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Preface 

Since my undergraduate studies, I have been passionate about studying microorganisms, their 
biodiversity and relations with other organisms. As a love to that, I studied and obtained master 
degree in plant pathology and ecology. More specifically, I have been working on plant-
inhabiting endophytic fungi for more than seven years. This entire cumulative thesis is largely 
part of a bigger project “Patterns and processes in endophyte ecology - studies in optimal and 
extreme habitats of European Beech (Fagus sylvatica L.) to reveal the underlying principles”, led 
by Dr. Martin Unterseher and Dr. Derek Peršoh. The part of Dr. Martin Unterseher was fulfilled 
by this PhD project. 

As an overview, all the works done over the past years were summarized here as scientific 
papers. In total, five papers (three accepted papers) were included in this cumulative thesis, 
comprising of three publications, one manuscript in preparation and one manuscript from the 
independent work with collaborations coming from the Sweden. Chapter 1 is a summary of the 
whole thesis followed by an introduction in Chapter 2 and five manuscripts (three accepted in 
peer-reviewed journals and two under preparation) in chapter 3. A conclusion in Chapter 4 was 
drawn based on important findings and outlook of the studies.  

List of publications included in this cumulative dissertation 

Peer-Reviewed Publications 
Siddique AB, Khokon AM & Unterseher M. 2017. What do we learn from cultures in the 
omics age? High-throughput sequencing and cultivation of leaf-inhabiting endophytes from 
beech (Fagus sylvatica L.) revealed complementary community composition but similar 
correlations with local habitat conditions. MycoKeys 20: 1-16. 
https://doi.org/10.3897/mycokeys.20.11265. 

Siddique AB & Unterseher M. 2016. A cost-effective and efficient strategy for Illumina 
sequencing of fungal communities: A case study of beech endophytes identified elevation as 
main explanatory factor for diversity and community composition. Fungal Ecology, 20, 175-
185. doi: 10.1016/j.funeco.2015.12.009 

Unterseher M, Siddique AB, Brachmann A & Peršoh D. 2016. Diversity and Composition of 
the Leaf Mycobiome of Beech (Fagus sylvatica) Are Affected by Local Habitat Conditions 
and Leaf Biochemistry. PloS One, 11(4), e0152878. doi: 10.1371/journal.pone.015287 

Manuscript in Preparation 
Decker VHG, Siddique AB & Albretcsen BR. Specialist leaf beetles enrich diversity of 
endophytic fungi in aspen leaves, and mask intra-specific host specificity.  
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1.1. English 

Leaf-inhabiting fungi are a hyperdiverse group of microbiota found in all terrestrial habitats. 
Comparative studies targeting the drivers of endophytic fungal biodiversity are rare and 
identified multiple effectors, such as plant chemistry, climate and seasonal attributes. Our project 
aimed to study the pattern of the leaf-associated mycobiome of European beech (Fagus 
sylvatica) at altitudinally distinct sites to reveal diversity, composition and seasonal dynamics of 
fungal endophytes by a combination of metabarcoding, cultivation and subsequent ecological 
analyses. This thesis also intended to study the fungal relationship with biotic and abiotic factors: 
elevation, local site conditions, leaf biochemistry and leaf status. Metabarcoding and cultivation 
were applied for same leaf samples to trace both environmental drivers and method-dependent 
signals of the detected fungi.  

An experimental field site consisting of 100 (2-years old beech) trees was established called 
‘beech phytometer’ system at two altitudes (517 and 975 m a.s.l.) in a German mountain forest. 
Beech trees were randomly selected from both sites as well as from neighboring beech trees. Ten 
trees from each site were chosen and 10 leaves per tree were sampled. Climatic and leaf 
biochemistry (Chlorophyll, flavonoid and nitrogen) data were seasonally (Autumn, Spring and 
Summer) investigated for two continuous years (Oct 2013 to Oct 2015) at these two elevations. 

In the first year (autumn, 2013) of the project (chapter 3.1), the leaf-inhabiting fungi of natural 
beech trees were investigated by using high-throughput sequencing (metabarcoding) at three 
altitudinally distinct sites (with timberline at 1381 m a.s.l.) in the German Alps. This paper 
focuses on a detailed description and evaluation of metabarcoding amplicon library preparation 
and a subsequent analytical workflow. Fungal diversity and community composition were 
compared as a function of different elevated sites and leaf status (i.e., vital or senescent). 
However, three investigation sites resulted in 969 OTUs (operational taxonomic units) from 
820441 sequences. Taxonomic compositions (order) of beech fungi differed strongly among the 
three sites but were less distinct between the vital and the senescence leaves. Fungal community 
composition at valley site clearly differed from those of mountain and timberline where 
differences between mountain and timberline were less prominent. Vital and senescence leaf 
differed in fungal community structures indicating a strong dynamics of leaf fungi in autumn. 
Elevation and leaf status were found to be the main explaining factors, which affected the fungal 
richness and compositions. 

Another survey (Chapter 3.2) was conducted just after the establishment of the ‘beech 
phytometer’ trees in the same period (autumn 2013) where leaf mycobiome of the phytometer 
trees (trees originally came from Northern Germany and grown in nursery) were compared with 
the fungi of surrounding natural beech habitat at valley (517 m a.s.l.) and mountain site (975 m 
a.s.l.) in the same location “Untersberg”. Fungal diversity was lowest in the managed habitat in 
the nursery and was highest in natural habitat. Fungal diversity and compositions significantly 
associated the origin of the trees. Under natural conditions, the fungi were more diverse at lower 
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altitudes than at higher altitudes. Additionally, leaf chlorophyll and flavonoid contents showed 
negative correlations with fungal richness in natural stands. 

In the second year (autumn 2014), another survey (chapter 3.3) was conducted on leaf 
endophytes of phytometer trees with metabarcoding and cultivation approaches to trace the 
environmental drivers and method-dependent indications. Metabarcoding resulted in 597 OTUs 
from 170480 curated ITS1 reads and cultivation revealed 70 OTUs from 438 culture-based 
Sanger sequences. Both approaches resulted in non-overlapping community compositions and 
pronounced differences in taxonomic classification and trophic stages. However, both methods 
revealed similar correlations of the fungal communities with local environmental conditions. Our 
results indicate undisputable advantages of metabarcoding over cultivation in terms of 
representation of the major functional guilds, rare taxa and diversity signals of leaf-inhabiting 
fungi. This stressed out the importance of cultivation for complementing sequence databases 
with good quality reference data and encouraged the use of both approaches in future microbial 
biodiversity assessment studies.  

Phytometer and natural trees were intensively investigated in this study (chapter 3.4) to assess 
the influence of site characteristics (altitudes, local microclimate), seasonality, leaf biochemistry 
and leaf age on fungal diversity and composition. In total, our analytical Illumina workflow 
resulted in 15703599 demultiplexed and ITS1 reads from 165 samples. Clustering at 97% 
similarity resulted in 1199 OTUs. Climatic parameters were significantly differed between valley 
and mountain on daily basis but were insignificantly differed on monthly basis. The 
compositional difference between phytometer and natural mycobiome was significant for 
combined data as well as for the seasonal data (Oct 2013-Oct 2014). We observed a strong 
seasonal turnover in phyllosphere fungi in both habitats over the two years of investigation, 
suggesting that the plant-fungal system not only responds to cyclic climatic conditions but 
depends as well on various parameters, e.g., geographic position, substrates age and surrounding 
vegetation. 

A side (chapter 3.5) study was done to see the connection between the foliar endophytes and 
foliar phenolic compounds of European aspen (Populus tremula) in the presence and absence of 
specialist beetles (Chrysomela tremula). A distinct pattern of the leaf endophytes was found to 
be associated with aspen genotype and chemotype, but this specificity disappeared in the 
presence of herbivorous beetles. This suggested that leaf endophytes responded to the herbivory 
in aspen. 

In general, the altitudinal difference is the most important explaining factor for fungal 
community differences, which shapes many dependent abiotic and biotic habitat factors. 
Regarding cost and time per sequence, metabarcoding is superior to cultivation approaches and 
offers surprisingly profound insights by yielding much more data, allowing to test at once 
multiple hypotheses in fungal ecology. 
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1.2. Deutsch 

Blatt bewohnende Pilze sind eine hyperdiverse Organismengruppe in allen terrestrischen 
Ökosystemen. Vergleichende Studien über die treibenden Kräften endophytischer Biodiversität 
sind selten und haben vielfältige Effektoren identifiziert, wie die Biochemie der Pflanzen, das 
Klima und saisonale Aspekte. Unser Projekt mit Untersuchungsflächen auf unterschiedlichen 
Höhenstufen hatte zum Ziel, Muster von Blatt assoziierten der Rotbuche (Fagus sylvatica L.) zu 
erforschen. Die methodischen Schlüsselelemente waren Metabarcoding, Kultivierung und 
diverse ökologische Analysen. Diese Doktorarbeit hatte ebenfalls zum Ziel, pilzliche 
Interaktionen mit folgenden biotischen und abiotischen Parametern zu koppeln: Höhenstufen, 
Blattbiochemie und Blattalter. Metabarcoding und Kultivierung wurden für die identischen 
Blattproben durchgeführt um auch Methoden-abhängige Signale zu bewerten. 

Die Untersuchungsflächen bestanden aus je einem 10 x 10 Meter großen, gerodeten Areal auf 
517 sowie auf 975 m.ü.NN, in das jeweils 100 2-jährige Buchen gesetzt wurden. Für die 
Probennahmen wurden jeweils 10 dieser Buchen ausgewählt, von denen je 10 Blätter 
abgenommen wurden. In der Fläche installierte Data logger zeichneten Temperatur und rel. 
Luftfeuchtigkeit auf, unmittelbar nach dem Sammeln wurden Chlorophyllgehalt, 
Flavonoidgehalt mit einem Dualex Flourometer gemessen. Die Untersuchungen dauerten 2 
aufeinanderfolgende Jahre (Oktober 2013 bis Oktober 2015 und beinhalteten alle Jahreszeiten. 

Während des ersten Projektjahres (Kapitel 3.1) wurden die natürlichen Mycobiome in 3 
unterschiedlichen Höhenstufen erfasst. Die daraus resultierende Publikation beschreibt detailliert 
sowohl die Laborschritte zur Illumina-Hochdurchsatz-Sequenzierung, als auch die 
bioinformatischen Notwendigkeiten zur Analyse der molekularen Daten. Diversität und 
Vergesellschaftung wurden in Abhängigkeit der Höhe und des Blattalters analysiert. 820.441 
ITS1 Sequenzen gruppierten in 969 OTUs (Operational Taxonomic Units). Auf Ordnungsebene 
unterschied sich die taxonomische Zusammensetzung der Mycobiome in den 3 Höhenstufen 
mitunter deutlich. Dabei zeigten die beiden oberen Untersuchungsflächen deutlichere 
Ähnlichkeiten untereinander als zur Talfläche. 

Eine zweite Studie wurde direkt im Anschluss an die Etablierung der Untersuchungsflächen 
durchgeführt. (Kapitel 3.2). Dabei wurden das Mycobiom der natürlich gewachsenen 
Buchenblätter mit dem der eingebrachten (Phytometerbäume) verglichen. Pilzliche Diversität 
war am geringsten in den zweijährigen Buchen der Baumschule. Unter natürlichen Bedingungen 
zeigten die Buchenblätter weitaus geringere Chlorophyll und Flavonoid Werte und waren 
negativ korreliert mit pilzlicher Artenvielfalt. 

Im zweiten Jahr wurden nur noch die Phytometer Bäume untersucht (Kapitel 3.3), wobei dieses 
Mal der Einfluss der Untersuchungsmethode näher beleuchtet wurde. Kultivierungsversuche 
wurden mit der direkten Hochdurchsatz ITS Sequenzierung verglichen. Dieses Metabarcoding 
resultierte in 597 OTUs bei einer Gesamtzahl von 170480 ITS Sequenzen. Die Kultivierung 
lieferte dagegen nur 70 OTUs bei 438 Isolaten. 
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Obwohl die Artengemeinschaften beider Methoden keine Überlappung zeigten, so zeigten beide 
Datensätze vergleichbare Signale hinsichtlich des Umweltparameters "Höhe". Die Ergebnisse 
deuteten auf deutliche Vorteile der Hochdurchsatzsequenzierung hin, unter anderem auf die 
Visualisierung einer höheren Diversität (hinsichtlich ökologischer Gruppen). Andereseits lieferte 
die Kultivierung ebenfalls verlässliche Daten, die für eine erste, kostengünstige Einschätzung der 
Diversitätsmuster nach wie vor wichtig ist. Es wird empfohlen, auch in Zukunft auf 
Kultivierungsversuche nicht gänzlich zu verzichten. 

Zusätzlich zu den auf die Buche beschränkten Studien wurde eine Arbeit an der Zitterpappel 
(Populus tremula) in die Doktorarbeit integriert (Kapitel 3.5). Dabei wurde die Anwesenheit 
eines auf diese Baumart spezialisierten Rüsselkäfers (Chrysomela tremula) untersucht. Unter 
anderem wurde herausgearbeitet, dass sich in Anwesenheit der Insekten die Diversitätsmuster 
endophytischer Pilze verändern. 
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2.1. Background 

2.1.1. Plant-associated fungi 

The kingdom Fungi is hyperdiverse and ubiquitously exists in all the major habitats: marine, 
plant, animal, lichen, and soil (Dighton 2016; Paey et al. 2016; Tedersoo et al. 2014; Richards et 
al. 2012; U’Ren et al. 2010). They are the key components in terrestrial ecosystems. Fungi 
colonize above- and below-ground plant parts as well as soil organic matter from the 
decomposition of leaves, litter, and deadwood for carbon and nutrients (Dighton 2016). Fungi 
inhabit various forest habitats: phyllosphere, wood, bark, ground vegetation, roots, litter and soil 
(Baldrian 2016) and perform a multitude of functions. For example, mycorrhizal (root) fungi, 
endophytes, and lichens drive nutrient cycling and influence biomass productions as mutualistic 
organisms (Smith and Read 2010). Leaf, litter and soil fungi play the role as symbiotrophs, 
saprotrophs or decomposing fungi and may degrade leaf and litter (Voříšková and Baldrian 
2013; Perˇsoh 2015; Baldrian 2016; Paey et al. 2016).  

The estimation of total fungal species richness is hardly possible. Estimated fungal species 
number is increasing as molecular technology has evolved; the claim is now between 1.5 and 10 
million (Bass and Richards 2011; Blackwell 2011), yet much more remains to be listed 
(Tedersoo et al. 2014).  

To identify fungal species, molecular data (DNA sequences) gradually gained ground. To date, 
approximately 500,000 fungal ITS (internal transcribed spacer) sequences are available as 
reference sequences in the International nucleotide sequence database collaboration (Nilsson et 
al. 2016). More than 10% of public ITS sequences are incorrectly annotated (Nilsson et al. 2006, 
2016). Only about half of the sequences are known to species level (Kõljalg et al. 2013). 
Moreover, many entries are chimeric sequences and are low in read quality. Thus, data 
structuring and filtering are needed to make the data set a proper tool for new fungal annotation 
(Kõljalg et al. 2013; Nilsson et al. 2016). 

2.1.2. Leaf-inhabiting endophytes 

Fungi that live inside plant parts without causing visible symptom at any moment are generally 
known as endophytic fungi (Petrini 1991; Sculz and Boyle 2005). Fungal endophytes first 
reported by Bary (1866) and received much attention since 1977 when it was discovered that a 
grass endophyte (Neotyphodium coenophialum) caused ‘fescue toxicosis’, a syndrome suffered 
by cattle fed in grass Festuca arundinacea (Bacon et al. 1977). In grass species, endophyte gets 
shelter, nutrition, and transmission by host propagules; as a favor, endophytes increase host 
protection from herbivores and increase tolerance against different kind of stress factors, such as 
drought (Schardl et al. 2004). But, most of the tree endophytes are not like grass endophytes. 
They are non-systemic and horizontally transmitted (Suryanarayanan 2013) and highly diverse. 
Many of them have cryptic lifestyle, with temporary settling and neutral influences on the hosts. 
Thus, their diversity, community structure and ecological functions are more complex, difficult 
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to determine and mostly unknown (Arnold 2007).   

Depending on the host and environmental conditions, leaf-inhabiting fungi have a wide variety 
of functions. The functions are ranging from mutualistic or symbiotic to antagonistic or 
pathogenic (Davis and Shaw 2008). For example, endophyte helps the plant to be resistant 
against the pathogen (Arnold and Herre 2003; Ganley et al. 2008), disease fungi (e.g. 
Melampsora rusts in Poplar) and insect herbivore (Albrectsen et al. 2010) that enables trees to 
withstand with them (Raghavendra and Newcombe 2013). 

