bases) of up to 180-years-old
(i.e., time between collection and DNA extraction) Arabidopsis

specimens. The problem of destructive sampling from valuable
specimens has also been addressed in recent studies. For
instance, Shepherd (2017) developed a non-destructive sampling
technique for extracting DNA from plant specimens collected up
to 73 years ago using erasers applied to the leaf surface.

In fungi, including lichens, morphological characteristics
are often of limited use for taxonomic identification because
of morphological similarity between genetically distinct taxa
(Slepecky and Starmer, 2009). Cryptic species (sensu Struck
et al., 2018) are common and represent a huge challenge for
taxonomic work. The use of comparative DNA sequence analyses
has therefore become crucial for inferring evolutionary history
as well as identifying and delimiting fungal taxa (Lumbsch and
Leavitt, 2011). DNA-sequencing of a single genetic marker, such
as a DNAbarcodemarker, is most of the time sufficient for species
identification in fungi (e.g., Seifert, 2009; Leavitt et al., 2013).

So far, only a few studies report successful DNA sequencing
of selected short genetic markers from historical lichen material.
Sohrabi et al. (2010) managed to PCR-amplify and Sanger-
sequence 760 bases of nuclear ribosomal DNA from a 75-years-
old Aspicilia specimen, but failed with an 80-years-old one.
Bendiksby et al. (2014) successfully PCR-amplified and Sanger-
sequenced several markers of two 100-years-old Staurolemma
specimens. During routine investigations on various groups of
lichenized fungi, our lichen research group has experienced that
PCR-amplifying and generating Sanger sequences seems to be
more difficult from some taxa (e.g., tropical rainforest lichens)
than from others (e.g., boreal, saxicolous crustose lichens) of
the same age. For angiosperms, Bakker et al. (2016) found
herbarium material from wet-tropical regions to give lower
sequence assembly success rates than material from dry regions.
No studies have yet addressed similar questions for lichens and it
therefore remains unclear which factors are primarily responsible
for DNA degradation or failed sequencing success in lichens. We
have also noticed that DNA in specimens older than 50 years
often is highly fragmented (<200 bases) and extracts usually have
low DNA concentrations (<0.5 ng/μl). These challenges with
short fragments and low DNA concentrations were overcome
by Prosser et al. (2016) who developed a simple and rather
inexpensive protocol aimed at obtaining DNA barcodes from
type specimens of Lepidoptera up to 120 years old. To our
knowledge, no such study has so far been done on fungi, nor has
the general applicability of HTS-methods for DNA-sequencing of
historical lichen specimens been explored.

In the present study, we test the two-step PCR-based HTS
protocol by Prosser et al. (2016) on historical lichen specimens
using the Ion Torrent sequencing platform. Our aim is to acquire
high quality DNA sequence data of the mtSSU, a much used DNA
marker in lichen systematics. We use two lichen species from
each of four different genera/families (Figure 1): one growing
in humid coastal areas and the other in dry inland areas. We
sampled specimens of each species collected in each of seven
time periods from present to about 150 years back in time. The
present study is a pilot-test of the following three hypotheses:
(1) Sequence reads are more readily obtained from younger than
older specimens, (2) sequence reads are more readily obtained
from some taxa than others given the same age, and (3) sequence
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FIGURE 1 | Lichen species targeted in this study (specimens from the 2010-period): (A) Cladonia floerkeana, (B) C. gracilis, (C) Nephroma acrticum,

(D) N. laevigatum, (E) Peltigera collina, (F) P. malacea, (G) Ramalina fraxinea, and (H) R. siliquosa. Scale bar = 1 cm.

reads are more readily obtained from species adapted to dry areas
than from those adapted to humid areas.

MATERIALS AND METHODS

Taxon Sampling
Two species from the same genus but with different distributions
(i.e., distributional point of gravity in oceanic [“humid”] vs.
continental [“dry”] regions) were selected from each of four
different lichen families, for which comprehensive archived
collections were available at either of the herbaria O or TRH. We
sampled each species from approximately every 25 years from

present and to about 150 years back in time. To fulfill these
criteria, we chose two representatives from the Cladoniaceae
[i.e., Cladonia floerkeana (Fr.) Flörke and C. gracilis (L.)
Willd.], the Nephromataceae [i.e., Nephroma laevigatum Ach.
and N. arcticum (L.) Torss.], the Peltigeraceae [i.e., Peltigera
collina (Ach.) Schrad. and P. malaceae (Ach.) Funck], and
the Ramalinaceae [i.e., Ramalina siliquosa (Huds.) A.L. Sm.
and R. fraxinea (L.) Ach.; Figure 1]; the first representative of
each genus preferring mainly humid coastal areas while the
second mainly growing in dry inland habitats. All selected
species are common macrolichens in Norway and belong to the
same class of lichenized ascomycetes, the Lecanoromycetes; the
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genera Cladonia and Ramalina belong to the order Lecanorales,
Nephroma, and Peltigera to Peltigerales. We selected a healthy
and rich specimen of each species from the following seven
periods: 2010 (Figure 1), 1985, 1960, 1935, 1910, 1885, and 1860
(±5 years if possible, in rare cases up to ±12 years; Table 1).
Most of the selected specimens were collected in coastal and
continental regions, respectively; in some cases, when no rich
collections were available within the desired period, we selected
“humid” specimens from inland areas and “dry” specimens from
coastal areas (Table 1).

Molecular Work
DNA Extraction
We sampled 1–109mg of thallus material from each specimen,
depending on available material, for extracting DNA of the lichen
mycobiont. Samples for periods 2010 and 1985 were extracted
using the E.Z.N.A. R© HP Plant DNA Mini Kit (OMEGA Bio-
tek) following the manufacturer’s instructions with modifications
described by Bendiksby and Timdal (2013). Samples for time
periods 1960–1885 were extracted following the protocol by
Werth et al. (2016) using single silica-columns with the following
modifications: We grinded the samples with two 3mm tungsten
carbide beads for 2 × 1min at 20Hz in a Mixer Mill 301 (Retsch
GmbH & Co.). Instead of using the CTAB lysis buffer, we lysed
the samples with the alternative buffer based on NaCl and SDS.
For elution, we applied 60 μl elution buffer (OMEGA Bio-tek;
pre-warmed to 65◦C) to the column and incubated the sample
at 65◦C for 5min prior to centrifugation. The elution step was
repeated by applying the eluate once more on the same column
to increase DNA yield resulting in 50–55 μl of DNA extract.

Samples from the 1860-period were extracted in a different lab
(Clean Lab, NTNU University Museum) using the DNeasy Plant
Mini Kit (QIAGEN) with the following modifications from the
manual: The samples were homogenized for 2–8min at 50Hz on
a TissueLyser LT (QIAGEN) with 1–2 steel beads. After lysis, 20
μl of 20 mg/ml proteinase K was added to each sample followed
by an incubation at 45◦C for 22 h. For elution, 65 μl AE buffer
was added to each column and the samples incubated for 10min
at 37◦C.

To reduce the risk of contamination, the DNA extractions of
all samples collected prior to the 1960-period were carried out
in a bleached workstation newly exposed to UV in a clean lab
facility for sensitive samples with dedicated reagents, supplies
and protective clothing. A Qubit 2.0 fluorometer (Invitrogen)
with the High Sensitivity Kit (Invitrogen) was used for DNA
quantification of all extracts. We checked the degree of DNA
degradation by visualizing the DNA extracts on a standard 2%
agarose gel.

Primer Design and PCR Amplification
The setup for polymerase chain reactions (PCRs) followed the
general protocol described in Prosser et al. (2016). While Prosser
et al. (2016) designed their primers for a 658 bases fragment
of the mitochondrial cytochrome oxidase I (COI), which is
the preferred barcode marker for insects, we did not attempt
to design primers for the fungal barcode marker, the internal
transcribed spacer (ITS), as parts of this region are highly

variable. Designing universal primers for our selected species
would have been a very challenging task with low anticipated
success rate. In addition, Mark et al. (2016) reported challenges
with obtaining the correct ITS sequence due to several different
copies within one single specimen. We therefore chose to focus
our efforts on a ca. 900 bases long part of the up to ca. 2,000
bases long mitochondrial ribosomal small subunit (mtSSU). This
fragment, as delimited by the primers mtSSU1 and mtSSU3R
(Zoller et al., 1999), is frequently used in lichen systematics and
for species delimitation (Amo de Paz et al., 2011; Leavitt et al.,
2015; Zhao et al., 2017; Kistenich et al., 2018). We designed a set
of seven forward and seven reverse primers (Table 2; Figure 2)
covering all of the 900 bases using Primer3 v. 2.3 (Untergasser
et al., 2012) based on mtSSU sequences for our selected taxa or
closely related taxa available from GenBank (Benson et al., 2018).
Each pair of primers used in concert, amplified fragments of ca.
110–190 bases length including overlap with the adjacent target
fragments. A non-complementary 10 bases tail was added to each
primer’s 5′-end to decrease chimeric amplifications (Table 2).

We modified the two-stage, nested, multiplex PCR protocol
by Prosser et al. (2016) to accommodate seven primer pairs.
In the first round of PCR, we combined primers F1, F3, F5,
and F7 with all seven reverse primers for PCR 1.1, and the
primers F2, F4, and F6 with all reverse primers for PCR 1.2
(Figure 2A). In the second round of PCRs, we combined each
forward primer with the three subsequent reverse primers in a
separate PCR run using the PCR products from PCR 1.1 and
1.2 as template (Figure 2B). No second round of PCR was run
for samples from the 2010-period since those amplified well
enough in PCR round 1. Each PCR reaction (20 μl) contained
8.2 μl of 10% Trehalose (Merck KGaA), 0.1 μl of 10mM dNTPs
(GeneAmp), 2 μl of 25mMMgCl2 (KAPA Biosystems), 0.2 μl of
each 10μM primer (Sigma Aldrich), 0.1 μl of 5 U/μl KAPA Taq
polymerase (Roche), and 2 μl of 10× polymerase Buffer B. Each
reaction was filled up to 18μl with ultra-pure DEPC-treated H2O
(Invitrogen), the volume depending on the number of primers
used, adding 2 μl of undiluted template. All PCRs were prepared
inside a workstation for PCR set up in a clean lab for sensitive
samples with dedicated reagents, supplies and protective clothing
to minimize contamination. We used the same PCR programs as
stated in Prosser et al. (2016), albeit with a touch-down gradient
from 60 to 50◦C during annealing. Products from each PCR were
visualized on an agarose-gel.

To test for the presence of PCR-inhibitory substances, we
performed PCR on three different dilutions (10, 100, and 1,000×)
of each DNA extract from the 2010-period using the primers
mtSSU1 and mtSSU3R (Zoller et al., 1999) and from the 1935-
period and older using the primers F7 and R7 (for PCR set-up,
see Kistenich et al., 2018).

Library Preparation and Ion Torrent Sequencing
We pooled all PCR products from PCR sets 1 and 2 for
each of the 56 individuals and purified the mixtures with
the IllustraTM ExoProStarTM Clean-Up Kit (GE Healthcare)
using a 10-fold enzyme dilution and incubating at 37◦C
for 45min and inactivation at 80◦C for 15min. To remove
any additional short molecules, we performed an AMPure R©
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TABLE 2 | Primer sequences used for the two-stage, nested multiplex PCR protocol.

Primer name Code Direction Primer sequence 5′-3′ Length (bases)

NGS-mtSSU_F1 F1 Forward CTAAGGTAACAGCAGTGAGGAATHTTGGTC 30

NGS-mtSSU_F2 F2 Forward CTAAGGTAACGAYYHWRTYRAATAAARTTCTRGGT 35

NGS-mtSSU_F3 F3 Forward CTAAGGTAACCCWAGACDGYDRATMAAGCC 30

NGS-mtSSU_F4 F4 Forward CTAAGGTAACAWGGCACNRRYMWAKGYGAA 30

NGS-mtSSU_F5 F5 Forward CTAAGGTAACAATKATGARTGTCATAGRTTRRAKAW 36

NGS-mtSSU_F6a F6 Forward CTAAGGTAACGAAACCAGTAGTGAAGTATGTYG 33

NGS-mtSSU_2F5 F7 Forward CTAAGGTAACGTTGCACGGCTGTCTTCA 28

NGS-mtSSU_R1a R1 Reverse CAGAAGGAACRGVYARRNAATGTCATYRTCAW 32

NGS-mtSSU_R2a R2 Reverse CTGCAAGTTCRTAACTCTAGYHAAYBWGTMC 31

NGS-mtSSU_R3a R3 Reverse CTACATGCTCTCAGTTATYACATARGRRGATGC 33

NGS-mtSSU_R4 R4 Reverse TACCAAGATCTGGARTGCTTACACTTTCATTT 32

NGS-mtSSU_R5 R5 Reverse CAGAAGGAACTDYGYGKRTYATCRAATTA 29

NGS-mtSSU_2R4a R6 Reverse TACCAAGATCGGADYTAACCWAADYCTCRCGAC 33

NGS-mtSSU_R7 R7 Reverse GACTTAGCTAATGTGGCACGTCTATAGCCC 30

The non-complementary 10 bases tail is marked in bold.

FIGURE 2 | Primer set up for PCR amplifications. (A) PCR round 1 with two separate reactions: 1.1 with odd-numbered forward primers and all reverse primers, 1.2

with even-numbered forward primers and the last six reverse primers. (B) PCR round 2 with seven separate PCR reactions using the PCR products from PCR round 1

as template: each forward primer is paired with the subsequent three reverse primers (two reverse primers in 2.6 and one reverse primer in 2.7).
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XP (Agencourt Biosciences Corporation) paramagnetic bead
purification following the manufacturer’s instructions. We used
a 1:1.4 volume ratio of PCR product:beads to remove fragments
shorter than approximately 100 bases. The products were eluted
from the beads with 50 μl 10mM Tris-HCl buffer.