2.1.3. State of the art and target plant 

Diversity and composition of the leaf-associated fungi are shaped by many factors. Effect of host 
genotype on leaf-inhabiting fungal diversity and composition is intensively studied and is found 
to have a profound influence on several host species (Peršoh 2013, 2015; Weig et al. 2013; 
Cordier et al. 2012a; Bálint et al. 2013; Lamit et al. 2014), but host genera and families may be 
inconsistent with this result (Raizen 2013; Higgins et al. 2014; Davey et al. 2013b). Host plants 
themselves influence the fungal community, such as secondary metabolites, enzymes, nutrient, 
water, CO2, O2 (Bailey et al. 2005; Gonthier et al. 2006; Olbrich et al. 2010). Besides, above 
ground plant parts (Tateno et al. 2014), leaf exposure (Unterseher et al. 2007), geographical 
distance (Jumpponen and Jones 2009, 2010; Zimmerman and Vitousek 2012), altitude dependent 
variables (temperature, functional plant traits, radiation) (Zimmerman and Vitousek 2012; Davey 
et al. 2013a; Coince et al. 2014), seasons (Martins et al. 2016) even in a finer scale (Cordier et al. 
2012a; Peršoh 2013), litter decomposers  (e.g., Osono 2006; Promputtha et al. 2010; Peršoh 
2013; Unterseher et al. 2013), the structure and diversity of surrounding vegetation (Helander et 
al. 2007) are associated with the changes and turnover of the endophyte community.   

Leaf biochemistry and leaf physiology of the same genotypic host may differ in alerted altitudes. 
Lower C: N ratios were observed in higher altitudes (e.g., Körner 1989; Reich and Oleksyn 
2004) that may increase substrate quality for leaf associated fungi. Changes in the phenolic 
compound of leaf over the altitudes gradients may affect the endophyte selectivity because these 
compounds involve in plant resistance against the pathogens (Witzell and Martín 2008). It was 
found that pathogenicity of endophytic fungus Apiognomonia errabunda increased with 
increasing stress metabolites in Fagus sylvatica whereas it’s infection success decreased with 
increasing light exposure (Bahnweg et al. 2005). Thus, comparative studies of multiple effectors 
such as plant leaf biochemistry, climate, site conditions and growing seasons or light regime are 
crucial for understanding underlying principles; however, gathering this type of data is far from 
simple. To avoid the impact of random parameters i.e. those not in focus of the study, sites along 
an elevational gradient with comparable soil types and habitat conditions were chosen for the 
current study so that other random parameters will be reduced in favor of the hypothesized main 
driving force: altitude. All investigation sites are situated at the mountain massif “Untersberg” in 
the Berchtesgaden Alps near the city of Marktschellenberg, Bavaria, Germany (Chapter 3.1). 

Endophyte-to-saprotroph continuum is very much understudied. Many leaf-associated fungi have 
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blurred the line between symbiotrophy (endophytic phase) and saprotrophy (dead tissue phase) 
(U’Ren and Arnold 2016). Leaf-inhabiting fungi co-occur in the litter and turn into saprobes 
during leaf senescence and play a considerable role in decomposition in the forest ecosystem 
(Promputtha et al. 2010; Peršoh et al. 2013; Unterseher et al. 2013). Osono (2006) assessed that a 
major portion of endophytes can persist and degrade leaf litter. Others suggest that fungi may 
live in the litter at least for a short period during the early stage. For example, the fungal 
community in autumn leaves of Fagus sylvatica differed with litter community in the following 
spring (Peršoh et al. 2013; Unterseher et al. 2013). Similar results, but rapid turnover was seen 
within two to four months in leaves of Quercus petraea (Voříšková and Baldrian, 2013). Thus, 
fungal community changes within finer time scale (between two leaf physiological stages: vital 
and senescent leaf) would determine how fast the fungal community turning over (U’Ren and 
Arnold 2016). 

European beech (Fagus Sylvatica) is one of the crucial trees in the central European forest. This 
tree is a characteristic element of the mountain landscape, reaches timberline in places (Alden et 
al. 2013) up to 1800-1900m (Scoppola 1999). Thus, the change in microclimate and altitudinal 
gradient should be directly correlated to their ecosystem and makes it a novel organism to 
investigate their mycobiome patterns and responses to know underlying principles. 
Understanding the probable effect of the climate change and altitudes may be accelerated by 
obtaining continuous data on the multiple conceivable effectors such as leaf chemistry, 
physiological stages of the leaf, season, elevational differences and fungal diversity of that 
region.  

In the past, profound interconnections and interactions were discovered between the European 
beech and mycobiome in the forest (for details see Sieber et al. 1987; Petrini and Fisher 1988; 
Hendry et al. 1993; Danti et al. 2002; Unterseher and Schnitller 2009, 2010; Unterseher 2011; 
Unterseher et al. 2013; Wubet et al. 2012; Cordier et al. 2012a, 2012b; Peršoh et al. 2013). But 
still very little is known about this ‘Beech holobiont’. 

To broaden the understanding the dynamics of endophytic fungal communities in leaves under 
different habitat conditions and from different place of origin; a transplantation experiment was 
performed (Chapter 3.2 and 3.4). Two years old saplings were grown in a greenhouse 
environment in northern Germany. They were transplanted at two different altitudes. For the 
current study, these trees functioned as control to monitor the effect of site conditions on fungal 
communities and to minimize the influence of parameters which are not in focus. A phytometer 
(data logger) system was installed with these introduced trees to unravel the altitude-dependent 
climatic variables temperature and relative humidity. From this reason, the transplanted trees 
were named as ‘Phytometer trees’ in the corresponding papers. The trees were expected to have 
no genetic pre-adaptations to the local conditions to which they were transferred.  
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2.2. Methodological perspectives 

2.2.1. Cultivation and molecular sequencing 

Traditionally, leaf-inhabiting fungi are identified based on their cultures, fruiting bodies, and 
other morphological characters. But many endophytic groups and species are remained tough to 
separate due to lack of sporulation in the culture media, where identification based on their 
hyphae and colonies are confusing. To overcome this uncertainty, Sanger sequencing has been 
adopted for cultivation-based fungal identification and has been using in ecological diversity for 
more than two decades. By developing universal fungal specific primer for ITS based Sanger 
sequencing, identification of fungal isolates has been quickened. To date, this method has been 
providing crucial reference sequences that are very high in quality and read length. Based on 
Sanger sequences, different kinds of software are incorporated to assess the phylogenetic 
relationships between isolated morphotypes or morphotaxa. 

Fungal ribosomal DNA or rDNA (also known as ribosomal RNA genes) regions are repeated in 
the chromosome and have internal transcribed spacer (ITS), which is believed to be varied 
species to species (Schoch et al. 2012). Entire ITS has two regions: ITS1 and ITS2 that are 
highly variable and address the higher phylogenetic rank. The inclusion of LSU and SSU are also 
more prescribed in recent times to go into the more specific level in terms of species delimitation 
and phylogenetic distance estimation (see Porter and Golding 2012; Lindahl et al. 2013). 
However, cultivation based Sanger method cannot process environmental samples to an 
unprecedented level, but can process individual fungal isolates and are biased to the types of 
cultivation media. Besides, culture-based investigations are labor intensive, under-sampled, time-
consuming and subjected to contamination (Solis et al. 2015, 2016). One of the major limitations 
of cultivation is that many endophytes cannot grow or rarely grow and over-compete by the 
emerging of fast-growing fungi. To minimize this problem, dilution-to-extinction culturing has 
been adopted (Collado et al. 2007; Unterseher and Schnittler 2009).  The main idea of this high-
throughput culturing (HTC) method is that it increases the number of cultures in a way that one 
culture will host one or two species and at the end, this method recovers most of the species from 
the provided substrate. A detail of dilution-to-extinction culturing followed by Sanger 
sequencing was described in chapter 3.3. 

Though cultivation-based studies discover an immense fungal diversity of leaf-inhabiting 
endophytes (see Hawksworth 2001; Arnord 2007; Unterseher 2011) but next generation 
sequencing (NGS) revealed that this valuation is too small at first survey (Jumpponen and Jones 
2009; 2010). NGS or HTS (High-throughput sequencing) technology has replaced the cultivation 
based molecular technology in terms of generating millions of fungal reads from hundreds of 
environmental samples simultaneously (Shokralla et al. 2012; Lindahl et al. 2013). HTS has also 
revolutionized the era of microbial ecology by the capability of identifying a large number of 
species with a high-quality resolution of the community structure that helping us to test new 
hypothesizes. The most common HTS methods are Roche 454, IonTorrent, Illumina, PacBio, 
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SOliD and NANOPORE. All methods have their own drawbacks and benefits which depend 
mostly on the types of study they used for.  Constant development of the methods is suppressing 
the old ones. Roche 454 sequencing will not supportive in the future as Illumina and PacBio 
generating the cheaper and lower error in the reads.   

2.2.2. Challenges in HTS based fungal studies 
In HTS based studies, various biases could be introduced by the lack of deep understanding of 
the methods, field sampling, laboratory procedures, PCR processes, and primer choice (Lindahl 
et al. 2013; Schnell et al. 2015). To reduce PCR-based biases, PCR-free technologies (PacBio, 
Oxford Nanopore) have come with a great promise but they also have unacceptable sequencing 
error rate (15%), which is much greater than the difference between closely related species 
(Glenn 2011). However, HTS related biases could be reduced, to a meaningful way, with the 
currently available bioinformatic pipelines such as SCATA, FUNGuild, PIPTS, QIIME and 
MOTHUR (Nguyen et al. 2016; Gweon et al. 2015; Caporaso et al. 2010; Schloss et al. 2009). 
Moreover, error in the fungal studies could be avoided by the incorporation of a well curated ITS 
database (Kõljalg et al. 2013), reliable taxonomic annotation (Nilsson et al. 2015), open 
reference OUT clustering (He et al. 2015), increasing sequencing depth (Smith and Peay 2014), 
PCR replicates with different annealing temperature (Schmidt et al. 2013) and ‘mock 
community’ as positive control (Nguyen et al. 2014). Thus, by the combined applications and 
guidelines, biases and errors of HTS based fungal study are likely avoided (Lindahl et al. 2013). 

2.2.3. Sample preparation for Illumina sequencing 

Both cultivation and direct sequencing by HTS were applied for the current project to compare 
the diversity of the mycobiome and to see whether different detection methods adequately reflect 
variation by environmental conditions (Chapter 3.3). Chapters 3.1 (Siddique and Unterseher 
2016) and 3.2 (Unterseher et al. 2016) describe the preparation procedures for Illumina 
metabarcoding in detail. In brief, leaf samples were surface sterilized in order to inhibit the 
activity of surface microbiota according to Unterseher et al. (2013). Leaves of each tree sample 
were homogenized in sterile distilled water with a commercial blender and then filtered through 
analytical sieves in order to separate different sized particles. DNA extraction was done with the 
Charge Switch® gDNA Plant Kit (Invitrogen) following the manufacturer's protocol.  

Primary amplifications of the ITS of the environmental DNA with the fungus-specific primer 
pair ITS1F / ITS4 (White et al. 1990) resulted in too low numbers of positive amplicon bands on 
agarose gels (data not shown). Therefore, the universal primers V9G / ITS4 were used to amplify 
the full-length ITS region (de Hoog and Gerrits van den Ende, 1998), followed by clean-up of 
the amplicon mix with ExoSap-IT (Affymetrix UK Ltd., United Kingdom). The purified ITS 
amplicons were then used as template DNA for a first tagged Illumina-specific amplification of 
the full-length ITS rDNA region (PCRTA) with custom-made primers (refer chapter 3.1) using 
approved amplification kits (MangoTaq; Bioline, Germany) and cycling conditions (Siddique 
and Unterseher 2016; Unterseher et al. 2016). PCR products were analysed and pictured in 1% 
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agarose gels stained with ethidium bromide. PCR products were purified with ExoSap-IT 
(Affymetrix UK Ltd.). The undiluted purified amplicon mix was used for the second indexed 
library PCR (PCRIN) according to published protocol by Siddique and Unterseher (2016). Final 
PCRIN products were analysed and pictured on 1 % agarose gels stained with ethidium bromide. 
ImageJ (Hartig 2013) was used to calculate band intensity of the gel images. Amplicons were 
pooled in equal DNA quantities, i.e. samples with lower band intensity were added in 
proportionally larger volumes than samples with stronger band intensity. The final amplicon mix 
was purified with Dynabeads Sequencing Clean Up Kit (Life Technologies GmbH, Germany) 
and shipped to the Genetics Sections, Biocenter of the LMU Munich, Germany. 

A Qubit 2.0 fluorometer (Life Technologies) was used to quantify the amplicons of the pools. 
Amplicon size distribution and primer dimer contamination were determined by using a 
Bioanalyzer 2100 (Agilent Technologies, United States). Primer dimers were removed from the 
PCR library by using Blue Pippin (Sage Science, United States). Lastly, all pools were 
equimolarly moved into one superpool to make a final concentration of 4 nM. Paired-end 
sequencing of this superpool was performed on an Illumina MiSeq platform (Illumina Inc.) 
following the protocols of the Genetics Section, Biocenter of the LMU Munich.  

In addition to the original samples, we took three samples as negative control (no sign of positive 
amplification), three technical (different PCR assays from the same DNA extract) replicates and 
five biological (different DNA extracts) replicates as positive control samples (refer chapter 3.1; 
materials and methods). In brief, the positive control indicates a low impact of PCR on observed 
community composition (technical replicates). Instead, it showed a pronounced effect of DNA 
extraction (biological replicates). The details and structure of the final library amplicons were 
shown in ‘chapter 3.1’, figure 2. The further information on library preparation and analysis of 
control sample will be found in the supplementary file ‘S01_illumina_library.pdf’ (Siddique and 
Unterseher 2016). 

2.2.4. Bioinformatics 

Please refer to chapter 3.1 (Siddique and Unterseher 2016), chapter 3.2 (Unterseher et al. 2016), 
(Siddique et al. 2017) and Eusemann et al. (2016) for bioinformatics (sequence processing). In 
brief, the sequencing reads (as fastq file) were produced and demultiplexed by Illumina 
sequencer software. The quality of the forward (R1) and reverse (R2) reads were assessed by 
using FastQC (freely available from http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 
A second demultiplexing phase was applied using Qiime (2010) to define the reads according to 
their tag combination (chapter 3.1 and 3.2). Stringent quality control was applied. Sequence 
reads having Phred quality score less than 30 (-q 29), read length less than 75% (-p 0.75) and 
consecutive base call less than three (-r 3) were filtered out. A much rich R1 reads than R2 reads 
push us to continue to work with only R1 sequences (Analyses of read quality with FastQC). In 
addition, read quality of both R1 and R2 reads was too low in the 5.8S region and did not allow 
successful contig assembly of read pairs (see sup. 01, chapter 3.1). The fungal ITS1 region was 
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extracted using ITSx (Bengtsson- Palme et al., 2013). In chapter 3.1 and 3.2, OTU picking was 
done at 97% similarity threshold with USEARCH (a centroid-based, medium to high-identity 
clustering algorithm; Edgar, 2010).  Open-reference OTU picking (complete-linkage clustering; 
Rideout et al. 2014) was implemented in Qiime for chapter 3.3 and 3.4. Chimera checking and 
picking of representative sequences were performed (Edgar et al., 2011; Nilsson et al., 2015). 
Taxonomy was assigned to the representative OTU sequences using the blast option (Altschul et 
al., 1990) against the dynamic version of UNITE’s reference sequences (Kõljalg et al., 2013; 
Nilsson et al., 2014). Final steps included computation of taxon summaries and OTU tables 
(sup.02, Chapter 3.1). A master data spreadsheet was made with OTU table including taxonomy 
and representative sequence file for every chapter (see supporting file in chapter 3.1, 3.2, 3.3 and 
3.4). Data curation was done by removing non-fungal OTUs, unique OTUs (OTUs occurring in 
only one sample) and OTUs with less than 5 reads (compare Brown et al., 2015). 

 

2.3. Goals of this thesis 

The main objective was to analyze the pattern of fungal endophytes of Fagus sylvatica at 
contrasting altitudes under modern molecular techniques. Specifically, it includes assessing host 
leaf biochemistry, physiological stages and their correlation with the local or site conditions and 
the dynamics of mycobiome. Thus, a phytometer system has been established with European 
beech trees at two contrasting altitudes with comparable edaphic parameters. They are 
translocated in the same mountainside, thus, facing the same climatic baseline conditions so that 
other random parameters will be reduced in favor of the hypothesized main driving force: 
altitude. In this thesis, we wanted to answer the following questions? 

 How do fungal assemblages correlate with the different altitudes? 
o To answer that question, we hypothesize that fungal richness, community 

composition and phylogenetic signals change along the present elevation gradients.  
o We aim to describe the main methodology (the tagging-by-amplification approach) 

and a validation of the entire workflow (library preparation and bioinformatic 
sequence analysis) with positive and negative controls. 

 Do leaf-inhabiting fungal compositions of vital and senescent leave vary during autumn 
senescence?  

o We hypothesize that fungal community composition shifts faster on an even finer 
scale of time between vital and senescent leaves.  

 Do local stand conditions affect the fungal assemblages for the same host species? 

 How leaf chemistry changes with the local stand condition and correlates with mycobiome 
diversity and composition? 

 Do cultivation-based Sanger technique and HTS technique co-exist in terms of diversity 
signals and correlation with the environment?  

 Does methodology influence the diversity assessment and signal of environmental condition? 
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o We expected lower OTU richness and preferential isolation saprobic taxa by 
cultivation and cultivable endophytes exhibit a different ecological signal compared 
with HTS fungi. 