The Ion Torrent library preparation was performed using
the NEBNext R© E6270-kit (New England Biolabs) with these
modifications to the manufacturer’s instructions: Ion XpressTM

barcoded adapters (Thermo Fisher Scientific) were diluted
1:40 to better match the low DNA input amount. The size
selection step 1.3 in the protocol was omitted. In step 1.4,
bead cleanup was performed using a 1:1.1 volume ratio for
library:beads. The library amplification was performed using 12
cycles and a final Ampure clean up using 1:0.9 volume ratio of
library:beads.

We quantified DNA concentrations on a Qubit 2.0
fluorometer (Invitrogen) and visualized fragments lengths
on a Fragment AnalyzerTM (Advanced Analytical) using the
DNF488 kit to optimize input amounts for selected samples
at various steps, such as after pooling all PCR products from
each individual, after library preparation and after pooling the
libraries for each chip. Samples were normalized, pooled and
diluted to 17.5 pM (chip 1, samples 1–30) and 15 pM (chip
2, samples 31–56). Template preparation and sequencing was
performed using a Hi-Q View Chef and sequencing kit (A29902
and A30044, respectively) and two 318 v2 chips on an Ion
Torrent PGM (Thermo Fisher Scientific) using 500 flows per
chip.

Sanger Sequencing
For comparison, we also analyzed our samples using standard
protocols for PCR amplification and Sanger sequencing of the
ca. 900 bases long mtSSU region using the primers mtSSU1 and
mtSSU3R (Zoller et al., 1999) as described in Kistenich et al.
(2018). All PCR-products were sequenced irrespective of showing
visible bands on the gel or not.

Sequence Assembly
For an initial overview, we investigated the raw reads from
both chips with the Torrent Suite v. 5.8.0 (Thermo Fisher
Scientific) and removed the adapters to check the mean
sequence quality using FastQC v. 0.11.2 (Andrews, 2010).
Afterwards, sequence reads were analyzed using the software
Geneious R9 (Kearse et al., 2012) including various plugins.
We demultiplexed the reads according to the respective indexes
and removed duplicate reads to facilitate sequence analysis
using Dedupe of the BBTools package v. 35.82 (Bushnell,
2015). Then, we applied several quality trimming steps, such
as removal of PCR primers and low quality reads and ends
using BBDuk (BBTools v. 35.82, Bushnell, 2015; minimum
quality set to 5, minimum read length set to 8 bases) combined
with the Trim option in Geneious (error probability limit
set to 0.05). The remaining reads were mapped to species-
specific reference sequences using the Geneious Read Mapper
(up to five iterations, high sensitivity). In cases where we
suspected a high amount of chimeric sequences, we cleaned
the respective dataset using UCHIME (Edgar et al., 2011) and

mapped the reads against the reference sequence once more. We
carefully inspected the consensus sequence for each specimen,
corrected obvious sequencing mistakes manually and removed
contaminant sequence reads. Sequencing success was measured
as percentage of sequence length recovered compared to the full
reference sequence.

For sequences produced by Sanger sequencing, we first
trimmed the primer sequences and low quality-ends and
then assembled the contigs in Geneious R9 (Kearse et al.,
2012).

Statistical Analysis
The statistical analysis proceeded in two steps. In the first
step, we identified two variables that served as indicators of
DNA quality. Secondly, we used these variables as response
variables in generalized linear models (GLM; McCullagh and
Nelder, 1989) with identity link and normal errors (i.e., ANOVA
and ANCOVA). Predictor variables were Age (2018—year of
collection), Genus (factor variable with four levels), Species
(factor variable with eight levels, nested within Genus), and
Moisture (factor variable with two levels). For each response
variable, models were built by forward selection of predictor
variables, at each step including variables that contributed
independently to explain variation in the response at the
Bonferroni-corrected α = 0.05 level (cf. Legendre and Legendre,
2012).

Basically, seven primary variables were recorded to
characterize DNA quality: relative sequence length (SeqLFr);
number of reads (NoReads); read coverage (Cov), for each of the
56 samples (4 genera × 2 species × 7 time-points) represented
by the minimum (CovMin), the maximum (CovMax), average
(CovAve) and standard deviation of read coverage; and, finally,
the concentration of DNA in the analyzed tissue (DNACon).
Inspection of frequency distributions revealed strong right-
skewness in all primary DNA quality variables except SeqLFr.
Furthermore, CovMin was omitted from further analyses
because a total of 45 out of 56 recorded values were zeroes.
All right-skewed variables were log(x + 1)-transformed before
further analyses, resulting in rather uniformly distributed
variables. The three remaining lnCov variables were very
strongly correlated (Pearson’s r: |r| > 0.98, p < 0.0001, n = 56)
and lnCovAvg was selected to represent the read coverage aspect
of DNA quality in further analyses. DNA concentration was
unrelated to the other three variables (Pearson’s r: |r| < 0.17, p >

0.20, n= 56), while the other three variables were rather strongly
correlated (Pearson’s r: |r| > 0.89, p < 0.0001, n = 56). We
therefore used lnDNACon as a separate response variable, while
the three other DNA quality variables were concentrated into
one composite DNA quality variable (referred to as PCA-axis 1)
by principal component analysis (PCA; Pearson, 1901; Legendre
and Legendre, 2012) of the correlation matrix, using Euclidean
biplot scaling of axes (Oksanen et al., 2016) to maximize the fit
between ordination scores and between-observation variation in
SeqLFr, lnNoReads, and lnCovAvg. All analyses were performed
using R v. 2.3.2 (R Development Core Team., 2018); package
vegan v. 2.4.0 (Oksanen et al., 2016) was used for ordination
analyses.
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FIGURE 3 | Image of gel visualization of PCR products from the 1985-samples for the seven primer combinations of PCR round 2 (Figure 2B: 1–7). Cf, Cladonia

floerkeana; Cg, C. gracilis; Na, Nephroma arcticum; Nl, N. laevigatum; Pc, Peltigera collina; Pm, P. malacea; Rf, Ramalina fraxinea; Rs, R. siliquosa; N1, negative

control from PCR round 1 run with PCR round 2; N2, negative control from PCR round 2; M, marker.

RESULTS

Amplification Success
The concentration of the DNA extracts ranged from 0.08 ng/μl
up to 52 ng/μl with relatively higher values for Nephroma (mean
11.3 ng/μl) and Peltigera (mean 16.8 ng/μl) and low values
for Cladonia (mean 2.3 ng/μl) and Ramalina (mean 2.8 ng/μl;
Table 1). DNA extracts from all periods showed a smear on
the agarose gel (not shown) indicating DNA degradation. For
many samples, including some from the 1860-period, the smear
indicated also the presence of long fragments (>1500 bases),
but from the 1960-period and older, most DNA fragments were
shorter than 200 bases and often even shorter than 50 bases.

We could detect visible bands in PCR 1 and 2 mainly in
samples from 2010 and 1985 (Figure 3). Occasionally, weak to
strong bands could be observed in specimens from other periods
as well, mostly in Peltigera specimens. The majority of PCR
reactions showed no products at all. Instead, strong bands around
50–75 bases were present, also in the negative controls (Figure 3).
These strong, short bands (presumably primer dimers) were
stronger in the second PCR round (Figure 3).

DNA concentrations after library preparation ranged
from <0.05 to 29.7 ng/μl per specimen. Visible bands

during the second PCR amplification generally resulted in
successful sequence recovery, but also non-visible PCR products
produced correct sequence reads. Missing sequence coverage
was frequently found around base pair position 120–220,
corresponding to the PCR fragment amplified by primers F2 and
R2, and around position 520–570(−720), corresponding to the
longest PCR fragment amplified by primers F5 and R5/R6.

The gel image (not shown) of the dilution series for the
samples from the 2010-period did not show any increase in
PCR product with increased dilution. For the samples from
the 1935-period and older, the test showed varying results: For
Peltigera and Ramalina species, PCR products did not increase
with dilution, while for Cladonia and Nephroma species, the
intensity of bands increased in diluted extracts compared to the
undiluted ones. For these species, a 100× dilution showed the
best results. All specimens of each species from different periods
behaved similarly in performance.

For the Sanger sequencing approach, strong PCR bands could
be observed for all samples from the 2010-period apart from
Ramalina siliquosa. Strong bands could also be detected for
several Peltigera samples from all other periods except for the
1935-period.
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FIGURE 4 | Percentage of reference sequences recovered within each period. Columns indicate mean sequence length with error bars for max and min values.

FIGURE 5 | Sequence recovery success per period for each specimen divided into the four chosen genera: (A) Cladonia, (B) Nephroma, (C) Peltigera, and (D)

Ramalina.

Sequencing Success
Sequencing on the Ion Torrent PGM produced 6.8 million reads
(median read length 202 bases) for chip 1 and 5.2 million reads
(median read length 186 bases) for chip 2. Raw reads, with the
adapters trimmed, had a mean sequence quality (Phred score) of

Q29. About 5.7% of the generated reads could not be assigned
to any barcode. Contaminant sequence reads were largely found
to belong to the lichen genera Umbilicaria and Miriquidica,
rarely to other fungal genera, such as Aspergillus. We recovered
mtSSU sequences of varying length for 54 of the 56 specimens
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investigated (Table 1; Figures 4, 5; Supplementary File S1). The
targeted sequence length was 883 bases for each Cladonia species,
806 bases for Nephroma arcticum, 780 bases for N. laevigatum,
835 bases for Peltigera collina, 831 bases for P. malacea, 794
bases for Ramalina fraxinea and 795 bases for R. siliquosa.
Recovery success was highest for the youngest and lowest for
the oldest specimens (Figure 4). The number of reads used
for mapping ranged from 2 to >100,000 resulting in a mean
sequence coverage of up to 37,000× per specimen (Table 1). For
two specimens, Nephroma arcticum and N. laevigatum from the
1935-period, no good-quality sequence reads could be recovered.
For an additional five specimens, N. laevigatum from the 1960-
period, C. gracilis and N. arcticum from the 1885-period and C.
floerkeana and R. siliquosa from the 1860-period, only short or
strongly fragmented sequences of <130 bases length could be
recovered (Table 1). For 11 specimens, the full sequence length
was recovered, including three specimens from the 1910-period
and one from the 1885-period (Table 1). In all, we recovered
>75% of the total sequence length for 34 of the 56 specimens.
The seven generated sequences from the different periods for
each species showed up to six intraspecific variable sites for C.
floerkeana, seven for C. gracilis, four for N. arcticum, two for
N. laevigatum, one for P. collina, one for P. malacea, three for
R. fraxinea, and six for R. siliquosa. Specimens of Peltigera gave
the highest sequence recovery success (mean = 83%), followed
by Ramalina (mean = 75%) and Cladonia (mean = 60%), while
specimens of Nephroma performed the least well (mean = 43%;
5). Coastal species had a slightly lower sequencing success (62%)
than inland species (68%).

Sanger sequencing of regular one-step PCR products
produced 19 sequences corresponding to the samples showing
visible bands on the gel. Four of those sequences, including all
from the 1860-period, were contaminated with either lichenized
or unlichenized fungi according to BLAST searches at NCBI.
The 15 remaining sequences had a length of 506–883 bases (i.e.,
61–100% of target sequence; Table 3; Supplementary File S2).
Full sequences could be generated for all Cladonia andNephroma
samples plus P. malacea from the 2010-period,N. laevigatum and
P. malacea from the 1985-period, and for P. malacea from the
1960 and 1910-periods (Table 3; Supplementary File S2). The
oldest specimen, for which a sequence could be generated, was
P. collina from the 1885-period with a 703 bases long sequence
(Supplementary File S2). Sanger sequences of N. laevigatum
(1985) and P. malacea (1985 and 1960) were slightly longer
than sequences generated by the Ion Torrent protocol (Table 3).
Sanger sequencing trace files showed an overall decline in quality
with increased time since collection, in particular from the
1985-period and older.

Statistical Analysis
Axis 1 in the PCA ordination of relative sequence length
(SeqLFr), number of reads (lnNoReads) and mean coverage
(lnCovAvg) explained 95.3% of the total variation in the set of
these three variables (after standardization to zero mean and unit
variance), while only 4.2% was explained on axis 2 (Figure 6).
PCA-axis 1 could therefore confidently be used as a composite
variable that concentrated the three single variables into one

TABLE 3 | Specimens recovered with Sanger sequencing including length of

sequences.

Species Period Age (years) Recovered sequence

Bases %

Cladonia floerkeana 2010 7 883 100

Cladonia gracilis 2010 4 883 100

Nephroma arcticum 2010 5 806 100

Nephroma laevigatum 2010 4 780 100

Peltigera collina 2010 6 711 85.1

Peltigera malacea 2010 6 831 100

Ramalina fraxinea 2010 7 Contaminated

Nephroma laevigatum 1985 33 780 100

Peltigera collina 1985 34 683 81.8

Peltigera malacea 1985 36 831 100

Cladonia floerkeana 1960 54 588 66.5

Peltigera collina 1960 53 562 67.3

Peltigera malacea 1960 60 831 100

Peltigera collina 1910 109 506 60.6

Peltigera malacea 1910 108 831 100

Peltigera collina 1885 127 703 84.2

Cladonia gracilis 1860 150 Contaminated

Peltigera malacea 1860 150 Contaminated

Ramalina fraxinea 1860 155 Contaminated

Values marked in bold show higher sequencing success than with the Ion Torrent protocol.