 How do seasonality, site characteristics, leaf biochemistry and leaf age influence on 
mycobiome diversity and composition? 
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a b s t r a c t

We describe an accurate and efficient workflow for highly multiplexed paired-end Illumina sequencing
of fungal full-length ITS amplicons. The impact of habitat and substratum conditions on leaf-inhabiting
fungal communities was analysed. Fully vital and clearly senescent leaves of European beech (Fagus
sylvatica) were sampled along an elevation gradient of about 1000 m in the Bavarian Alps, Germany, in
autumn 2013. Surface-sterilised leaves were used for genomic DNA extraction, tagging-by-amplification
and high-throughput sequencing. Significant correlation of community composition with elevation was
observed. The mycobiome was little affected by the physiological state of the leaves, because only a
partial shift of taxonomic composition was observed from vital towards clearly senescent leaves.

© 2016 Elsevier Ltd and The British Mycological Society. All rights reserved.

1. Introduction

Fungal endophytes colonise living tissues of their plant hosts
without causing visible disease symptoms (Sieber, 2007; Rodriguez
et al., 2009; Unterseher, 2011; Bullington and Larkin, 2015).

Community composition of leaf mycobiomes is influenced by
numerous and often interacting environmental factors including
host plant identity (Unterseher et al., 2007, 2012; Per�soh, 2013;
Weig et al., 2013), genotype (Cordier et al., 2012b; B�alint et al.,
2013), the structure and diversity of the surrounding vegetation
(Helander et al., 2007), elevation (i.e. temperature; Hashizume
et al., 2008; Cordier et al., 2012a; Zimmerman and Vitousek,
2012; Davey et al., 2013) or geographical location (U'Ren et al.,

2012; Blaalid et al., 2014). Most recently, Matulich et al. (2015)
discovered an overshadowing effect of temporal variation (sea-
sonality and interannuality) on long-term responses of microbial
communities to increased drought and nitrogen availability.

In general, changes in the composition of micro- and myco-
biomes along elevational gradients are interpreted as a conse-
quence of changing environmental parameters such as
temperature, atmospheric pressure and light intensity (e.g. Streit
et al., 2014). Altered abiotic conditions with elevation also induce
biochemical and physiological responses in the host plants (e.g.
Reich and Oleksyn, 2004; Witzell and Martin, 2008). It has been
shown previously that leaf photosynthetic capacity (measured as
chlorophyll concentration) increased with increasing altitude
(Oleksyn et al., 1998; Vitasse et al., 2009; Bresson et al., 2011).
Leaves exposed to broader dayenight temperature ranges at higher
altitudes had higher flavonoid concentrations than control groups
(Jaakola and Hohtola, 2010), suggesting a need for such molecules
to protect against stressful conditions, such as herbivory, drought,
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nitrogen depletion or solar irradiation in mountains (Harborne and
Williams, 2000; Winkel-Shirley, 2002; Meyer et al., 2006; Brossa
et al., 2009).

Leaf ageing and leaf litter transformation influence diversity and
composition of phyllosphere mycobiomes (Jumpponen and Jones ,
2010; Baldrian et al., 2013; Scholtysik et al., 2013; Vorí�skov�a and
Baldrian, 2013). Leaf endophytes are known to become saprobes
during leaf senescence and to influence early litter decomposition
(e.g., Promputtha et al., 2010; Per�soh, 2013; Unterseher et al., 2013).
Meta-analyses revealed a major fraction (67%) of endophytic fungi
to be present in litter (Osono, 2006), with even more endophytes
expected in fresh litter for a short time. Endophytic fungi involved
in litter decomposition are obviously most abundant and active
during early decomposition stages, when readily available sugars or
easily degradable cellulose are still present (Per�soh et al., 2013).
These substances are soon depleted leading to a community shift
towards typical litter and soil fungi (Per�soh et al., 2013; Vorí�skov�a
and Baldrian, 2013).

The last few years have seen rapid progress in fungal biodiver-
sity research of the phyllosphere and other species-rich habitats
with cultivation-free high-throughput sequencing (HTS) technol-
ogies (Jumpponen and Jones, 2009; Cordier et al., 2012a; Kemler
et al., 2013; Schmidt et al., 2013). The critical evaluation of HTS
technologies and data (Amend et al., 2010; Gilles et al., 2011;
Krueger et al., 2011; Baldrian et al., 2013; Per�soh, 2015) and
constantly developed, refined and improved bioinformatic pipe-
lines (Schloss et al., 2009; Caporaso et al., 2010; Køljalg et al., 2013;
Vetrovský and Baldrian, 2013;B�alint et al., 2014) allow for a broader
understanding of fungal communities. Among the available high-
throughput technologies, Illumina-based sequencing provides un-
precedented sequencing capacities and the ability to multiplex
hundreds of samples (Caporaso et al., 2011; Smith and Peay, 2014).
Currently paired-end Illumina MiSeq data can cover either full ITS1
or ITS2 regions.

The present paper focuses on a method with the detailed
description and evaluation of a cost-effective and accurate ampli-
con library preparation followed by an accurate and easy-to-use
bioinformatic workflow. A comprehensive biodiversity assess-
ment allowed us to approach our main hypothesis of changing
fungal richness, community composition and phylogenetic signals
along the present elevation gradient. More specifically we analysed
whether the favourable environmental conditions for beech trees
at low elevations support a higher richness of phyllosphere endo-
phytes compared with the more extreme site conditions towards
the natural timber line of the tree species.

Considering recent observations of a rapid community turnover
of leaf-inhabiting microfungi in late attached, vital leaves and fresh
leaf litter (Vo�rí�skov�a and Baldrian, 2013), we aimed to assess
hypothesised shifts in fungal community composition on an even
finer time scale (Per�soh, 2013) by analysing fully vital and clearly
senescent autumn leaves.

2. Materials and methods

2.1. Sampling design and field work

Three sites were selected at different altitudes in a beech (Fagus
sylvatica) dominated forest (Helleboro-Fagetum) of the mountain
massif ‘Untersberg’ in the Berchtesgaden Alps near the city of
Marktschellenberg, Bavaria, Germany (Fig. 1; valley site; Lat.
47.712946, Long. 13.040101, 517 m a.s.l.; mountain site: Lat.
47.683158, Long. 13.002102, 975 m a.s.l.; treeline site; Lat.
47.714043, Long. 13.010827, 1381 m a.s.l.). To ensure that altitude
accounted for most of the environmental variation, locations with
the same soil type (Leptosol over limestone) and similar

surrounding plant species (e.g. Acer pseudoplatanus, Picea abies,
Daphne mezerium, Dentaria enneaphyllos, Helleborus niger and
Hepatica nobilis) were selected. In this area the natural mountain
treeline at ca. 1500 m a.s.l. is identical to the natural mountain line
of the target tree species F. sylvatica. (Fig. 1). At each site (elevation)
five trees with a similar diameter at breast height of ca. 20 cmwere
chosenwithin an area of 50� 50m. From each tree ten vital and ten
senescent shaded autumn leaves were collected randomly from
approximately 5 m above the ground in October 13th 2013. The
living green leaves showed no visible signs of ageing and disease,
whereas the strongly aged leaves were mostly yellow to brown but
not yet desiccated, undamaged and still attached to the twigs.
Leaves were submerged in 70% ethanol for 3 min immediately after
sampling to inhibit activity of surface microbiota during transport.
Vital and senescent leaves of each tree were stored separately in
paper bags at 4e7 �C. Within 48 h after collecting, leaves were
thoroughly surface sterilised according to standard methods
(Unterseher et al., 2013) and frozen at �80 �C until further
processing.

2.2. DNA extraction

Vital and senescent leaves of each sample (individual tree) were
homogenised with sterile distilled water in a commercial blender
for 1 min at full speed and filtered through analytical sieves as
described in Unterseher et al. (2013). Approximately 100 mg (fresh
weight) of the retained leaf particles were used for extraction of
genomic DNA with Charge Switch gDNA Plant Kit (Invitrogen) ac-
cording to the manufacturer's instructions. A total of 30 samples (3
sites, 5 trees per site, 2 leaf types per tree) were extracted for this
study. Together with another 300 samples from different studies,
theywere used for amplicon library preparation and sequenced in a
single run. Preliminary amplifications of the internal transcribed
spacer region (ITS) with the fungus-specific primer pair ITS1F/ITS4
(White et al., 1990) resulted in infrequent successful amplification.
Therefore, we prepared a nested PCR, starting with the amplifica-
tion of ITS with the universal primer pair V9G/ITS4 (de Hoog and
Gerrits van den Ende, 1998) under common conditions with 30
cycles (Unterseher et al., 2013). Amplicons were purified with 1:5
diluted ExoSap-IT (Affymetrix UK Ltd., United Kingdom) according
to the manufacturer's instructions and then served as template
DNA for the Illumina library preparation. Whereas most studies use
either ITS1 or ITS2, full-length ITS amplicons were sequenced in the
present study. An overlap of 50e70 bp in the conserved 5.8S region
was calculated for the 300 bp paired-end sequencing and suffi-
ciently high read quality for successful contig assembly was
expected.

2.3. Multiplexing and library preparation

Library preparation consisted of two consecutive amplification
steps. The first PCR introduced internal barcoding tags of varying
length, selected from previously approved tag sequences (Poland
et al., 2012, Table 1). The corresponding primers (PCRTA in
Table 1) consisted of the commonly used primers ITS1F and ITS4
(White et al., 1990) extended by four different forward and four
different reverse tags and 21 bp of the Illumina sequencing primer,
which served as binding site for the primer used in the second
amplification (PCRIN in Table 1).

PCRTA reactions (MangoTaq kit from Bioline GmbH, Germany)
contained 15.64 ml H2O, 5 ml buffer (5�, containing gel-loading dye),
1.7 ml MgCl2 (50 mM), 0.5 ml dNTP (10 mM), 0.5 ml primer 1 and 2
(10 mM), 0.16 ml polymerase (5 U/ml) and 1 ml of DNA in a total
volume of 25 ml. Amplification started at 94 �C for 3min followed by
33 cycles of 94 �C for 27 s, 56 �C for 60 s, 72 �C for 90 s and final
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72 �C for 7 min. PCRTA products were visualised in 1% agarose gels
stained with ethidium bromide. Amplicons were purified with
ExoSap-IT as described above.

The same reagents and stock concentrations were used for the
second library PCR. The 25 ml assay contained 11.17 ml H2O, 5 ml
buffer, 1.7 ml MgCl2, 0.5 ml dNTP, 0.75 ml of each primer, 0.13 ml
polymerase and 5 ml of the undiluted purified PCRTA products.
Amplification cycles were kept identical except for 53 �C for primer
binding and a reduction to five amplification cycles with a ten
minutes final elongation. PCRIN products were visualised on 1%
agarose gels stained with ethidium bromide. Band intensity was
calculated with ImageJ (Schneider et al., 2012) from the gel images
to estimate amplicon concentrations of the samples. Twenty sam-
ples were pooled in equimolar concentration, the pools were pu-
rified with double volume of Dynabeads Sequencing Clean Up Kit
(Life Technologies GmbH, Germany).

DNA concentrations of the pools were measured with a Qubit
2.0 fluorometer (Life Technologies). A Bioanalyzer 2100 (Agilent
Technologies, United States) was used to determine fragment size
distribution and to control for primer dimer contamination. Primer
dimers were removed by size selection using Blue Pippin (Sage
Science, United States). Finally, all pools were equimolarly trans-
ferred into one reaction tube at a final concentration of 4 nM.
Paired-end sequencing of 2� 300 nt with two additional 8 nt index
reads of 3 ml of this superpool was performed on an Illumina MiSeq
platform (Illumina Inc.) according to the protocols of the Genetics
Section, Biocenter of the LMU Munich. In addition to the original
samples, we retained three samples (btg028e30) with no sign of
positive amplification as negative controls. From two successfully
amplified samples (btg011 and btg036) we used three technical
(different PCR assays from the same DNA extract) and five biolog-
ical (different DNA extracts) replicates as further control samples.
The structure of the final library amplicons is shown in Fig. 2, the
supplementary file S01_illumina_library.pdf provides further in-
formation about library preparation and analysis of control
samples.

2.4. Sequence processing workflow

Raw forward (R1) and reverse (R2) reads were demultiplexed by
the Illumina sequencer software according to the index combina-
tions (501e701, 501e702, etc.) and provided as fastq files with the
Illumina adaptors, indices and sequencing primers removed (Fig. 2
step 1). Overall quality of the R1 and R2 reads were assessed with
FastQC (freely available from http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/; last accessed 11/2015). Given
that the samples were only unambiguously defined by both tags
and indices, a second demultiplexing workflow was established
using Qiime (Caporaso et al., 2010), targeting the different tags
(Fig. 2 step 2). We applied a comparatively stringent quality control,
allowing reads to pass only if they had phred scores of �30 (-q 29)
for at least 75% of the read length (-p 0.75) and three consecutive
low quality base calls allowed before a read was truncated (-r 3).
Analyses of read quality with FastQC showed overall lower base
calls for R2 than for R1 reads. Consequently a much higher number
of R1 reads (covering ITS1) than R2 reads (ITS2) was retained after
quality filtering. In addition, read quality of both R1 and R2 reads
was too low in the 5.8S region and did not allow successful contig
assembly of read pairs (online supplementary S01). We continued
our workflow with R1 reads only, since a detailed comparison of
ITS1- and ITS2-derived community data was beyond the scope of
this study and would have inflated the method aspect of this paper,
This issue is addressed only briefly in the discussion.

The fungal ITS1 region was extracted using ITSx (Bengtsson-
Palme et al., 2013). OTU picking at 97% similarity threshold was
done with USEARCH (Edgar, 2010) implemented in Qiime.
USEARCH uses UCLUST, a centroid-based, medium to high-identity
clustering algorithm (also known as complete-linkage clustering).
Representative sequences were picked after reference-free
(denovo) chimera detection (Edgar et al., 2011; Nilsson et al.,
2015). Taxonomy was assigned to the representative OTU se-
quences with QIIME using the 'blast' option (Altschul et al., 1990)
against UNITE's data base of species hypotheses (SH) following

Fig. 1. Location of the sampling sites in the mountain massif “Untersberg” near Berchtesgaden, Bavaria, Germany (red dot in inserted map of Germany). White dotted letters show
the positions of the three sampling sites “Valley”, “Mountain” and “Treeline”.
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Table 1
Custom-made PCR primers for preparation of the Illumina-specific amplicon library. Primers used in the first PCR are summarised as PCRTA primer (the subscript TA stands for ‘tagged’). Primers used in the second PCR are
summarised as PCRIN (the subscript IN stands for ‘indexed’). The right part of the table shows the different functional parts of each primer.

Full-length Illumina sequencing primers Illumina sequencing primers separated by their functional components

Name Sequence Length Name Sequence Name Sequence Name Sequence

PCRTa ITS1F_1 TACACGACGCTCTTCCGATCTTCATCTTGGTCATTTAGAGGAAGTAA 47 SP1p TACACGACGCTCTTCCGATCT TagF1 TCAT ITS1F CTTGGTCATTTAGAGGAAGTAA
ITS1F_2 TACACGACGCTCTTCCGATCTAAGTGACTTGGTCATTTAGAGGAAGTAA 49 SP1p TACACGACGCTCTTCCGATCT TagF2 AAGTGA ITS1F CTTGGTCATTTAGAGGAAGTAA
ITS1F_3 TACACGACGCTCTTCCGATCTTGCGAGACTTGGTCATTTAGAGGAAGTAA 50 SP1p TACACGACGCTCTTCCGATCT TagF3 TGCGAGA ITS1F CTTGGTCATTTAGAGGAAGTAA
ITS1F_4 TACACGACGCTCTTCCGATCTGACATCCACTTGGTCATTTAGAGGAAGTAA 51 SP1p TACACGACGCTCTTCCGATCT TagF4 GACATCCA ITS1F CTTGGTCATTTAGAGGAAGTAA
ITS4_1 CAGACGTGTGCTCTTCCGATCAGGAGTCCTCCGCTTATTGATATGC 46 SP2p CAGACGTGTGCTCTTCCGATC TagR1 AGGAG ITS4 TCCTCCGCTTATTGATATGC
ITS4_2 CAGACGTGTGCTCTTCCGATCCGCTCATCCTCCGCTTATTGATATGC 47 SP2p CAGACGTGTGCTCTTCCGATC TagR2 CGCTCA ITS4 TCCTCCGCTTATTGATATGC
ITS4_3 CAGACGTGTGCTCTTCCGATCGCTAACATCCTCCGCTTATTGATATGC 48 SP2p CAGACGTGTGCTCTTCCGATC TagR3 GCTAACA ITS4 TCCTCCGCTTATTGATATGC
ITS4_4 CAGACGTGTGCTCTTCCGATCTTGACCAGTCCTCCGCTTATTGATATGC 49 SP2p CAGACGTGTGCTCTTCCGATC TagR4 TTGACCAG ITS4 TCCTCCGCTTATTGATATGC

PCRIn PSP_501 AATGATACGGCGACCACCGAGATCTACACTAGATCGCACACTCTTTCC
CTACACGACGCTCTTCCGATCT

70 P5 AATGATACGGCGACCACCGAGATCTACAC I5_N501 TAGATCGC SP1 ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PSP_502 AATGATACGGCGACCACCGAGATCTACACCTCTCTATACACTCTTTCCCTA
CACGACGCTCTTCCGATCT

70 P5 AATGATACGGCGACCACCGAGATCTACAC I5_N502 CTCTCTAT SP1 ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PSP_503 AATGATACGGCGACCACCGAGATCTACACTATCCTCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCT

70 P5 AATGATACGGCGACCACCGAGATCTACAC I5_N503 TATCCTCT SP1 ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PSP_504 AATGATACGGCGACCACCGAGATCTACACAGAGTAGAACACTCTTTCCCTA
CACGACGCTCTTCCGATCT

70 P5 AATGATACGGCGACCACCGAGATCTACAC I5_N504 AGAGTAGA SP1 ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PSP_505 AATGATACGGCGACCACCGAGATCTACACGTAAGGAGACACTCTTTCCCTA
CACGACGCTCTTCCGATCT

70 P5 AATGATACGGCGACCACCGAGATCTACAC I5_N505 GTAAGGAG SP1 ACACTCTTTCCCTACACGACGCTCTTCCGATCT

PSP_701 CAAGCAGAAGACGGCATACGAGATTAAGGCGAGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATC

65 P7 CAAGCAGAAGACGGCATACGAGAT I7_N701 TAAGGCGA SP2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC

PSP_702 CAAGCAGAAGACGGCATACGAGATCGTACTAGGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATC

65 P7 CAAGCAGAAGACGGCATACGAGAT I7_N702 CGTACTAG SP2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC

PSP_703 CAAGCAGAAGACGGCATACGAGATAGGCAGAAGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATC

65 P7 CAAGCAGAAGACGGCATACGAGAT I7_N703 AGGCAGAA SP2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC

PSP_704 CAAGCAGAAGACGGCATACGAGATTCCTGAGCGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATC

65 P7 CAAGCAGAAGACGGCATACGAGAT I7_N704 TCCTGAGC SP2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC

PSP_705 CAAGCAGAAGACGGCATACGAGATGGACTCCTGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATC

65 P7 CAAGCAGAAGACGGCATACGAGAT I7_N705 GGACTCCT SP2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
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(K~oljalg et al., 2013; Nilsson et al., 2014). The UNITE data set com-
prises a multi-fasta file with representative ITS sequences of all SHs
and a ‘taxonomy-to-SH-assignment’ text file. During taxon assign-
ment a temporary local blast database was built from the UNITE
reference sequences and our own input sequences were searched
against it. If a satisfactory match was found (at a maximum e-value
of 0.001) the reference taxonomy was given to the input sequence.
Final steps included computation of taxon summaries and OTU
tables. Supplementary file S02_qiime_workflow.pdf lists all
described steps. All curated and demultiplexed ITS1 reads are
provided as multifasta Supplementary file (S03_ITS1.fasta). Original
fastq files are available under the SRA Accession SRX1211311.

A spreadsheet master data file was made with two major Qiime
output files (the final OTU table including taxonomic information
and the representative sequence fasta file; supplementary file
S04_master_data.xlsx). These data were further curated by
removing non-fungal OTUs, unique OTUs (OTUs occurring in only
one sample) and OTUswith less than 5 reads (compare Brown et al.,
2015).

2.5. Biodiversity analysis

Biodiversity analysis of the beech leaf mycobiomewas separated
into a ‘diversity’ and a ‘community’ section. Diversity assessment
used Fisher's alpha (a richness index), Shannon index (considering
both richness and abundance) and the two Hill numbers fromHill's
series of diversity (N1 ¼ exponent of Shannon index and
N2 ¼ inverse Simpson index). Diversity was visualised using Box-
Whisker plots. Analyses were combined with statistical tests
(ANOVA of the multivariate generalized linear models) and rand-
omised species accumulation curves.

Community composition and turnover were analysed with
nonmetric multidimensional scaling (NMDS) and principal coor-
dinate analysis (PCoA or PCO) based on BrayeCurtis distances of
square root-transformed read abundances. The analysis was also
conducted using Jaccard distances with and without presence/
absence standardisation. The distinctiveness of leaf mycobiomes
under different substratum conditions, at the three sites (i.e. valley
vs. mountain vs. treeline) and in dependence of the interactions of
substratum and site was tested with a permutational multivariate
analysis of variance (PERMANOVA) using the distance metrics
mentioned above. Whereas such multivariate analysis of commu-
nity data has been considered appropriate to depict ecological
patterns of species assemblages for decades, critical evaluations
have emerged during recent years emphasising inherent biases of
these statistics (Warton et al., 2012). Given the generally observed

‘overdispersion’ in count (abundance) community data, that is, a
steeply increasing mean-variance relationship of the data, it was
suggested earlier to depart from distance-based procedures and
instead make use of multivariate (‘multispecies’) generalized linear
models (GLM) to test for significance of environmental responses to
the fungal community data (Wang et al., 2012).

Analyses of diversity and community composition were
repeated using a rarefied data set downsampled to the lowest
number of reads per sample (13160 reads). Results are shown as
online supporting material (S05_rarefied.pdf)

The entire biodiversity analysis was performed with R. The
corresponding commands and all necessary data files are available
as online supporting material (S06_biodiversity_R).

3. Results

3.1. Basic sequence statistics, controls and fungal richness patterns

The resulting sequence data set (OTU table) contained 820441
reads clustered into 969 OTUs (S04_master_data.xlsx). The removal
of rare and non-fungal OTUs reduced the dataset to 414 OTUs (a 58%
decrease) and 816055 reads (a 1% decrease). Removal of rare OTUs
affected all samples equally (supplementary figure
S07_data_exploration.pdf). Average library size was 30204 reads
per sample. Two samples (btg016, 67043 reads and btg020, 5762
reads) departed from this coverage by more than 2/3 and were
removed as tentative outliers arising from biased amplicon libraries
and/or sequencing.

The three negative control samples btg028e30 were easily
recognised during data exploration due to their very low number of
reads and were also removed (supplementary Figure S07). Deleting
of these five samples further reduced the molecular data to 742698
fungal ITS1 reads and 25 samples. OTU richness per sample aver-
aged 115 (from 46 to a maximum of 194 OTUs) and library size
ranged from 13160 to 44600 sequences (supplementary Figure S07
C). The number of OTUs was not correlated with sequencing effort
(supplementary Figure S07 D, F < 0.01, p ¼ 0.988).

Community analysis of the technical and biological replicates
showed that both DNA extraction and ITS amplification could alter
fungal community signals (supplementary
S01_illumina_library.pdf). The three different PCR assays of the
same DNA extract (technical replicates) displayed low variation in
ordination space, whereas samples from the five different DNA
extracts (one for the technical replicates, one for the original
sample and three for the biological replicates) showed stronger
variability. The distinctiveness of the two environmental samples

Fig. 2. Final amplicon structure after two Illumina PCR. The first demultiplexing step according to the indices was conducted by the Illumina sequencer software which also
removed adaptors, indices and sequencing primers (1). The second demultiplexing according to forward and reverse tag reads was conducted by the bioinformatics workflow
described here (2). After removal of tags and fungal primers, the ‘naked’ target ITS1 sequences entered into biodiversity analysis (3).
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was preserved (S01_illumina_library.pdf).
All diversity measures displayed significantly higher values for

valley samples than for mountain and treeline samples (Fig. 3A,
Table 2A). While the four diversity indices were more similar be-
tween mountain and treeline samples, the species accumulation
curves were more similar between valley and mountain sites, still
with lowest richness for the treeline site (Fig. 3B). Statistical tests
confirmed a significant effect of elevation (GLM, p < 0.01, Table 2).
Fungal diversity of vital and senescent leaves was similar (Fig. 3C,
D).

Library size (read number per sample before downsampling of
data) had no measurable effect on fungal diversity (Table 2).
Consequently, diversity analyses of the downsampled (rarefied)
data did not deviate from the above mentioned results (Fig. S1 in
online supplementary S05_rarefied.pdf).

3.2. Taxonomy and community composition of beech leaf
mycobiomes

The leaf mycobiome of F. sylvatica leaves was dominated by the
three ascomycete orders Helotiales, Capnodiales and Pleosporales
across all sites and substratum conditions (Fig. 4). Among the 42
discriminated fungal orders, 26 belonged to the Ascomycota, 13 to

the Basidiomycota and 1 to the Glomeromycota (S04_master_-
data.xlsx). Taxonomic composition at the order level was similar for
vital and senescent leaves at all sites (p¼ 0.098) but clearly differed
between the three sites (p ¼ 0.001, see Table 3) with higher simi-
larity between mountain and treeline samples (Fig. 4).

Composition of the beech leaf mycobiome at the valley site
differed significantly from those of mountain and treeline samples
(at p ¼ 0.001, Fig. 5A and B), whereas mountain and treeline as-
semblages were less distinct from each other (Mantel test,
p ¼ 0.052; Fig. 5A and B). OTU composition was significantly
correlated with site (red arrow in Fig. 5B indicates significance at
p ¼ 0.05). Fungal composition of vital and senescent leaves over-
lapped to a high degree according to multivariate community
analysis with NMDS (Fig. 5C), but separated clearly after PCoA
(Fig. 5D). The latter ordination displayed significance of the two
parameters ‘Site’ and ‘Leaf condition’ at p ¼ 0.05. Corresponding
statistical tests are shown in Table 3.

Community analysis with the rarefied data showed comparable
signals, but mountain and treeline samples becamemore similar, as
did fungal assemblages from vital and senescent leaves (Fig. S2,
online supplementary S05_rarefied.pdf). Furthermore the
described community patterns and the strong significance of site
did not changewhen using Jaccard instead of BrayeCurtis distances

Fig. 3. Diversity analysis of beech leaf mycobiomes with four different indices of diversity and accumulation curves (e.g. Alpha ¼ richness) against elevation (A) and physiological
leaf state (C). All diversity indicators and the OTU accumulation curve identified the fungal valley community as most diverse with few and insignificant differences between
mountain and treeline (A, B). All analyses revealed similar fungal diversity for vital and senescent leaves (C, D).

Table 2
Diversity statistics based on a multispecies generalized linear model (‘manyglm’) show significances for the sites at different elevations but not for leaf condition, which
distinguishes between vital and senescent leaves. Missing statistical support was shown for the variable ‘Read number’, which means that observed OTU diversity was in-
dependent from sequence depth.

Df Fisher Shannon Hill N1 Hill N2

Sum of squares Dev p Sum of squares Dev p Sum of squares Dev p Sum of squares Dev p

Site 2 430 27.5 0.003 1.94 3.04 0.003 92.18 14.37 0.001 22.31 7.06 0.004
Leaf condition 1 20.8 0.99 0.27 0.00 0.04 0.648 0.65 0.14 0.483 2.17 0.76 0.165
Read number 1 4.07 0.22 0.719 0.03 0.04 0.688 1.13 0.22 0.632 0.24 0.04 0.800
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data not shown because they were identical for elevation (cf.
Table 3) and was very similar for the substratum condition
(p ¼ 0.023 with BrayeCurtis distances and p ¼ 0.029 with Jaccard
distances at an identical R2 of 0.064, cf. Table 3).

4. Discussion

4.1. Library preparation

In the past few years Illumina sequencing has become an
increasingly popular tool for metabarcoding studies due to its

ability to generate sequences of ITS1, ITS2 and other marker genes
at high coverage and quality with considerably lower sequencing
costs (Smith and Peay, 2014; Schirmer et al., 2015). In the present
paper, we described in detail the preparation of an ITS amplicon
library using three consecutive amplifications with custom-made
primers to add sample-specific tags with differing length and
indexed platform-specific adaptors.

The IlluminaMiSeq technology uses the first sequenced bases to
locate the sequence clusters, i.e. to distinguish between reads and
read-pairs (Krueger et al., 2011). This is a major challenge for
metabarcoding approaches, because the sequencing of such
amplicon libraries usually starts with conserved regions. This cre-
ates extremely low nucleotide variability, thus compromising
cluster detection by overlapping light emission of the same colour.
Spiking with phiX libraries is usually done to increase base het-
erogeneity and improve cluster identification (e.g. Smith and Paey,
2014). Since this approach leads to lower library sizes, alternative
approches were recently developed (e.g. Lundberg et al., 2013).

By varying the length of the tags, we introduced artificial
sequence variability to the entire ITS-primer binding site and were
able to preserve the high sequencing capacity for environmental
samples. The effective cluster generation (around 25 Mio read
clusters during a full MiSeq run) and the large number of retained
high-quality sequences (average library size of ca. 30000 reads for
the present data set) indicated the feasibility of the present
ligation-free library preparation for Illumina sequencing. In addi-
tion the present library preparation method is rather cost-efficient
and easily applicable at conventionally equipped molecular labo-
ratories. This is because only 18 medium-length primers (4 þ 4

Fig. 4. Taxonomic assignment of fungal Illumina reads at ordinal level from vital and senescent leaves of F. sylvatica at different elevations. The nine most abundant orders þ other
Ascomycota (with amaximum relative abundance of 1% in any sample) are displayed. Except for the Polyporales andMalasseziales (Basidiomycota) all orders belong to the Ascomycota.
Data are represented as arithmetic means per site and substrate condition. VV(S) ¼ valley vital (senescent), MV(S) ¼ mountain vital (senescent), TV(S) ¼ treeline vital (senescent).

Table 3
Statistical testing of community composition, based on a multispecies generalized
linear model calculation (“Multispec.glm”) and a permutational multivariate anal-
ysis of variance using Bray-Curtis distance metrics (“PERMANOVA”). The environ-
mental parameter “Site” showed significant effects on the fungal community in both
tests (significance at 0.05 is displayed in bold). The effect of physiological leaf stage
(“Leaf condition”) was also significant in terms of p-values, but with clearly lower
deviances, F and R2 statistics. Finally, community composition was also tested
significant for the interaction of site and leaf condition.

Multispec.glm Permanova

Dev p F R2 p

Entire community
Site 2864 0.003 7.61 0.23 0.001
Leaf condition 926 0.003 2.09 0.06 0.028
Site* Leaf condition 1220 0.003 1.83 0.06 0.045

Vital leaves
Site 1356 0.003 4.22 0.25 0.001

Senescent leaves
Site 1599 0.003 5.66 0.41 0.001
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PCRta and 5 þ 5 PCRin primer) allow for multiplexing of up to 400
samples. We tried to mitigate possible man-made alterations
(contaminations) of original mycobiome DNA (Salter et al., 2014,
Schirmer et al., 2015) by an early pooling of the ‘Illumina-ready’
amplicons in a roughly equimolar concentration based on the
quantification of band intensities from gel images. This strongly
reduced the number of samples to be purified, diluted and finally
prepared for sequencing. Another tentative source of unwanted
community changes lies in the amplification procedure itself,
because every PCR cycle could increase artificial diversity by biased
primer binding, by replication errors (if proof-reading polymerase
is not used) or by generating chimeric sequences (Nilsson et al.,
2015; Schirmer et al., 2015; Tedersoo et al., 2015; Schirmer et al.,
2015). In the present approach, three amplification steps with a
total of 68 cycles were used: a first to increase the concentration of
ITS DNA in the environmental sample (30 cycles) and the two
Illumina-specific amplifications (33 and 5 cycles). Analysis of the
control samples suggested that amplification introduced much less
variability in observed community composition than DNA extrac-
tion. The accuracy and reliability of future metabarcoding ap-
proaches might be increased by merging different DNA extracts
from the same sample (e.g. in triplicates) before amplification.

Systematic amplification biases, such as a decrease of differences in
starting template concentrations (1:1 ratio bias) or the formation of
heteroduplexes and chimeras (Kanagawa, 2003) could be reduced
by reducing the number of PCR cycles. PCR accuracy and efficiency
could be further increased by the choice of either ITS1 or ITS2
instead of the full-length ITS region. This would allow successful
amplification from samples with low template and/or high inhibi-
tor concentrations within a reasonable number of cycles (Ihrmark
et al., 2012) and add another quality filtering step during contig
assembly.

4.2. Bioinformatics workflow

Centring on Qiime (Navas-Molina et al., 2013) we could reduce
the number of external applications and scripts within our
analytical workflow to a minimum and make use of the regularly
updated UNITE reference data set (Køljalg et al., 2013) for auto-
mated taxon assignment. The maximum read length of 300 bp
mirrored the conserved 5.8S domain insufficiently to assemble
contigs from the paired-end reads of the full-length ITS library.
Particular attention was, therefore, given to quality filtering based
on phred scores and removal of too strongly truncated sequences.