“DNA quality variable.” PCA-axis 1 was strongly related to
Age (29.6% of the variation explained; p < 0.0001; Table 4).
Also Genus explained significant variation along PCA-axis 1
(16.5%; p = 0.0237; Table 4), while the variations explained by
Species and Moisture were not significant (p > 0.2; Table 4). The
PCA ordination diagram (Figure 6) revealed high DNA recovery
success (high DNA quality) for samples collected <50 years ago
(to the left), while samples collected more than 50 years ago
tended to cluster on the right-hand side in the diagram. Figure 6
also shows that DNA quality cannot be precisely predicted from
Age; old material with high DNA quality (dark dots to the left)
and new material with low DNA quality (light-colored dots to
the right) both occurred to the far left. Because the factorial
design of the study makes Genus and Age virtually uncorrelated,
Genus explained 22.3% of the variation not explained by Age
(p = 0.0038) and the interaction between Genus and Age was
insignificant. Genus affiliation explained a larger fraction of
variation (30.7%; p= 0.0002) in DNA concentration than did Age
(9.3%; p= 0.0223; Table 4). While each of the three DNA quality
variables SeqLFr, lnNoReads, and lnCovAvg were uncorrelated
with lnDNACon in the total material, sequence length and
DNA concentration were significantly correlated in the subset
of observations with age >100 years (Pearson’s r = 0.4766, p =

0.0185, n= 24).

DISCUSSION

In this study, we aimed at sequencing a DNA fragment of about
900 bases of the mtSSU from 56 lichen specimens of varying age
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FIGURE 6 | PCA ordination (axes 1 and 2) of the three DNA-characteristics, relative recovered sequence length (SeqLFr), ln-transformed number of reads

(lnNoReads) and ln-transformed mean read coverage (lnCovAvg) as recorded for the 56 lichen samples. The points represent samples with the time-period, in which

they were collected, indicated by different colors (legend inserted lower right). The arrows indicate the direction of maximum increase of each of the three variables in

the PCA ordination diagram. The axes are scaled in arbitrary units.

TABLE 4 | GLM modeling of DNA quality variables “PCA-axis 1” [a compositive variable that expresses relative sequence length (SeqLFr), number of reads (NoReads)

and average read coverage (CovAvg)] and the logarithm of tissue DNA concentration (“lnDNACon”) as a function of the predictor variables genus (Gen), species in genus

(Spec), moisture (Mois) and tissue age (Age).

Response variable Model Predictor(s) Total variation Explained variation df F p

PCA-axis 1 1a Factor(Gen) 12.230 2.0184 3 3.424 0.0237

1b Factor(Spec) 12.230 2.0599 7 1.388 0.2321

1c Factor(Mois) 12.230 0.0396 1 0.175 0.6770

1d Age 12.230 3.6164 1 22.659 <0.0001

2a [Age+]factor(Gen) 8.614 1.9603 3 5.054 0.0038

3a [Age + factor(Gen)+]

Age:factor(Gen)

6.654 0.2390 3 0.601 0.6178

lnDNACon 1a Factor(Gen) 66.920 20.568 3 7.692 0.0002

1b Factor(Spec) 66.920 21.112 7 3.161 0.0079

1c Factor(Mois) 66.920 0.0007 1 0.000 0.9809

1d Age 66.920 6.2235 1 5.537 0.0223

2b [Factor(Gen)+] factor(Spec) 46.352 0.5438 4 0.143 0.9655

2d [Factor(Gen)+]Age 46.352 6.2438 1 7.940 0.0069

3d [Factor(Gen)+Age+]

factor(Gen):Age

40.108 0.5276 3 0.213 0.8867

Properties of nested models are shown for each of the two response variables. Models 1# are single-predictor models tested against the null model, Models 2# are two-variable models

for individually significant predictors tested against the nested Model 1#. Model 3a is the model in which the interaction between two significant predictors is also included. For each

model, the total variation (for Models 2# and 3a, the residual variation in the corresponding, simpler, nested model is given), the explained variation, the degrees of freedom for the

added predictor as well as F and p statistics are given. Significant p-values (α = 0.05) are marked in bold.

up to 155 years since collection. We applied the two-step PCR
HTS protocol of Prosser et al. (2016) to obtain DNA fragments
of different lengths that were sequenced on an Ion Torrent PGM
and compared the results to standard Sanger-sequenced samples.
Sanger sequences could only be obtained for 15 specimens,
mainly from young specimens. In contrast, we obtained Ion
Torrent sequences from 54 of the 56 specimens, and for 34 of
these specimens, more than 75% of the target sequence could
be recovered, including specimens collected up to 138 years ago.
This pilot study shows that the approach by Prosser et al. (2016)
is successful in generating DNA sequences of historical lichen
material when Sanger sequencing fails.

Sequencing Success
Using the HTS protocol of Prosser et al. (2016), we obtained
the entire ca. 900 bases long mtSSU target sequence from lichen
specimens collected up to 127 years ago (Table 1; Figure 4). Also
shorter sequences obtained from specimens up to 150 years old
(Table 1; Figure 4) contained enough information for species
identification. However, sequencing success for specimens from
the 1860-period was greatly reduced compared with those from
the 1885-period (29 vs. 54% average sequence length recovered,
respectively).We found generally lower sequence length recovery
from both the 1960- and 1935-periods with 64 and 47%
success, respectively (Figure 4). In contrast, the specimens from
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the 1910-period performed extremely well with 81% success
(Figure 4).

Using our standard protocols for PCR amplification (i.e., one-
step) and Sanger-sequencing of lichens, we obtained correct
DNA sequences from 15 samples, mainly from the most recently
collected specimens (Table 3; Supplementary File S2). Most of
these sequences were shorter or equally long as the Ion Torrent
sequences. Three Sanger sequences, however, resulted in longer
sequence lengths than the respective Ion Torrent sequences. The
fact that we were able to recover 703 bases of the 127-years-
old P. collina specimen by standard protocols shows that also
one-step PCR and Sanger sequencing can be successful even for
specimens more than 100 years old. We therefore recommend
testing Sanger sequencing on old samples first before using
the Ion Torrent approach. Overall, however, substantially more
sequence information was obtained by applying the Ion Torrent
protocol.

Consensus sequences from the Ion Torrent approach showed
overall better quality than those generated by Sanger sequencing.
Some sequence contigs from Sanger sequencing showed missing
bases at the start or end after the primer binding-site compared to
the Ion Torrent and reference sequences and had to be corrected
manually. Other contigs showed a high number of ambiguities
due to low trace file quality and required detailed manual
inspection and correction. Using the Ion Torrent protocol, these
issues were reduced by increased read coverage.

There are probably several reasons for why some specimens
failed to recover the full-length sequence from all seven periods.
First, it has been shown that high temperatures (>42◦C) and
extended drying periods of freshly collected plant specimens have
a strong negative impact on DNA quality and may be a more
important factor causing DNA degradation than age (Taylor and
Swann, 1994; Erkens et al., 2008; Staats et al., 2011; Drábková,
2014). We expect that the same factors decrease DNA quality also
in lichens, but the information about how the samples were dried
after collection is very limited.

Second, in old herbaria without air conditioning, fluctuations
of temperature and humidity levels are common and may
contribute to accelerated degradation of DNA (Adams, 2011).
Unfortunately, the preservation and storage methods used are
largely unknown, in particular for specimens from the 1960s and
older. In addition, preserved specimens are routinely frozen for
several days upon entering a new herbarium. Also the rising
frequency of between herbarium-loans due to increased use
of natural history collections in research may accelerate DNA
degradation. However, Doyle and Dickson (1987) reported that
multiple freezing-thawing cycles do not seem to affect DNA
quality. We found no newer study investigating the effect of
freezing-thawing cycles on DNA, despite frequent claims in the
literature that this is undesirable due to DNA degradation.

A third reason for reduced sequencing success might be
the presence of PCR-inhibitory substances in the extracted
DNA. Many lichens contain various amounts of secondary
metabolite compounds (Culberson and Culberson, 2001; Elix,
2014). These lichen substances have not been shown to inhibit
PCR amplification, but polysaccharides and terpenoids may
do so (Armaleo and Clerc, 1995; Ekman, 1999). The genera

Nephroma and Peltigera are known to contain high amounts
of terpenoids. As we received poor sequencing results for
Nephroma in particular (43%), we tested for the presence of
PCR-inhibitory substances by running a PCR on three dilutions
of all DNA extracts from the 2010-samples and also of the
samples from the 1935-period and older, as we expected that
old herbarium samples could have accumulated PCR-inhibitory
substances. Our result that amplification success was improved
when extracts were diluted 100-fold indicate the presence of
inhibitory substances in DNA extracts from old specimens of
Cladonia and Nephroma. None of the 2010-period extracts
showed an increase in PCR product with increased dilution;
neither did old samples of Peltigera or Ramalina. Presence of
PCR-inhibitory substances may therefore be the reason for the
poor sequencing success of Nephroma specimens, as this test was
done post-sequencing.

Fourth, the DNA extraction method strongly influences DNA
yield (Rohland and Hofreiter, 2007; Särkinen et al., 2012). As
expected, the specimens from the 1860-period (i.e., the oldest)
showed the poorest performance (29% sequencing success).
Apart from being older, the specimens from the 1860-period were
extracted as part of another unpublished study using a different
DNA extraction kit and protocol. This protocol was not tailored
to the sensitive extraction of the mycobiont’s DNA and may, at
least partially, have contributed to the poorer DNA quality.

Finally, herbariummaterial of vascular plants has traditionally
been treated with chemical preservatives (i.e., fungicides and
insecticides), such as mercuric chloride (Hall, 1988), which
appear to reduce the usability of the extracted DNA (Do and
Drábková, 2018; own experience). We are not aware of any
similar chemical treatments for the preservation of lichens in our
herbaria except for the single use of gaseous insecticides in the
1990s, but such information was not recorded before the 1980s,
though.

Most likely, however, the varying sequencing success was
caused by a combination of the factors mentioned above;
perhaps with different relative importance for different samples.
Moreover, in this pilot study, we merely used a single specimen
per species per period (n= 56). Increasing the sample size would
give more robust results. Moreover, it is our experience that
PCR amplification is a largely unpredictable process when the
DNA extracts are of poor quality as is expected for our historical
samples. Running multiple PCR reactions in parallel may result
in single reactions being successful (own experience). Often,
however, one does not have sufficient amounts of extracted DNA
to perform this parallel-PCR test when working with old and
precious samples.

We used different amounts of thallus input material for DNA
extraction, varying between 1 and 109mg, depending on the
availability of material. Although one might expect the amount
of input material to affect the output of DNA (and subsequently
the sequencing success), we could not find a clear relationship
between the amounts of input and output. For instance, we
retrieved full-length sequences from specimens of the 1910-
period with as little as 2mg input material and with as much
as 43mg (Table 1; Figure 5). The fact that even small amounts
of input material allow for generation of full-length sequences

Frontiers in Ecology and Evolution | www.frontiersin.org 14 January 2019 | Volume 7 | Article 5



Kistenich et al. DNA Sequencing Historical Lichen Specimens

from more than 100-year-old specimens is very good news for
the value of precious herbarium specimens, such as type material,
opening for successful analyses of DNA without the destroying
much material.

We were not able to recover full-length sequences for any of
the Ramalina specimens. Sanger sequencing failed completely,
whereas a 47–48 bases long fragment always failed to assemble
in the Ion Torrent approach. Even though parts of this fragment
were sequenced, the middle part is always missing; a puzzling
result as this region is rather conserved and with few variable sites
among the selected eight species. We designed universal primers
based on eight species from four distantly related lichen families.
Thus, one explanation for the systematically missing sequences
might be a poor annealing-property to these particular Ramalina
species of the designed primers F5 and R5. In general, however,
our degenerate primers performed well for all eight species.
Studies comparing different HTS platforms have reported that
the Ion Torrent PGM often performs less well in recovering
the whole target sequence than other platforms (Loman et al.,
2012; Quail et al., 2012). Even though the sequencing chemistry
and technology has improved since 2012, runs on different
sequencing platforms should be compared to explore their
significance for sequencing success of historical lichen samples.

Hypothesis Testing
As expected, we found a highly significant correlation between
the age of specimens and sequencing success (p < 0.0001;
Figure 6; Table 4), supporting our first hypothesis that quality
DNA and sequence reads are more readily obtained from
younger than older specimens. Erkens et al. (2008) reported
a ∼1% decrease in extractable amounts of DNA from plant
herbarium specimens per year. We do not know about any
similar estimates of yearly decrease in DNA in lichens, and our
results do not support the existence of such a pattern. In our
current data, degradation of DNA extracts was similar for all
samples throughout all periods with the most recently collected
samples showing somewhat less degradation. In samples from the
1960-period and older, most DNA fragments were only 50 bases
long, but there were also some long fragments (>1500 bases)
faintly visible on the agarose gel. Measured DNA concentrations
was >0.1 ng/μl for almost all DNA extracts, even for the
older ones (Table 1). When comparing all samples from every
period, we could neither detect a correlation between amount of
input material and DNA concentration nor between sequencing
success and DNA concentration (Table 4). For samples from the
1910-period and older, however, we could detect a weak positive
correlation between sequencing success and DNA concentration
(p = 0.0185) indicating that sequencing success might increase
with increasing DNA concentrations in old samples. Hence,
special focus should be placed on the DNA extraction process
when handling old material. DNA extracted from lichens usually
consists of a mixture of various organisms. Therefore, the extract
does not only contain the mycobiont’s DNA, but most likely
also contaminant DNA from the photobiont, basidiomycetes
(Spribille et al., 2016) and possibly other unknown symbionts,
epibionts, or endophytes. Hence, we do not know the proportion
of mycobiont DNA in our DNA extracts. It is possible, therefore,

that the mycobiont DNA represents only a fraction of the
total DNA concentration measured and that the long fragments
observed on the gel result could result from contaminants. Still,
the amount and quality of mycobiont DNA in our specimens was
mostly sufficient to generate reads, even though few in number
for specimens from the 1860-period (Table 1; Figure 4). This
fact indicates that extracting DNA of sufficient quality from
even older lichen specimens should be feasible and ought to be
explored further.