Fig. 5. Composition of the leaf mycobiome at different elevations (A, B) and physiological leaf states (C, D) were assessed with non-metric multidimensional scaling (NMDS; A,C)
and principal coordinate analysis (PCoA; B, D). Dot size is proportional to the OTU richness of individual trees. For PCoA, the significant environmental parameters (at p ¼ 0.05) were
overlaid as linear arrows, pointing to the direction (dimension) of effect. In both ordinations (A, B), fungal community composition differed clearly between the three sites, as it is
visible from the non-overlapping dispersion ellipses based on standard deviations of sample scores. The leaf mycobiome from valley samples comprised the most distinct com-
munity among the three groups. Differences in community composition between vital and senescent leaves is less pronounced for NMDS (C) than for PCoA (D).
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The stringent quality control, an important procedure to increase
reliability of community data especially if read overlapping is not
possible (Schirmer et al., 2015) resulted in clearly lower numbers of
ITS2 than of ITS1 reads, which was due to overall lower quality of
ITS2 sequences (assessed with FastQC, data not shown). Data
analysis continued with the larger ITS1 data, although the use of
ITS2 is sometimes preferred for fungal metabarcoding studies (e.g.
Tedersoo et al., 2015). A detailed comparison of ITS1 and ITS2 data
was beyond the scope of this publication, preliminary evaluation of
R2 reads resulted in comparable diversity and community signals
(data not shown). It was also shown recently that clustering and
taxon assignment to molecular OTUs as well as community ecology
assessment were as reliable with ITS1 as with ITS2 or the entire ITS
domain (Bazzicalupo et al., 2013; Bengtsson-Palme et al., 2013;
Blaalid et al., 2013; Persoh, 2013).

4.3. Biotic and abiotic factors influence endophytic richness
patterns and community composition

4.3.1. Leaf ageing
A rapid turnover of phyllosphere fungi during leaf senescence

was recently reported for European oak trees (Vo�rí�skov�a and
Baldrian, 2013). The authors based their conclusions on the inves-
tigation of fungal community succession from vital late summer
leaves until early leaf litter with a 2-month time lapse in-between
each analysed leaf stage. In the present paper we analysed phyl-
losphere mycobiome dynamics in a narrower time frame by
focussing on fully vital autumn leaves as well as on clearly yellow to
brownish senescent leaves co-occurring on the same sampled
trees. We did not distinquish between two sampling events but
instead between two different physiological stages of the leaves.
Vital and senescent autumn leaves did not differ with respect to
fungal diversity (richness). Significant differences were observed
between vital and senescent foliage at least with PCoA (Fig. 5D) and
corresponding statistical tests (Table 3) indicating prominent
mycobiome dynamics within autumn beech leaves that have not
yet affected all levels of fungal biodiversity.

Fungal colonisation of leaves, changes in mycobiome composi-
tion and fungus-mediated transformation of various biomolecules
(e.g. cellulose, hemicellulose, oligosaccharides, organic acids) are
constant processes from the beginning of a leaf's life (Promputtha
et al., 2010; Flessa et al., 2012; Scholtysik et al., 2013). The
observed shifts in fungal community composition suggest strong
dynamics of leaf-inhabiting endophytes and other leaf-associated
microbes in autumn, which might be a direct consequence of the
rapid changes of leaf organic matter during the stages of late
maturation and senescence (H€attenschwiler and Vitousek, 2000).
According to Lindroth et al. (2002) more attention should be
directed to this late period of leaf ageing, because it essentially
determines both the quantity and quality of leaf litter by influ-
encing late herbivory and microbial dynamics.

4.3.2. Sites at different elevations
The present study revealed clear and mostly significant differ-

ences in diversity, and community composition of beech leaf
mycobiomes between three sites at different elevations. These
results principally confirm earlier studies which identified altitude
(i.e. ambient temperature) as a predominant parameter that shaped
endophytic communities (Hashizume et al., 2008; Osono and
Hirose, 2009). In our study differences in elevation were compa-
rable between the valley and mountain (458 m) as well as between
the mountain and treeline site (406 m). However, fungal diversity
indicators as well as community turnover did not show such line-
arity. Instead, mycobiomes were more similar between mountain
and treeline samples and distinct for the valley site. Based on this

case study, which lacked true replicates of the elevation gradient in
different investigation areas, any far-reaching conclusions about
the impact of elevation per se would be too speculative at the
moment. Instead it might be justified to use the demonstrated
significance of elevation as a general sign for a pronounced impact
of local site conditions on phyllosphere mycobiome biodiversity.

Compared with our study, almost similar community signals of
beech endophytes were observed in the French Pyrenees (Cordier
et al., 2012a), where fungal assemblages in valley samples also
showed strong separation from samples above 800 m altitude
(Cordier et al., 2012a, Fig. 1 therein), whereas community compo-
sition of samples above 1000 m seemed to be less variable, too. It is
noteworthy that observed OTU richness was totally different (ca.
2000 OTUs for Cordier et al., [2012a], ca. 400 from our approach)
despite obviously robust and reproducible community patterns.
This example emphasises the challenges associated with OTU
clustering in particular and bioinformatics in general (Lindahl et al.,
2013), with practices varying widely across published studies and
severely affecting conclusions about taxonomic and phylogenetic
composition (Meiser et al., 2014).
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Abstract
Comparative investigations of plant-associated fungal communities (mycobiomes) in dis-

tinct habitats and under distinct climate regimes have been rarely conducted in the past.

Nowadays, high-throughput sequencing allows routine examination of mycobiome

responses to environmental changes and results at an unprecedented level of detail. In the

present study, we analysed Illumina-generated fungal ITS1 sequences from European

beech (Fagus sylvatica) originating from natural habitats at two different altitudes in the Ger-

man Alps and from a managed tree nursery in northern Germany. In general, leaf-inhabiting

mycobiome diversity and composition correlated significantly with the origin of the trees.

Under natural condition the mycobiome was more diverse at lower than at higher elevation,

whereas fungal diversity was lowest in the artificial habitat of the tree nursery. We further

identified significant correlation of leaf chlorophylls and flavonoids with both habitat parame-

ters and mycobiome biodiversity. The present results clearly point towards a pronounced

importance of local stand conditions for the structure of beech leaf mycobiomes and for a

close interrelation of phyllosphere fungi and leaf physiology.

Introduction
Fungal leaf endophytes are a major component of the plant microbiome [1]. Since these fungi
are highly diverse in species, ecology and functions a precise classification according to their
preferred host plants, their location and interaction or their mode of transmission is advocated
(reviewed by [2–4]). Systemic endophytes in grasses for example are known to strongly influ-
ence host resilience against herbivory and microbial pathogens [5]. Endophytes in perennial,
woody plants are more diverse than in grasses and a distinction between the phyllosphere, rhi-
zosphere, and lignosphere is generally recommended [3].

Diversity and functions of endophytes from different tissues are overlapping [6, 7] and gen-
erally influenced by various abiotic and biotic factors at regional [8] and local scales [9, 10].
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The structure of surrounding vegetation [11] influences endophytic communities as well as
host species identity [12–15], host genotype [16, 17] and other biotic and abiotic factors [18–
22]. Finally, endophytes are strongly influenced be co-occurring microbes which often leads to
complicated community dynamics [1].

Fungal leaf endophytes have traditionally been studied with cultivation-based approaches
[23–26] including surface sterilisation to kill all superficially occurring microorganisms [27].
Cultivation approaches are time consuming, expensive and suffer from several biases, in partic-
ular from undersampling [4]. Culture-based methods often exclude biotrophic and slow grow-
ing species and favour the detection of rapidly growing species, although this bias could be
reduced partially by improved cultivation methods [28, 29].

In recent years cultivation-independent next generation sequencing (NGS) approaches (i.e.
metabarcoding of fungi) have opened new perspectives in fungal biodiversity research [30–35].
They are generating ever increasing amounts of sequence data [36, 37] and the accuracy of bio-
informatics pipelines (e.g. [38]) and reference data bases [39, 40] are constantly improving.

The present study is part of a larger research project, which aims at broadening the under-
standing of leaf mycobiome dynamics under differing climatic conditions at reduced environ-
mental complexity (http://gepris.dfg.de/gepris/projekt/245215303?language=en, last accessed
03/2016). To achieve this we established an experimental field sites in a natural, beech domi-
nated mountain forest in southern Germany by planting young beech trees from a commercial
tree nursery in northern Germany (termed "phytometer" trees) at two differing altitudes. For
the present contribution, we analysed the as-is state of the phytometer leaf mycobiome imme-
diately after planting at the two differently elevated experimental plots, thus reflecting its origi-
nal constitution at the intensively managed nursery garden. We then compared its fungal
biodiversity with that from naturally growing neighbouring beech trees.

We posited that phyllosphere mycobiomes respond to the local stand conditions of their
host trees and therefore differ between the phytometer and natural trees (hypothesis 1). It was
shown recently that mycobiome composition of the natural trees also differed on a smaller spa-
tial scale between the valley and two mountain samples [41]. These results were partly recapitu-
lated and related to the phytometer samples, which were expected to lack these patterns. We
further aimed at answering the questions how biochemical properties of tree leaves differ
between differing stand conditions of the trees, and if the measured biochemical constitution
of leaves correlates with mycobiome diversity and composition.

Materials and Methods

Investigation site, phytometer experiment and field work
Establishment of the experimental sites and field work was achieved with full agreement of the
Forstamt Berchtesgaden of the Bayerische Staatsforsten. Further permissions were not neces-
sary because all activities took place outside protected or private areas and did not involve any
endangered or protected species

Two investigation sites with comparable edaphic parameters but different altitudes were
selected in the mountain massif “Untersberg” in the Berchtesgaden Alps near the city of
Marktschellenberg, Bavaria, Germany (Fig 1). One site was established at 975 m a.s.l. (‘moun-
tain site’; Lat: 47.683158 Long: 13.002102), the second site is located at 515 m altitude and rep-
resents more moderate growth conditions for the tree species (‘valley site’; Lat: 47.712946 Long
13.040101). Both sites were selected in areas free of old-growth canopy trees.
Pararendzina = Rendzic Leptosols (LPk) over gravel dolomite is found as soil type at both sites.
It is humus-rich with a well developed topsoil layer (A horizon) at the valley site, while the A
horizon is only weakly developed at the mountain site. The ground and understory vegetation
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of the mountain site was mainly composed of Acer pseudoplatanus, Picea abies, Daphne mezer-
eum, Cardamine (= Dentaria) enneaphyllos,Helleborus niger andHepatica nobilis. At the valley
site, ground vegetation was different with dominance of Acer pseudoplatanus,Mentha spp.,
Petasites hybridus, Equisetum sylvaticum and Rubus sp. Between October 2013 and October
2014, local climate data loggers (see below) recorded an average temperature of 9.0°C (-7.6 to
36.4°C) and an average relative humidity of 93.9% (28.0 to 100) at the valley site and 7.6°C
(-5.6 to 38.8°C) and 91.4% (20.8 to 100) at the mountain site. The total number of days with
closed snow cover was 78 for the valley site and almost twice as much (146 days) for the moun-
tain site. This period was free of weather extremes in that area, the observed differences
between valley and mountain site can be therefore regarded as representative measurements.

At both sites, an area of approx. 20 m × 20 m was cleared from understorey woody and her-
baceous plants. Within each of these two plots, 100 two-years old beech trees ("phytometer
trees") were planted with bare roots into the natural soil in the beginning of October 2013 and
fenced against damage by herbivorous animals (e.g. deer). At the time of planting, the trees
were in vigorous conditions possessing healthy, fully green leaves with minimal damage. The
phytometer trees were originally grown in a tree nursery in northern Germany (“Hans Reinke
Baumschulen” in Rellingen near Hamburg, Fig 1A) where they experienced optimal growth

Fig 1. Origin of leaf samples and experimental design of the "phytometer" plot. [A] shows a map of Germany with the origin of the phytometer trees
("p"-labelled circle, Baumschule Hans Reinke GmbH in Rellingen near Hamburg, Germany) and the location of the major investigation area ("i"-labelled
circle, Marktschellenberg, Bavaria, Germany). [B] Leaves of naturally grown trees were sampled in two locations at different altitudes of the investigation area
("v"-labelled valley site and "m"-labelled mountain site). This image of the Untersberg has been released by its author TomK32 into the public domain of
GermanWikipedia (https://commons.wikimedia.org/wiki/File:Untersberg-Westseite_von_Bischofswiesen_aus.jpg, last accessed 04/2016). The phytometer
sites were established there, too. [C and D] The phytometer trees were planted in each altitude and two data logger modules (d1 and d2) were installed.

doi:10.1371/journal.pone.0152878.g001
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conditions. The phytometer trees germinated from seeds originating from the Lusatian lowland
area (Central Eastern Germany, HkG 81005). Thus the phytometer trees were expected to have
no genetic pre-adaptations to the local conditions to which they were transferred. Each phyt-
ometer site was equipped with two data logger modules measuring relative humidity and tem-
perature (HOBO Pro v2 U23; Hobo 1 in Fig 1C) and with two data loggers recording
temperature with two external sensors (HOBO Pro v2 U21; Hobo 2 in Fig 1C). One sensor of
Hobo 2 was fixed at the soil surface, the second in the canopy of the young trees at about 40 cm
above the ground.

One day after planting, healthy looking green leaves without signs of ageing or damage were
randomly sampled from five randomly chosen phytometer trees at each site and in the same
manner from neighbouring naturally growing trees. Natural trees were older than the phyt-
ometer trees (ca. 15 cm diameter at breast height), their sampled leaves were in similar condi-
tions as assessed with the naked eye and removed from locations as close to the forest floor as
possible. Physiological key parameters of the sampled vital leaves were assessed by measuring
area-based chlorophyll (surrogate for photosynthesis rate and leaf proteins) and flavonoid con-
tents (surrogate for leaf phenols) with a non-invasive hand-held optical sensor clip (Dualex Sci-
entific, Force-A, France). Arithmetic means of four measures per leaf (base, tip, right, left; all
upper side) and ten leaves per tree were used to correlate leaf biochemistry with fungal diversity
patterns (see below). Those ten leaves were combined and subsequently treated as one environ-
mental sample. Leaf material was submerged into 70% ethanol for three minutes immediately
after these measurements to kill or at least inhibit activity of epiphyllous microbiota during
transport. The samples were stored in paper bags at 4–7°C. Within 48 h after sampling, leaves
were thoroughly surface sterilised according to standard methods [42] and frozen at -80°C
until further processing.

DNA extraction and preparation of the Illumina amplicon library
Samples were thawed and homogenized in sterile distilled water with a commercial blender,
then filtered through analytical sieves in order to separate differently sized particles. This pro-
cedure was similar to the first part of dilution-to-extinction cultivation [29]. Approximately
100 μg (fresh weight) of the 100–200 μm ø sized particles were used for DNA extraction with
the Charge Switch1 gDNA Plant Kit (Invitrogen) following the manufacturer's protocol. The
remaining particle mass was permanently stored at -80°C.

A nested PCR approach was used for preparation of the Illumina amplicon library. First, the
entire internal transcribed spacer (ITS) region was amplified with the universal primer pair
V9G / ITS4 under standard conditions [43, 44], followed by clean-up of the amplicon mix with
ExoSap-IT (Affymetrix UK Ltd., United Kingdom) according to manufacturer's instructions
except that a 1:5 dilution of the reagents was used. The purified ITS amplicons then served as
template DNA for the first Illumina-specific amplification of the full-length ITS rRNA gene
region (see online supporting material "S1 Notes").

We used custom-made primer pairs (Microsynth AG, Switzerland) consisting of the com-
monly used ITS1F and ITS4 sequences, barcoding tags of varying length and 21bp of the Illu-
mina sequencing primer. The latter served as binding site for the second library PCR primer
pairs, which contained further barcodes for multiplexing purposes and the Illumina-specific
anchor sequences[41]. PCR reactions also followed [41]. Final amplicons were visualised in 1%
agarose gels stained with ethidium bromide

Band intensity was calculated from the gel images with ImageJ [45]. Amplicons were pooled
in equimolar concentrations such that samples with lower band intensity were added in pro-
portionally larger volumes than samples with stronger band intensity. The final amplicon mix
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was purified with Dynabeads Sequencing Clean Up Kit (Life Technologies GmbH, Germany)
and shipped to the Genetics Sections, Biocenter of the LMUMunich, Germany. There the
library was finalised for sequencing according to the manufacturer’s protocols (http://
supportres.illumina.com/documents/documentation/system_documentation/miseq/
preparing-libraries-for-sequencing-on-miseq-15039740-d.pdf). Paired-end sequencing of 2 x
300 nt with two additional 8 nt index reads and 3μl of the library was performed on an Illumina
MiSeq platform (Illumina Inc.).

Sequence processing bioinformatics
Raw forward (R1) and reverse (R2) reads were demultiplexed by the Illumina sequencer soft-
ware according to their index combinations (501–701, 501–702, etc.) and adapters, indices and
sequencing primers were removed. All reads thus started with forward (R1) and reverse tags
(R2), respectively.

The study-specific bioinformatics workflow consisted of a second demultiplexing step to
separate all tag combinations followed by quality filtering [46], chimera checking [40], ITS
trimming [47], grouping of operational taxonomic units (OTUs) at 97% sequence similarity
and taxon assignment [39]. as detailed in [41]. The bioinformatics are detailed in [41] and
available as commented online supporting material ("S1 Text"). As an intermediate outcome,
sequences were separated into ITS1 (stemming from the forward R1 reads) and ITS2 (from the
reverse R2 reads). Generally lower phred scores were observed for R2 reads. Therefore the
curated and demultiplexed data contained much less ITS2 than ITS1 reads (data not shown).
Since a detailed comparative biodiversity analysis of both DNAmarkers was beyond the scope
of this study, subsequent analyses were performed with the larger ITS1 data set.