We found that the different genera did not perform equally
well in PCR amplification and sequence recovery (Figure 5).
The statistical analyses indicate a significant difference between
sequencing success and genus affiliation (p < 0.004; Table 4), but
not species affiliation (Table 4). The average sequence recovery
for the Nephroma species was only 43%, about half the recovery
observed for the Peltigera species (83%). As we were also
able to produce >700 bases long Sanger sequences of various
old Peltigera samples, DNA from this genus seemed to be in
a particularly good condition with long fragments. Peltigera
and Nephroma are morphologically similar with big lobes and
cyanobacteria as photobionts (forN. arcticum only in cephalodia)
and occur in similar habitats. The success rate for sequencing the
ITS barcode marker of fresh Nephroma specimens has been high
in the Norwegian Barcode of Life project (OLICH), suggesting
that the low sequencing success in the present study may either
be due to the low initial sample size or to the presence of
PCR-inhibitory substances in old specimens (see above). The
Ramalina species performed well with 75% recovery success
followed byCladoniawith 60%. For ITS in theOLICHproject, we
experienced higher success for Cladonia (ca. 70%) than Ramalina
(ca. 60%), but these figures are based on a broader specter of
species from both genera, but also younger specimens than in
the present study. When comparing specimens from the two
most recent periods only (i.e., the 2010- and 1985-periods),
average sequencing success is higher with 94% for Cladonia,
85% for Nephroma, 97% for Peltigera and 88% for Ramalina,
outperforming the general OLICH success. Still, sequencing
success seems to be dependent on the target genus. When using
DNA concentration as response variable in our GLM analyses,
we found a significant effect of genus affiliation (and in this case
also of species affiliation; Table 4), that was even stronger than
the effect of age (p < 0.03; Table 4). Thus, we cannot reject our
second hypothesis that quality DNA and sequence reads are more
readily obtained from some taxa than others given that age of the
material is kept constant.

Our general experience when working with lichens from
humid tropical regions is that they become difficult to obtain
DNA sequences from shortly after collection; often, longer (>ca.
300 bases) Sanger sequences cannot be obtained after only a
few months of storage. In contrast, we do not experience this
difficulty with taxa adapted to the less humid boreal regions.
We hypothesized that lichens adapted to more arid conditions
are better equipped for keeping their DNA intact over longer
periods of desiccation than species adapted to the humid tropics;
the latter should not need the same mechanisms for DNA
protection. The DNA of tropical lichens should degrade faster
when subjected to desiccation, which is, in fact, our traditional
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way of preserving lichen specimens. Specimens collected in the
humid tropics need to be dried longer, but due to limited facilities
and time, the drying process is often compressed by increasing
the temperature. Sometimes, the process may not be fully
completed for several days or weeks, facilitating enzymatic DNA
degradation. Bakker et al. (2016) found the DNA of wet-tropical
angiosperms to have aged faster than the DNA of angiosperms
from dry habitats and attribute this difference to the more intense
drying processes. This led us to formulate the third hypothesis
that quality DNA and sequence reads are more readily obtained
from preserved specimens of species adapted to dry habitats than
from those adapted to humid conditions. This is also the reason
why we chose species pairs growing in dry inland habitats vs.
humid coastal areas. Our statistical analyses, however, did not
support our hypothesis (Table 4); the average sequencing success
rate for inland species was only slightly higher than for coastal
species (68 vs. 62%, respectively). Due to the limited availability
of relevant specimens, the sampling in this study was restricted
to boreal taxa with different preferential distribution ranges. Both
species of each genus exhibit distribution ranges that overlap to
some extent, which may contribute to the non-significant results.
Our results therefore do not preclude significant differences
in sequencing success between specimens from more extreme
habitats, such as (semi-) arid deserts vs. tropical rainforests.

Applicability of the Ion Torrent Protocol for

Lichen Taxonomy
Sanger sequencing is still the preferred and most commonly
used method for generating sequences of the barcode marker
ITS and other markers in lichen systematics (Hoffman and
Lendemer, 2018). Our study shows that HTS is highly suitable for
obtaining sequences from both young and old lichen specimens.
We managed to recover full-length sequences from historical
specimens using the two-step PCR HTS protocol by Prosser et al.
(2016), specimens for which Sanger sequencing failed completely
or produced substantially shorter sequences.

This study includes specimens of the same species from
different time periods. Using existing DNA sequences of the
same species as reference simplifies quality-checking different
steps during read analysis. We therefore used available references
of the same set of species for read mapping, which greatly
facilitated this task including the quality-checking for mistakes.
Our expectation was to receive near identical mtSSU sequences
for the specimens belonging to the same species, not the least
because the mtSSU marker is generally understood to be less
variable than the ITS, which may vary highly within populations
of the same species. Hence, we assume that read assembly might
be more challenging for ITS. If there is no reference sequence
available of the study species or a closely related taxon, the
sequence reads need to be de novo assembled and proofreading
will be more challenging. There are few species, for which no
recently collected material exists, and which are not represented
by DNA sequences in GenBank. Most challenging may be the
common case in lichenology of species that are only known from
an old type specimen.

In our assembled reads, we frequently encountered
homopolymer-associated indel errors, especially in AT-rich
regions and when compared to our Sanger-sequenced samples.

This is a commonly known disadvantage of the Ion Torrent
PGM sequencing method but is also a known issue for Sanger
sequencing (Loman et al., 2012; Goodwin et al., 2016). In
addition, the Ion Torrent PGM has a sequence read error rate
of 1–1.8% (Loman et al., 2012; Quail et al., 2012), which may
generate errors that are difficult to discern from the true sequence
when only a few reads are recovered and no reference sequence is
available. In our consensus sequences of the assembled reads, we
found up to seven differing nucleotide sites between specimens
of the same species. It is unclear if these differences result
from Ion Torrent specific sequencing errors or if they merely
represent intraspecific variation, especially when only a few reads
were recovered. We found these nucleotide differences in both
sequences assembled from many reads as well as those based on
few reads, suggesting that the differing nucleotide sites result
from intraspecific variation rather than sequencing errors. When
working with long-time archived specimens, sequences should
be checked and corrected for typical ancient DNA degradation
patterns, especially T to C substitutions in fragment ends (Weiß
et al., 2016). We expected T to C substitutions to occur in
sequence reads from the older specimens compared to the
reference sequences based on fresh specimens. We could not find
any of these substitutions and assume that they might have been
lost during read trimming steps. We discovered only three T to
C substitutions in sequences from the 1960- and 1910-periods
and none in the ones from the 1885- and 1860-periods. These
substitutions, however, were never at the end of fragments.
This is consistent with the suggestion above that the differing
nucleotide sites represent true intraspecific variation.