The raw Illumina reads are provided under the NCBI SRA Accession SRX1211311.

Biodiversity analysis
A spreadsheet master data file was compiled with two major output files (the final OTU table
and the representative sequence FASTA file; see "S1 Table"). These data were conservatively
curated by removing unique OTUs (OTUs occurring in only one sample regardless of the
number of reads) and OTUs with less than 5 reads over all samples (for justification see [48]).
Additionally, non-fungal OTUs (OTUs returning “no blast match” after automatic taxon
assignment against the UNITE data set [39]), were discarded.

Fungal diversity was analysed with Fisher's alpha (a richness index, representing all species
in a data set), Shannon index (considering both richness and abundance) and the two Hill
numbers from Hill's series of diversity (N1 = exponent of Shannon index, representing "com-
mon" species and N2 = inverse Simpson index, representing "abundant" species according to
[49]). Diversity was visualised using Box-Whisker plots. Analyses were combined with statisti-
cal tests (ANOVA of the multivariate generalized linear models) and randomised species accu-
mulation curves [50, 51].

In order to account for unequal library size (differing sequencing depth per sample), which
might bias diversity calculations, we additionally applied downsampling (rarefying) to the low-
est read number per sample (here 9500) prior to diversity assessments.

Nonmetric multidimensional scaling (NMDS) and principal coordinate analysis (PCO)
based on Bray-Curtis dissimilarities of square root-transformed read abundances were used to
visualise community composition. The distinctiveness of leaf mycobiomes in different sub-
datasets (i.e. phytometer vs. natural or valley vs. mountain) was tested with a permutational
multivariate analysis of variance using distance matrices (PERMANOVA). In addition we used
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multivariate ("multispecies") generalized linear models (GLM) to test for significant correla-
tions of the community data with environmental parameters [34, 52, 53].

The entire biodiversity analysis was performed in R (available freely on https://www.r-
project.org/, last accessed 03/2016), the corresponding commands and all necessary data files
(e.g. metadata) are available as online supporting material ("S2 Notes").

Results

Basic sequence data and diversity
The demultiplexing, quality filtering and OTU clustering resulted in 686165 ITS1 reads sepa-
rated into 697 OTUs from 19 samples (one sample from the phytometer trees failed during
library preparation). Significantly fewer reads were obtained from phytometer samples than
from the natural trees (Fig 2A, mean read number = 17762 vs. 50855, t-test t = -7.65, p< 0.05).

Read abundance and OTU richness were strongly positively correlated (Fig 2B, adjusted
R2 = 0.48, p< 0.05). After decoupling OTU richness from read numbers with randomised spe-
cies accumulation curves, natural samples revealed clearly higher fungal OTU richness than
phytometer trees (Fig 2C, 334 observed OTUs for phytometer trees, 448 OTUs for natural trees

Fig 2. Read abundance and fungal OTU richness. [A-C] for the full data set and [D-F] for a smaller data set after rarefying (randomised downsampling) to
9500 reads per sample. [A and D] display read abundances of all natural and phytometer samples after data curation (removal of rare and unassigned
OTUs). [B and E] display the interrelations between read abundance and OTU richness. Phytometer samples had lower richness values than natural
samples irrespective of sequencing depth. [C and F] display randomised species accumulation curves allowing the comparison of OTU richness at an
identical sequencing effort. For both data sets the leaf mycobiome of phytometer trees revealed poorer richness than of natural trees.

doi:10.1371/journal.pone.0152878.g002
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at an identical sampling intensity of ca. 180000 reads). After randomised downsampling to an
identical sequencing depth per sample (Fig 2D), read abundance and OTU richness were no lon-
ger correlated (adjusted R2< 0.01, p = 0.38; Fig 2E), whereas the higher fungal OTU richness for
natural trees remained statistically significant (t-test: t = - 2.23, p = 0.04, mean phytometer rich-
ness = 62 OTUs per sample; mean natural richness = 96 OTUs per sample; Fig 2E and 2F)

All diversity measures resulted in higher diversity values for natural than for phytometer
samples (Fig 3, Table 1) with higher statistical confidence for the rarefied data (Fig 3B,
Table 1). Leaves from natural valley trees consistently displayed the highest fungal diversity.
Fungal diversity varied for the other three groups, depending on the used data set and the
applied diversity measure (Fig 3). The corresponding statistical tests calculated significant dif-
ferences between phytometer and natural leaf mycobiomes (factor "Setting"). When testing
against the parameter "elevation", test statistics were insignificant for phytometer samples, but
yielded significant differences for the natural trees (Table 1).

Community composition
Results from community analyses did not differ between complete and rarefied data (compara-
tive analyses not shown, commands accessible via R-script). Community composition of leaf-
inhabiting beech endophytes differed strongly between the phytometer and the naturally
grown trees (Fig 4, Table 2). In both NMDS (Fig 4A, stress = 0.15, non-metric fit R2 = 0.977)
and PCO (Fig 4B, 57.1% of total variance explained by the first two axes), the phytometer sam-
ples show a stronger dispersion than the natural samples. After analysis of valley and mountain
data separately (Fig 4B), a significant difference in community composition was observed for
the natural samples, but not for the phytometer trees (Table 2). The analysis of fungal taxo-
nomic composition at order level added further insights into the differing fungal communities.
In phytometer samples, the three most abundant orders in terms of maximal relative read
abundance in any samples were the Polyporales (Basidiomycota; 33.9%), Helotiales (18.0%)
and the Pleosporales (11.4%, both Ascomycota) with a considerable proportion of unidentified
fungal OTUs (at the order level) and less abundant orders ("Other") (25.1%, Fig 4C, left). In
samples from natural trees (Fig 4C, middle pie chart), the most dominant orders were the Cap-
nodiales (48.3%), the Helotiales (36.1%) and the Eurotiales (5.7%) (all Ascomycota). The
amount of unidentified and less abundant orders was markedly lower (< 5%).

Correlation of leaf biochemistry and endophyte community
We identified a strong correlation of leaf biochemistry with both site parameters and fungal
biodiversity (Table 2). Statistical confidence increased when analysing the rarefied instead of
the full community data (results not shown, analysis can be recapitulated from supplementary
R-script). First, chlorophyll and flavonoid contents of the leaves were significantly higher in
natural mountain samples than in natural valley samples (Fig 5). They were highest in leaves of
the phytometer trees and lowest in samples from the natural valley trees. Second, OTU richness
was inversely correlated with leaf biochemistry, such that leaves with highest chlorophyll and
flavonoid concentrations revealed the lowest OTU richness (Fig 5B and 5C). Third, community
composition was significantly correlated with leaf biochemistry (Fig 5B).

Discussion

The phytometer system
Experiments under modified (i.e. simplified) natural conditions have been conducted for
decades and have resulted in the discovery of fundamental ecological principles [54–56]. In
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Fig 3. Diversity indices for the full [A] and rarefied [B] data set. A general trend of higher fungal diversity
is displayed for natural samples (NV = natural valley, NM = natural mountain) at least for alpha and Shannon

Local Stand Conditions Affect the Leaf Mycobiome of Fagus sylvatica

PLOSONE | DOI:10.1371/journal.pone.0152878 April 14, 2016 8 / 16

47



line with this research tradition, we established a field experiment near Berchtesgaden in the
German Alps at two different altitudes and planted 100 two-years old young beech trees from a
distant origin of each site. At those phytometer sites we investigated fungal biodiversity signals
and dynamics under reduced environmental complexity (e.g. the trees are of identical age and
were grown under identical conditions) since October 2013.

The present study is based on an initial sampling event immediately after planting of the
phytometer trees. The newly introduced phytometer trees reflected their previous environ-
ment, a tree nursery in northern Germany, and additionally served as an independent control
group to study the role of local biotic and abiotic parameters at different elevation for leaf
mycobiomes of F. sylvatica.

Assessment of the beech leaf mycobiome with NGS
Biological and ecological interpretation of fungal NGS data from environmental samples is
generally complicated by the inability to distinguish between signals from extracellular DNA,
DNA in dead hyphae or DNA from inactive spores. We used surface sterilised leaves for DNA
extraction in order to create a strong focus on the endophytic part of the phyllosphere myco-
biome, which is supposed to contain a higher proportion of living and active hyphae/cells com-
pared with the mycobiomes from substrates with untreated surfaces [57].

The Illumina MiSeq platform was used to sequence full-length ITS1-5.8S-ITS2 rDNA
amplicons [41]. Forward (R1) reads covered the entire ITS1 region, whereas reverse sequencing
resulted in full-length ITS2 reads (R2). With the 300 base pairs paired-end sequencing, the
overlap of R1 and R2 reads was too short and of too low quality to allow assembly of full-length
ITS sequences. We decided to use the ITS1 data for biodiversity analysis, because ITS2 data
were of generally lower quality and were therefore discarded in much higher quantity during
demultiplexing. A thorough comparative analysis of ITS1 and ITS2 data is beyond the scope of
this publication, however, a preliminary comparative analysis of ITS1 and ITS2 yielded

diversity [compare Table 1]. The leaf mycobiome of natural valley samples (NV) displayed the highest
diversity values. All four indicators were significantly higher than those of natural mountain samples (NM). For
both data sets, the factor elevation obtained insufficient statistical support for phytometer samples
(PV = phytometer valley, PM = phytometer mountain) but resulted in statistical significance within natural
trees.

doi:10.1371/journal.pone.0152878.g003

Table 1. Basic diversity statistics based on amultispecies generalized linear model. Results show significant differences between natural and phyt-
ometer leaf mycobiomes (factor "Setting") for the full as well as for the downsampled (rarefied) data. The significant diversity values (printed in bold for
p < 0.05) for the parameter elevation were entirely driven by the natural samples, since the phytometer leaf mycobiomes did not reveal any significant differ-
ences between valley and mountain site.

Fisher Shannon Hill N1 Hill N2

Sum of
squares

dev p sum of
squares

dev p sum of
squares

dev p sum of
squares

dev p

Setting full data 1809 13.5 0.002 2.76 3.10 0.014 89 8.89 0.004 15 4.17 0.043

rarefied
data

169 5.33 0.031 2.5 3.1 0.017 71 7.42 0.014 14 3.97 0.056

Elevation full data 359 2.05 0.225 1.41 3.44 0.014 68 10.49 0.004 23 6.15 0.007

phytometer 5.46 0.11 0.79 0.42 2.09 0.108 6 2.03 0.178 6 1.47 0.171

natural 799 7.34 0.025 1.03 1.7 0.005 81 8.61 0.009 18 4.72 0.021

rarefied
data

70 1.23 0.313 1.41 3.44 0.011 57 9.66 0.005 21 5.62 0.01

phytometer 10 0.72 0.462 0.44 2.09 0.093 6 1.93 0.184 6 1.47 0.142

natural 210 7.43 0.019 1.01 1.7 0.001 66 7.88 0.009 17 4.19 0.034

doi:10.1371/journal.pone.0152878.t001
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congruent results of community signals, but seemed to differ slightly in taxonomic annotations
(data not shown, but compare [58]).

Phytometer and naturally grown trees differed in mycobiome diversity
and composition as well as in leaf biochemistry
Generally speaking, the analyses of leaf mycobiomes as well as of leaf biochemistry clearly sepa-
rated the phytometer from the natural trees. Our earlier raised hypothesis 1, that is a clear

Fig 4. Differences in fungal community composition between phytometer and natural trees. [A] displays results from non-metric multidimensional
scaling (NMDS) showing clearly separated phytometer and natural samples and a strong dispersion of the phytometer samples. [B] Principal coordinate
analysis (PCO) confirmed this bisection into phytometer and natural fungal assemblages. It additionally displays those environmental parameters, which had
a significant influence on fungal composition (chl.avg = chlorophyll content, flav.avg = flavonoid content). The higher dispersion of phytometer samples
persisted in PCO and points towards a larger heterogeneity of the corresponding leaf mycobiome. [C] displays taxonomic composition of leaf-inhabiting fungi
from phytometer trees, natural samples and the entire beech mycobiome for the nine most abundant orders (see text for the type of abundance measuring).
All OTUs without taxonomic representation at the order level in the reference data set ("unidentified fungi") as well as less abundant orders (e.g.
Botryosphaeriales, Diversisporales or Malasseziales) are combined into "Others".

doi:10.1371/journal.pone.0152878.g004
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response of phyllosphere mycobiomes to local stand conditions of their host trees, cannot be
rejected on the basis of the present data. This basic message did not change with rarefied data.

Although the daily handling of trees at the commercial tree nursery in northern Germany,
from which the phytometer trees were obtained, falls under their corporate secret, we know
from other comparable companies, that such trees are usually kept under most favourable
growth conditions in optimized custom-made soils and with regular application of nutrients,
fitness enhancers and protective agents. Additionally, aerial fungal spore concentration, the
main tentative source of fungal leaf infections [3] might be strongly reduced in such tree nurs-
eries due to permanent hygienic measures. Under such artificial conditions, fungal infections

Table 2. Statistical testing of fungal community composition in response to different environmental variables. The tests are based on a multispecies
generalized linear model calculation (“Multispec.glm”) and a permutational multivariate analysis of variance using Bray-Curtis distance metrics (“Perma-
nova”). All GLM tests resulted in the same highly significant p-values but the analysis of corresponding deviances indicated different responses to the environ-
mental parameters. PERMANOVA yielded more sensitive results in all three displayed statistics and principally confirmed results from ordinations (Fig 4).

Multispec. glm Permanova

Dev p F R2 p

Entire community

Elevation 2864 0.003 7.03 0.23 0.001

Substrate 817 0.003 1.74 0.07 0.059

Elevation+Substrate

Phytometer community

Elevation 5.5 0.003 1.24 0.15 0.225

Chlorophyll 46.1 0.003 1.04 0.13 0.396

Flavonoids 46.1 0.003 1.29 0.16 0.239

Natural community

Elevation 19.5 0.003 2.98 0.27 0.007

Chlorophyll 112 0.003 2.63 0.25 0.004

Flavonoids 102 0.003 2.71 0.25 0.009

doi:10.1371/journal.pone.0152878.t002

Fig 5. Chlorophyll and flavonoid contents of living leaves. [A] displays pigment contents (in μg cm-2) as box-whisker diagrams separated into the four
different sample groups "natural mountain" (NM), "natural valley" (NV), "phytometer mountain" (PM) and "phytometer valley" (PV). [B and C] display relations
of flavonoids and chlorophylls to OTU richness. Values differed significantly between phytometer and natural trees (KS test, D = 0.9, p < 0.01). The pigment
concentrations were significantly higher in natural mountain than in natural valley samples (D = 1, p = 0.01), but did not differ within the phytometer samples
(D = 0.55, p = 0.43).

doi:10.1371/journal.pone.0152878.g005
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might be lower than in natural environments leading to lower infection rates and lower diver-
sity (Fig 2C).

We additionally observed more heterogeneous and variable fungal assemblages of the phyt-
ometer samples (Fig 4A and 4B) and a more balanced taxonomic composition at order level
(Fig 4C) than within leaves from the natural sites. In contrast to the recently observed commu-
nity differences between natural trees from the valley and the mountain site [41], the phyt-
ometer valley and mountain samples were indistinguishable from each other. The
corresponding GLM statistics (Table 2) missed sensibility in this case. The significance of their
p-values would be certainly misleading, if used as sole measures of community turnover. One
possible cause of differing fungal biodiversity signals between phytometer and natural trees cer-
tainly is the biochemical properties of the leaves [59].

The two leaf pigments chlorophyll and flavonoid had highest values in the phytometer trees
suggesting an active photosynthetic machinery and thus durable plant tissues and a fully intact
plant immune system [60]. Moreover, a significant correlation of fungal OTU richness (Fig 5B
and 5C) and of community composition (Fig 4B) with those two leaf parameters has been
observed. If we assume a direct connection of leaf pigment contents and biochemistry pro-
cesses within the leaves, our results could point towards a close interconnectivity of leaf-inhab-
iting fungi with the tree host physiology [61, 62]. Possible causes of differing leaf pigments and
mycobiome composition between phytometer and natural samples could be either a generally
impaired or a stimulated plant defence under stressful conditions [63]. Undoubtedly, the natu-
rally growing trees face the full climatic and ecological impacts of their unprotected natural
environment and the trees' immunological barriers might be specifically adapted to the local
environmental challenges. In such conditions the host trees might select for a more specialized,
i.e. habitat-specific, phyllosphere fungal community. Our mycobiome "snapshot" seems to sup-
port this hypothesis, because fungal composition of natural trees was clearly skewed towards
the two highly abundant orders Capnodiales and Helotiales whereas mycobiome composition
of phytometer trees was clearly more balanced at ordinal level (Fig 4C).

The analysis of leaf pigments further revealed a significant increase from low to high eleva-
tion in natural samples (Fig 5A). These results were comparable to earlier pigment measure-
ments of beech leaves, where higher chlorophyll contents were attributed to higher light
intensity and availability [63]. Previous studies identified elevation (i.e. ambient temperature)
as a predominant parameter shaping endophytic communities [21, 41, 64, 65]. Based on the
present data we can only speculate about possible mechanisms of the observed correlations of
elevation and mycobiome patterns. Further site conditions might determine leaf mycobiome
composition. The different herbaceous vegetation for instance indicates different moisture con-
tent of the valley and mountain soils. Data gathering and analysis is ongoing and will soon
allow for a more thorough validation of the present initial observations.

Supporting Information
S1 Notes. Illumina library. Step-by-step visualisation and description of sample multiplexing
and structure of the Illumina amplicon library.
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Abstract
Comparative simultaneous studies of environmental high-throughput sequencing (HTS) and cultiva-
tion of plant-associated fungi have rarely been conducted in the past years. For the present contribution, 
HTS and extinction culturing were applied for the same leaf samples of European beech (Fagus sylvatica) 
in order to trace both “real” environmental drivers as well as method-dependent signals of the observed 
mycobiomes. Both approaches resulted in non-overlapping community composition and pronounced 
differences in taxonomic classification and trophic stages. However, both methods revealed similar cor-
relations of the fungal communities with local environmental conditions. Our results indicate undeniable 
advantages of HTS over cultivation in terms of revealing a good representation of the major functional 
guilds, rare taxa and biodiversity signals of leaf-inhabiting fungi. On the other hand our results demon-
strate that the immense body of literature about cultivable endophytic fungi can and should be used for 
the interpretation of community signals and environmental correlations obtained from HTS studies and 
that cultivation studies should be continued at the highest standards, e.g. when sequencing facilities are 
not available or if such surveys are expanded into functional aspects with experiments on living isolates.
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Introduction

Fungal endophytes reside in the living tissues of plants without causing visible disease 
symptoms (e.g. Christian et al. 2015). Particular research interest is given to endophytes 
of the phyllosphere and other photosynthetic organs due to the enormous availability 
and environmental importance of leafy habitats (Lindow and Brandl 2003), the complex 
biochemical processes in these plant tissues and the generally close interconnectivity of leaf 
mycobiome with their hosts (reviewed in Rodriguez et al. 2009, Peršoh 2015). Within the 
last decade, significant progress has been made in unraveling plant-associated mycobiomes 
by using both cultivation (Collado et al. 2007, Unterseher and Schnittler 2009, Gazis 
and Chaverri 2015) and direct high-throughput sequencing (HTS) techniques (Bálint 
et al. 2016). To date, most knowledge about endophyte richness, composition or host 
preferences is still based on traditional culturing approaches (Arnold 2007, Sieber 2007, 
Albrectsen et al. 2010, Unterseher et al. 2013a). On the other hand, direct environmental 
assessment of mycobiomes provides unprecedented details of community diversity, com-
position, taxonomy and interactions (e.g. Peršoh 2013, Jumpponen and Brown 2014, 
Bálint et al. 2015, Eusemann et al. 2016, Purahong et al. 2016). These improvements go 
side by side with the ever increasing accuracy of reference sequence databases (Nilsson et 
al. 2014, 2015, Abarenkov et al. 2016)

It is well recognized that interpretation of diversity of endophytes and other fungi 
depends on the applied methods (Unterseher 2011). On the one hand, cultivation 
data are often biased by under-sampling and the use of selective media. On the other 
hand, amplicon library preparation can differ strongly among studies (Salter et al. 
2014) and HTS data are generally squeezed through complex and highly customisable 
bioinformatic pipelines, leading to variable data analysis (Meiser et al. 2014, Bálint et 
al. 2016), even if the same plant-fungus system is used in independent studies (Cordier 
et al. 2012, Siddique and Unterseher 2016).

To date, published studies about the comparative assessment of fungal biodiversity 
are rare. Allmér et al. (2006) demonstrated the advantages and limitations of fruit body 
observation, mycelial cultivation and T-RFLP identification of wood-inhabiting fungi. 
Zhang et al. (2014) assessed microbial communities from deep-sea sediments with 
cultivation and environmental molecular cloning and identified two complementary 
assemblages. Similar conclusions were made by Langarica-Fuentes et al. (2014) who 
identified a biased composition of compost fungi by cultivation. Recently, HTS was 
rated superior over cultivation, given its ability to detect more obligate, slow grow-
ing and rare fungi (Al-Sadi et al. 2015, Oono et al. 2015). Whereas the general lack 
of congruence between mycobiomes generated by cultivation and HTS can be safely 
postulated nowadays (Pitkaranta et al. 2008), much less is known about environmental 
correlations of these differing data sets.

In this study, we investigated endophytic phyllosphere fungi with dilution-to-ex-
tinction cultivation (and ITS barcoding) and Illumina sequencing of the same DNA 
region and from the same material. In accordance with existing knowledge, we ex-
pected lower OTU (operational taxonomic unit) richness in the cultivation data and a 
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preferential isolation of ubiquitous, primary saprobic taxa. Consequently, we hypoth-
esized that the cultivable mycobiome exhibits different ecological signals compared 
with the mycobiome obtained by HTS.

Materials and methods

Study sites and sampling

The samples were obtained from an experimental site established in 2013 (Unterseher 
et al. 2016), consisting of two plots of 4 years-old Fagus sylvatica trees from a differ-
ent origin. The tree seeds originated from the Lustian lowland area (central eastern 
Germany, HKG 81005) and were grown in a nursery in northern Germany (near 
Hamburg) for two years. (Unterseher et al. 2016). The plots are located at the same 
slope of the mountain massif “Untersberg” in Bavaria, Germany at 517 m asl. (above 
sea level, respectively) (Valley site; Lat: 47.712946 Long: 13.040101) and at 975 m asl. 
(Mountain site; Lat: 47.683158 Long: 13.002102) (Siddique and Unterseher 2016). 
It is humus-rich with a well developed topsoil layer (A horizon) at the valley site, 
while the A horizon is only weakly developed at the mountain site. The ground and 
understory vegetation of the mountain site was mainly composed of Acer pseudoplata-
nus, Picea abies, Daphne mezereum, Cardamine (= Dentaria) enneaphyllos, Helleborus 
niger and Hepatica nobilis (Siddique and Unterseher 2016). At the valley site, ground 
vegetation was different with dominance of Acer pseudoplatanus, Mentha spp., Petasites 
hybridus, Equisetum sylvaticum and Rubus sp (Unterseher et al. 2016). Five trees each 
from each site were selected randomly in October 2014, exactly one year after plant-
ing. Ten symptomless green leaves per tree were removed and processed as described in 
Unterseher et al. (2016).

Cultivation of endophytes using the dilution-to-extinction method

Isolation of endophytes followed the dilution-to-extinction cultivation (Solis et al. 
2016). In brief, samples were blended into tiny particles and filtered. Smallest particles 
(ø < 0.2 mm) were resuspended and strongly diluted before plating onto malt extract 
agar (MEA, 1.5%) containing 48-well plates (Carl Roth, Karlsruhe, Germany). The 
plates were inspected regularly for four weeks. Emerging colonies were transferred into 
Petri dishes containing the same growth medium.

DNA extraction and ITS sequencing from axenic cultures

Instead of classifying the fungal cultures according to macroscopic and microscopic 
characters (Khoyratty et al. 2015) and selecting only a few representative strains per 
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morphotype for downstream processing, genomic DNA was extracted from all isolates 
using a traditional, chloroform-based protocol (e.g. Solis et al. 2016). The ITS region 
was amplified with the primer pair V9G - ITS4 (de Hoog and Gerrits van den Ende 
1998) using approved amplification kits (MangoTaq; Bioline, Germany) and cycling 
conditions (Solis et al. 2016). Unpurified PCR products were shipped to Beckman 
Coulter Genomics (Takeley, UK) for sequencing. Sequences were discarded if their cor-
responding chromatograms showed pronounced signs of ambiguous base calling after 
end trimming.

Library preparation for high-throughput Illumina sequencing

Total genomic DNA was extracted with the Charge Switch® gDNA Plant Kit (Invit-
rogen, Germany) from the same fresh leaf particle mass that was used for cultivation. 
Library preparation consisted of two consecutive amplification steps in order to add 
sample-specific tag combination for multiplexing. Please refer to Siddique and Un-
terseher (2016) and Unterseher et al. (2016) for the detailed description of this pro-
cedure. Amplicons were sequenced in pair-end mode on an Illumina MiSeq platform 
(Illumina Inc.) at the Genetics Section, Biocentre of the LMU Munich, Germany.

Processing of Illumina reads and Sanger sequences

Demultiplexing and quality filtering of Illumina reads relied on QIIME (Navas-Mo-
lina et al. 2013; see Suppl. material 1) and is also detailed in Unterseher et al. (2016) 
and Eusemann et al. (2016). Extraction of ITS1 (forward R1 Illumina reads) was 
done with ITSx (Bengtsson-Palme et al. 2013) followed by reference-based chimera 
checking (Nilsson et al. 2015), open-reference OTU picking (complete-linkage clus-
tering at 97% similarity; Rideout et al. 2014), selection of representative sequences and 
taxon assignment (Kõljalg et al. 2013). These last steps were also performed with all 
high-quality Sanger sequences to guarantee best comparability. Final quality filtering 
of HTS OTUs consisted of the removal of unique (occurring in only one sample) and 
rare OTUs (having less than five reads, cf. Brown et al. 2015). In contrast, all OTUs 
from cultivation data were retained, knowing that they belonged to true fungi. The 
reasons for using only the ITS1 region for subsequent analyses is comprehensively 
explained in recent papers (e.g. Unterseher et al. 2016, Eusemann et al. 2016).

Biodiversity analysis and assessment of functional guilds

The analysis of fungal biodiversity comprised the assessment of OTU richness and further 
indicators of diversity (Fisher’s Alpha, Shannon index and three numbers of Hill’s series 
of diversity, the latter considering different levels of rarity) (Hill 1973). Given the strong 
positive correlation of OTU richness and read numbers (data not shown, but compare 
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Siddique and Unterseher (2016)) as well as the strongly different sequencing depth be-
tween the two approaches, read counts were standardised (divided) by sample totals.

Community composition was assessed with PCoA (principal coordinate analysis) 
and NMDS (non-metric multidimensional scaling) and tested with PERMANOVA 
(permutational multivariate analysis of variance). Functional guild analysis was per-
formed according to Nguyen et al. (2016). The entire biodiversity analysis was per-
formed with R (freely available at www.r-project.org, last accessed 11/2016). The cor-
responding command script and necessary input files are available as “Suppl. material 
2”. Curated Sanger sequences were taxonomically annotated as far as possible and 
made available in ENA/GenBank through accession numbers LT604837–LT604881. 
High-throughput data are available under SRA accession number SRX1211311.

Results

Basic data exploration, diversity and community composition

Data volumes differed strongly between Illumina sequencing and cultivation. Illumina 
sequencing resulted in 597 OTUs from 170480 curated ITS1 reads and cultivation 
revealed 70 OTUs from 438 culture-based Sanger sequences with the same settings for 
OTU clustering. The combined data set comprised 630 OTUs (+ 33 OTUs compared 
with Illumina data). Thirty-seven OTUs were detected with both methods (see Table 
S1 on Suppl. material 3 and Suppl. material 4).

An insignificant trend of lower fungal diversity at the mountain site across all 
indexes was observed for HTS data (Fig. 1A). Richness analysis of cultivation data 
was partly contradictory with significant differences of Fisher’s Alpha between valley 
and mountain samples (p <0.01, see Table S2 and S3 “Suppl. material 3”) but nearly 
identical accumulation curves (Fig. 1B). In addition and contrary to HTS data, Hill 
numbers N2 and N3 were significantly different for cultivation data (Fig. 1B, for 
statistical details see Table S2 and S3; “Suppl. material 3”). The accumulation curves 
for HTS data (Fig. 1A) revealed a clearly lower fungal richness for mountain than for 
valley samples, whereas the cultivation data failed to show such differences (Fig. 1B).

The analysis of community composition with non-metric multidimensional scal-
ing (NMDS), principal coordinate analysis (PCoA) and PERMANOVA discovered a 
significant influence of the isolation method (df = 1, F = 7.58, R2 = 0.30, p= 0.001) as 
well as of locality (df = 1, F = 2.87, R2 = 0.14, p= 0.014) (Fig. 2). The differences be-
tween valley and mountain site were more pronounced for HTS (F = 3.94, R2 = 0.33, 
p= 0.007) than for cultivation data (F = 1.96, R2 = 0.20, p= 0.027) (Fig. 2).

Taxonomic composition of HTS and cultivation data

Three of the five most abundant orders from Illumina data were also most abundant in 
cultivation data (Capnodiales – both methods, Helotiales – both methods, Saccharomy-
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cetales – Illumina only, Pleosporales – both methods; all Ascomycota) (Fig. 3). In addi-
tion, HTS revealed further and abundant orders from both Asco- and Basidiomycota, 
which were not recovered during cultivation (Fig. 3), such as the yeast fungi Saccharo-
mycetales (Ascomycota) and Malasseziales (Basidiomycota). The Xylariales (Ascomycota, 
present with one isolate) was the only order from the cultivation data that was not de-
tected with HTS.

Composition of trophic guilds revealed by HTS and cultivation

The five main guilds (pathotrophs, patho-saprotrophs, patho-symbiotrophs, sapro-
trophs and symbiotrophs) were all detected by HTS. Cultivation largely failed to detect 
pathotrophs (including patho-saprotrophs and -symbiotrophs). The relative abundance 
of saprotrophs was clearly higher in cultivation than in HTS data (Fig. 4B, C).

When analysing the influence of locality for the occurrence of different ecologi-
cal guilds, it turned out that the abundance of pathotrophs was significantly higher 
in leaves of mountain trees than of valley trees (Fig. 5A). Saprotrophs were also more 
abundant in leaves of mountain trees, whereas symbiotrophs were more abundant in 
valley than in mountain trees (Fig. 5A, B).

Results from HTS and cultivation data were congruent in as much as saprotrophs 
and symbiotrophs revealed similar abundance patterns for both methods.

Figure 1. Diversity indexes and accumulation curves for a Illumina and b cultivation data of fungal 
leaf-inhabiting endophytes of beech. Except of the accumulation curves of cultivation data, both methods 
revealed a clear and partly significant trend of higher fungal diversity at the valley site.
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Figure 2. Principal coordinate analysis (PCoA) of fungal leaf-inhabiting endophytes of beech display strong-
ly differing assemblages obtained with Illumina sequencing and cultivation. Both methods revealed differing 
mycobiomes from valley and from mountain leaves, although these differences were less pronounced for 
cultivation data. Abbreviations: IM = Illumina data from mountain samples, IV = Illumina data from valley 
samples, CM = cultivation data from mountain samples, CV = cultivation data from valley samples

Discussion

The methodology of biodiversity assessment influences the interpretation of com-
munity composition and community ecology

The most abundant orders were the same for both cultivation and HTS, namely Cap-
nodiales, Helotiales and Pleosporales (Fig. 3). Ascomycota clearly dominated the cul-
tivation data thus confirming results of many earlier cultivation studies (e.g. U’ Ren et 
al. 2012, Scholtysik et al. 2013, Unterseher et al. 2013b). Many of own isolates, such 
as those with highest sequence similarities to the genus Mycosphaerella and its anamo-
rphs, are often described in literature as frequent asymptomatic inhabitants of living 
leaves. In this study, taxa generally known as saprotrophs were the dominant trophic 
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Figure 3. Abundance distribution of the 20 most abundant orders of fungal leaf-inhabiting endophytes 
of beech on a logarithmic scale. Three of the five most abundant orders from high-throughput sequencing 
were also most abundant in cultivation data.

guild of the cultivable part (see below) and, in terms of relative abundance, surpassed 
this guild as detected with HTS by far (Fig. 4B, C).

The compositional difference in the two mycobiomes also corresponded to the presence 
of parasitic taxa (Taphrinales, Erysiphales) and yeast-like fungi (Saccharomycetales and 
Tremellales) in the HTS data, whereas the cultivation data were devoid of fungi with 
obligate parasitic, biotrophic or pathogenic lifestyle. The latter guilds usually cannot be 
cultivated, and yeasts are often detected only during cultivation studies when growth of 
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Figure 4. Relative abundance of fungal leaf-inhabiting endophytes of beech among the five main trophic 
guilds as revealed by analysis with FUNGuild (Nguyen et al. 2016). A compares the two methods for 
each trophic guild and unassigned data. B displays the trophic guilds and unassigned taxa for Illumina 
data, C for cultivation data. Abbreviations in [B and C]: U = Unassigned, P = Pathotrophs, PSa = Patho-
Saprotrophs, PSy = Patho-Symbiotrophs, Sa = Saprotrophs, Sy = Symbiotrophs

Figure 5. Relative abundance distribution of fungal leaf-inhabiting endophytes of beech among the five 
main trophic guilds as revealed by analysis with FUNGuild (Nguyen et al. 2016). A compares the two 
localities for each trophic guild on the basis of Illumina data B compares the two localities for each trophic 
guild on the basis of cultivation data.

filamentous fungi is slowed down with low-temperature incubation. In this study, HTS 
retained a wide range of taxa (compare Al-Sadi et al. 2015) and all guilds available in the 
FUNGuild reference data base (Nguyen et al. 2016) as expected (Figs 4, 5).