Another challenge when assembling historical type specimens
without an appropriate reference sequence is the identification
of contaminant sequence reads. We discovered contaminant
sequence reads in our assembled consensus sequences. When
subjecting these reads to BLAST searches at NCBI or against our
own DNA sequence database, we found them to often associate
with Umbilicaria or Miriquidica species. Reads belonging to
species of Cladonia or Peltigera could also be detected in various
datasets of other species. These contaminants might result from
spores of other species being attached to the fragments we chose
for DNA extraction. The contamination by Cladonia or Peltigera
reads might also be due to demultiplexing errors. Only rarely
did some of the assembled sequences belong to other, non-
lichenized, fungal species, such as Aspergillus. The latter genus is
often encountered when sequencing lichens without conducting
the preparation steps in a dedicated clean lab facility. The low
amount of fungal contaminants in our sequence reads indicates
that performing the DNA extractions and PCR preparations in a
clean lab facility is important for eliminating such contaminants.

Drawbacks, Potential Improvements, and

Future Use of the Approach Tested in This

Study
In this pilot study, we were able to recover sequences from
almost all specimens investigated including several specimens
collected more than 100 years ago. To our knowledge, this is
the first successful attempt to recover a full taxonomic marker
(i.e., the ca. 900 bases of the mtSSU regularly used in lichen
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systematics) from lichen specimens that were collected up to 127
years ago. In this study, we tested specimens from two orders
of lichenized ascomycetes. As the approach by Prosser et al.
(2016) should be a universally applicable method, which can be
tailored to any organism of interest, we expect this approach to
work for lichenized basidiomycetes as well, given that adequate
primers are developed. We recommend this approach to be
tested on additional species from various lichen families with
more representatives per species per period. Doing so, one
may better understand why certain specimens fail to produce
reads and further explore to what extent sequencing success
depends on taxonomic affinity and/or the autecology of the
species. In particular, sequencing success of specimens from
moist tropical vs. dry habitats should be assessed using specimens
from more extreme habitats. Future studies should make use of
rich herbarium collections of species with even older specimens
and a denser time-line sampling. In addition, the applicability of
our Ion Torrent approach on the ITS, the fungal barcode marker,
and other relevant markers ought to be explored.

We discovered that some of the old specimens (collected
>80 years ago) contained PCR-inhibitory substances; a discovery
we made only after we had finished sequencing our samples.
Especially, Nephroma specimens seemed to contain strong PCR-
inhibitors, which might explain their low sequencing success.
Hence, we strongly recommend testing for the presence of
PCR-inhibitory substances by running dilution series before
the start of the Ion Torrent approach. In addition, tweaking
the PCR conditions further might lead to more successful
PCR amplification. Moreover, several studies have shown that
different polymerases give different results (e.g., Telle and Thines,
2008; Särkinen et al., 2012), indicating several starting points for
increasing sequencing success in the future.

Other HTS platforms, for example various Illumina machines,
should be explored to assess if these can overcome some of
the drawbacks with the Ion Torrent PGM. Using the Illumina
MiSeq technology, Forin et al. (2018) managed to obtain
ITS2 sequences of century-old fungal collections, indicating
the potential success of this approach also for historical lichen
specimens. Furthermore, single-read sequencing technologies,
such as implemented in the PacBio (Pacific Biosciences) and
MinION (Oxford nanopore technologies) should be tested
with lichen material. Both platforms might circumvent the
amplification step, thus reducing possible amplification biases.
However, they also produce longer and fewer reads than the
Ion Torrent or Illumina platforms (Bleidorn, 2016), which is
no advantage when working with fragmented DNA, though. To
our knowledge, these platforms have so far not been tested on
historical herbarium material.

An alternative approach to obtaining DNA sequences from
historical lichen specimens is shotgun sequencing of the entire
genome. While several biogeographic studies have adopted this
approach (e.g., Cao et al., 2011; Rivarola et al., 2011), research
within lichen systematics and taxonomy still largely relies on
Sanger sequencing of certain markers (Hoffman and Lendemer,
2018). The full genome size of some flowering plants and ferns
can reach up to 147 Gb (Hidalgo et al., 2017). In contrast,
the lichen mycobiont has a typical genome size of only about

35Mb (Grube et al., 2014) and a variable mitochondrial genome
size of 25–120 kb (Pogoda et al., 2018). So, the implementation
and regular use of shotgun sequencing of unreduced genomic
DNA seems more feasible and applicable in fungi than in plants.
Surprisingly, Staats et al. (2013) found that the coverage for
whole genome sequencing of fungi was lower than for other
organisms, such as plants or insects. They were able, however, to
recover nearly full organelle genomes. Other fungal studies can
point to full genome recovery success (e.g., Van Kan et al., 2017;
Armstrong et al., 2018). The amount of required input material
for obtaining the complete organelle or the entire genome of
an organism might be a limiting factor for historical specimens.
Complete organelle genomes have been successfully sequenced
from as little as 24–33 ng input DNA (Bakker et al., 2016; Zedane
et al., 2016). Clearly, shotgun sequencing of unreduced genomic
DNA of historical specimens should be explored further to find
out if taxonomically relevant markers can be fully recovered,
without increase in sample destruction and with reduced cost and
effort.

The costs for using the herein described Ion Torrent approach
are less than twice as high as Sanger-sequencing costs if we
had attempted to Sanger-sequence all seven mtSSU fragments
per specimen. Within the last decade, costs for HTS, such
as Ion Torrent and Illumina, have declined rapidly and are
expected to decline further in the future. Hence, it will soon
become more feasible also for smaller labs to implement
our Ion Torrent approach. Costs can be further reduced
by multiplexing more specimens. In addition, Ion Torrent
sequencing is more time-efficient than Sanger-sequencing, not
necessarily for sample preparation, but concerning the actual
sequencing time.

We anticipate and welcome future and more comprehensive
studies on historical lichen specimens that will identify
where the methodological improvements can be gained. Our
results show that DNA is still present in high enough
quantities and as long enough fragments in 150-years-old
lichen specimens for succeeding with the Prosser et al.
(2016) method. Thus, a protocol combining PCR amplification
of different-length fragments and HTS seems promising
for circumventing the challenges with fragmented and low-
concentration DNA.
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