A poor comparability of cultivation and HTS data, as it is presented here, was recently 
reported for a microbiome study (Eevers et al. 2016). It was caused by the fundamentally 
different sample coverage with the most abundant OTU counting 28621 reads for HTS 
(Mycosphaerellaceae, Sphaerulina) and 102 isolates for cultivation (Hyaloscyphaceae, 
Lachnum) (Suppl. material 4).
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The two methods revealed consistent signals of both community data to environ-
mental conditions

On the one hand side our results clearly demonstrate the limitations and biases of cul-
tivation approaches for comprehensive biodiversity assessments. On the other hand, 
the results did not meet our expectations (see above), because significant correlations 
to environmental parameters (here, it was the difference between valley and moun-
tain samples) were still recognized. The present cultivation data are in concordance 
with similar studies (Unterseher et al. 2013b) and confirm general knowledge about 
the community ecology of leaf endophytes (Cordier et al. 2012, Zimmermann and 
Vitousek 2012, Meng et al. 2013, Glynou et al. 2015, Rojas-Jimenez et al. 2016). 
Moreover, similar results were observed in the present comparative study on the basis 
of HTS data (see also Siddique and Unterseher 2016, Unterseher et al. 2016).

Conclusions

Our results clearly justify the co-existence of cultivation and high-throughput ap-
proaches. Despite the fast improvement and diversification of HTS technologies with 
many undeniable advantages in microbial biodiversity assessments (Bálint et al. 2016), 
cultivation should be retained at highest standards (e.g. Gazis and Chaverri 2015), 
given, among others, the availability of living cultures for genome, metabolome or 
bioprospecting analyses (Gazis et al. 2016, Kolarik et al. 2016).

Our results suggest that the immense body of literature about cultivable endo-
phytic fungi can and should be consulted for the interpretation of community signals 
obtained from HTS studies.
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INTRODUCTION 10 

Recent years have seen tremendous progress in assessing the hyper complex nature of plant-

fungus-microbes interactions (reviewed in Partida-Martínez & Heil 2011, Yang et al. 2013, 

Bulgarelli et al. 2013, Hacquard & Schadt 2015) by the application of omic technologies (e.g. 

reviewed in Persoh 2015). The massive parallel sequencing of taxonomically discriminative 

DNA amplicons, such as the internal transcribed spacer region (ITS) for fungi or parts of the 15 

16/18S rRNA gene for prokaryotes and protists derived from environmental samples in so-

called metabarcoding approaches has provided detailed insights into fungal community 

composition and dynamics from local scales (Davey et al. 2013a) to global perspectives 

(Tedersoo et al. 2014). 

Early studies applying such high-throughput environmental sequencing have revealed high 20 

community turnover rates of leaf-inhabiting fungi in the course of a year's seasons 

(Jumpponen & Jones 2010). Later, the perception of seasonal fungal community dynamics 

was confirmed (Tateno et al. 2014) and even refined temporally by showing rapid changes in 

community composition within one month (Cordier et al. 2012a) and two weeks (Persoh 

2013), respectively. These and further studies (e.g. Davey et al. 2013b, Matulich et al. 2015, 25 

Balint et al. 2015) suggest that plant-associated mycobiomes do not only respond to cyclic 

climatic conditions. Instead it is now widely accepted that observed patterns of fungal 

diversity and composition are a consequence of various, partly intermingling parameters, 

such as geographic position and surrounding vegetation (Hoffman et al. 2008, Lau et al. 

2013) host identity (U'Ren et al. 2012, Unterseher et al. 2013a), substrate age (Voriskova & 30 

Baldrian 2013) and type (Unterseher et al. 2013b), highly specific fungus-plant 

interdependencies (Tian et al. 2014) as well as interactions among members of the entire 

phytobiome (Vandenkoornhuyse et al. 2015). 

 One issue under intensive investigation is the influence of host plant (tree) genotype in 

shaping phyllosphere microbiomes. On the one hand, it was shown that the genetic 35 

fingerprint of Fagus sylvatica (Cordier et al. 2012b) and Populus balsamifera (Balint et al. 

2013) correlates with their fungal communities. On the other hand, host genotype could not 
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explain the composition of foliar bacterial communities in another poplar species, Populus 

tremuloides (Mason et al. 2015). The increasing complexity of data and bioinformatic 

procedures for data analysis (VerBerkmoes et al. 2009, Peay 2014) complicates comparability 40 

of studies from different consortia (Meiser et al. 2014) and thus the development of 

generalisations. In addition, many studies employing cultivation independent high-throughput 

sequencing of taxonomically informative marker genes (metabarcoding) were conducted 

within the full spatial and temporal heterogeneity of the natural environment. In contrast 

experiments under modified (i.e. simplified) conditions have revealed fundamental principles 45 

of microbial community functioning (e.g. from an acid mine drainage, Ram et al. 2005) and 

allowed to focus on few hypothesized drivers of community composition (common garden 

experiments, Balint et al. 2015, Mason et al. 2015).  

In concordance with such meaningful research traditions and as described in (Unterseher et 

al. 2016) a semi-experimental field study was established two years ago, in the German Alps, 50 

aiming to reveal fundamental principles of community dynamics and functioning of the 

phyllosphere mycobiome of European beech (Fagus sylvatica) in the leaf-litter continuum 

(http://gepris.dfg.de/gepris/projekt/245215303?language=en). The specific research project 

described here was guided by two main hypothesis; that (i) the origin of host plants 

(contrasting the introduced phytometer trees from northern Germany and the naturally 55 

growing trees) as well as (ii) the local climatic conditions (contrasting a "moderate" valley 

and a "harsh" mountain site) are important environmental response indicators of plant traits 

(i.e. biochemical leaf parameters, see below) and community composition of phyllosphere 

fungi in the course of an entire vegetation period. 

During initial pilot studies two important signals were detected. (i) The leaf mycobiome of 60 

the introduced tree population differed fundamentally from that of neighboring naturally 

growing trees. (ii) Site conditions (here altitude) significantly explained the mycobiome in 

autumn leaves of natural trees. In the following two years, the phytometer trees were 

intensively investigated to assess the influence of site characteristics (altitude, local climate), 

seasonality, leaf biochemistry and leaf age on mycobiome diversity and composition. 65 

 

MATERIAL AND METHODS 

Investigation site, phytometer experiment and field work 

Two experimental "phytometer" units were established at the same mountain slope in the 

Berchtesgaden Alps near the city of Marktschellenberg, Bavaria, Germany (Unterseher et al. 70 

2016). One site was established at 975 m a.s.l. (‘Mountain site’; Lat: 47.683158 Long: 

13.002102), the second site is located at 515 m altitude and represents more moderate growth 

conditions for the tree species (‘valley site’; Lat: 47.712946 Long 13.040101). Within each of 

these two plots, 100 two-years old beech trees ("phytometer trees") were planted with bare 

roots into the natural soil in the beginning of October 2013 and fenced against damage by 75 

herbivorous animals. The phytometer trees were grown in a tree nursery in Northern 
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Germany (“Hans Reinke Baumschulen” in Rellingen near Hamburg) where they experienced 

optimal growth conditions. The trees were expected to have no genetic pre-adaptations to the 

local conditions to which they were transferred (Unterseher et al. 2016).  

In the course of one year sampling was timed in a way to reflect the major succession stages 80 

of the leaves (senescent autumn leaves in October 2013 - one day after planting), young 

developing spring leaves in May 2014, fully mature summer leaves in July 2014 and 

senescent autumn leaves in October 2014. For each sampling event, five phytometer trees, 

which were not used for a previous sampling, were randomly chosen. The same criteria were 

applied for the naturally growing trees near the phytometer sites and the same sampling 85 

events were extended for one year more (2015). From each tree at each sampling event, ten 

leaves with none or as few damages as possible were removed and merged to one sampling 

unit. Physiological key parameters of the sampled vital leaves were assessed by measuring 

area-based chlorophyll (surrogate for photosynthesis rate) and flavonoid contents (surrogate 

for leaf phenols) with a non-invasive hand-held optical sensor clip (Dualex Scientific, Force-90 

A, France). This device also calculated leaf nitrogen content (surrogate for the nutritional 

stage of the leaves). Arithmetic means of eight measures per leaf (base, tip, right, left; upper 

and lower side) and ten leaves per tree were used to correlate leaf biochemistry with climate 

and fungal community signals (see below). 

Leaf material was submerged into 70 % ethanol for three minutes immediately after these 95 

measurements to inhibit activity of epiphyllous microbiota during transport. Leaves were 

stored in paper bags at 4–7 °C. Within 48 h after sampling, leaves were thoroughly surface 

sterilised according to standard methods (Unterseher et al.2013a) and frozen at -80 °C until 

further processing. 

Local habitat conditions 100 

Each phytometer site was equipped with two data logger modules measuring relative 

humidity and temperature of the air (HOBO Pro v2 U23, Onset, USA) four times a day 

(midnight, 6 a.m., noon, 6 p.m.). For analysis and graphical representation (see below) 

arithmetic means of the average, maximal and minimal values were taken on a daily and 

monthly basis, respectively. Pararendzina = Rendzic Leptosols (LPk) over gravel dolomite is 105 

found as soil type at both sides. It is humus-rich with a well-developed topsoil layer (A 

horizon) at the valley site, while the A-horizon is only weakly developed at the mountain site. 

The ground and understory vegetation of the mountain site was mainly composed of Acer 

pseudoplatanus, Picea abies, Daphne mezereum, Cardamine (= Dentaria) enneaphyllos, 

Helleborus niger and Hepatica nobilis. At the valley site, ground vegetation was different 110 

with dominance of Acer pseudoplatanus, Mentha spp., Petasites hybridus, Equisetum 

sylvaticum and Rubus sp. Between October 2013 and October 2015, local climate data 

loggers (see below) recorded an average temperature of 9.0 °C (-7.6 to 36.4 °C) and an 

average relative humidity of 93.9 % (28.0 to 100) at the valley site and 7.6 °C (-5.6 to 

38.8 °C) and 91.4 % (20.8 to 100) at the mountain site. The total number of days with closed 115 

snow cover was 78 for the valley site and almost twice as much (146 days) for the mountain 
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site. This year was free of weather extremes in that area. 

 

 

Fig. 1: Climate diagram 120 

 

DNA extraction and preparation of the Illumina amplicon library 

The fresh frozen leaves were thawn and homogenized in sterile distilled water with a 

commercial blendor, then filtered through analytical sieves in order to separate differently 

sized particles. This procedure was similar to the first part of dilution-to-extinction 125 

cultivation (Unterseher & Schnittler 2009). Approximately 100 µg (fresh weight) of the 100–

200 µm ø sized particles were used for DNA extraction with the Charge Switch® gDNA 

Plant Kit (Invitrogen) following the manufacturer's protocol. The remaining particle mass as 

well as the genomic DNA is permanently stored at -80 °C in our laboratories. 

Preparation of the Illumina amplicon library is described in detail in Unterseher et al. 2016. 130 

Briefly, the full-length internal transcribed spacer was amplified with the universal primer 

pair V9G / ITS4 [45,46], followed by clean-up of the amplicon mix with ExoSap-IT 

(Affymetrix UK Ltd., United Kingdom). The purified ITS amplicons then served as template 

DNA for a first tagged Illumina-specific amplification of the full-length ITS rDNA region 

(PCRTA) with custom-made primers. 135 

The reactions of PCRTA (MangoTaq, Bioline GmbH, Germany) contained 15.6 µl H2O, 5 µl 

buffer (5 x, containing gel-loading dye), 1.7 µl MgCl2 (50 mM), 0.5 µl dNTP (10 mM), 0.5 µl 

primer 1 and 2 (10 mM), 0.2µl polymerase (5 U / µl) and 1 μl of DNA in a total volume of 25 
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µl. Amplification started at 94 °C for 3 min followed by 33 cycles of 94 °C for 27 s, 56 °C for 

60 s, 72 °C for 90 s and final 72 °C for 7 min. PCR products were visualised in 1 % agarose 140 

gels stained with ethidium bromide. Amplicons were purified with ExoSap-IT (Affymetrix 

UK Ltd.). 

The above reagents and stock concentrations were used for the second indexed library PCR 

(PCRIN). The reactions contained 11.17 µl H2O, 5 µl buffer, 1.7 µl MgCl2, 0.5 µl dNTP, 0.75 

µl of each primer, 0.13 µl polymerase and 5 µl of the undiluted purified amplicon mix. 145 

Amplification cycles were kept identical except for primer binding temperature lowered to 

53 °C with 5 cycles and a 10min final elongation.  

Final PCRIN products were visualised on 1 % agarose gels stained with ethidium bromide. 

Band intensity was calculated from the gel images with ImageJ (Hartig 2013). Amplicons 

were pooled in equal DNA quantities, i.e. samples with lower band intensity were added in 150 

proportionally larger volumes than samples with stronger band intensity. The final amplicon 

mix was purified with Dynabeads Sequencing Clean Up Kit (Life Technologies GmbH, 

Germany) and shipped to the Genetics Sections, Biocenter of the LMU Munich, Germany. 

They were prepared for sequencing according to the manufacturer’s protocol 

(http://supportres.illumina.com/documents/documentation/system_documentation/miseq/prep155 

aring-libraries-for-sequencing-on-miseq-15039740-d.pdf). Paired-end sequencing of 2 x 300 

nt with two additional 8 nt index reads and 3 µl of the library was performed on an Illumina 

MiSeq platform (Illumina Inc.). 

 

Bioinformatics workflow 160 

Our bioinformatics workflow, which is described in detail in Unterseher et al. (2016) 

consisted of quality filtering and a demultiplexing step to separate all tag combinations, 

chimera checking, ITS trimming and the separation of ITS1 and ITS2 sequence data. For the 

present study, ITS2 reads were ignored. Operational taxonomic unit (OTU) picking at 97 %, 

taxon assignment, phylogenetic analysis and biodiversity analysis (see below) continued with 165 

ITS1 data. All steps were accomplished using Qiime as the main analytical backbone 

(Caporaso et al. 2010; Navas-Molina et al. 2013 including usearch [Edgar 2010] for OTU 

picking). The fastx toolkit (fastx_renamer, available at 

http://hannonlab.cshl.edu/fastx_toolkit/download.html, last accessed 08/2015), a Perl script to 

rename FASTA headers (Bálint et al. 2014), the ITS extractor (Bengtsson-Palme et al. 2013) 170 

and reference data sets for chimera checking (Nilsson et al. 2015) and taxon assignment 

(Køljalg et al. 2013) were also used.  

All steps and commands are available as commented supporting information in Unterseher et 

al. 2016. Representative sequences are available as supporting information 1. The raw 

Illumina reads are provided under the SRA Accession ##. 175 

A spreadsheet master data file was then generated from two major output files (the final OTU 

76



table and the representative sequence FASTA file; see supplementary information 1). These 

data were conservatively curated by removing all tentative non-fungal OTUs (those returning 

“unassigned” during automatic taxon assignment), unique OTUs (OTUs occurring in only 

one sample regardless of the number of reads) and OTUs with less than 5 reads over all 180 

samples (cf. Brown et al. 2015). This ITS1 data set was used for the biodiversity analyses. 

 

Biodiversity analysis 

The first five Hill numbers from Hill's series of diversity (H0 = richness, H1 = exponent of 

Shannon index, H2 = inverse Simpson index) were used for the diversity analysis of the 185 

present data. 

Most of our analyses used the entire contiguous range of available data, such as elevation, 

tree age, long term tree growth response, tree height, or crown volume), but the 

corresponding visualisations (box plots, ordinations) focused on the categorical pairs “forest-

tree line” (instead of elevation) and “positive-negative responder trees” (instead of long-term 190 

tree response). 

The entire curated dataset was used for the analysis of community composition, although 

there are persuasive arguments for focusing on the core assemblage, since a few core OTUs 

generally contribute disproportionately much to community dynamics and ecosystem 

functions (Gibson et al. 1999). However, a thorough consideration of the various 195 

interpretations of core-satellite species hypotheses (Hanski 1982, Magurran & Henderson 

2003) was beyond the scope of this paper; for exemplary application of the core-satellite 

theory to molecular data please refer to Galand et al. (2009), Unterseher et al. (2011) or 

Bálint et al. (2015). 

Community composition was assessed by applying nonmetric multidimensional scaling 200 

(NMDS) and principal coordinate analysis (PCO) based on Bray-Curtis dissimilarities of 

square root transformed read abundances. The distinctiveness of fungal assemblages in 

different sub-datasets (i.e. forest vs. treeline, negative vs. positive responders and the 

respective combinations, like forest negative vs. forest positive responders, etc.) was tested 

using a permutational multivariate analysis of variance (PERMANOVA / adonis, Oksanen 205 

2011). In addition, we used generalised linear models (GLM) to test for significance of 

environmental responses to the multivariate community data (so-called multivariate or 

multispecies GLMs) (Wang et al. 2012, Bálint et al. 2015). 

To determine fungal key taxa, we applied two different approaches. First, we evaluated 

significant linear models of single OTUs (at p = 0.05) to search for taxa whose abundance 210 

correlated with an environmental gradient as a whole (for example, high read abundance at 

low elevation, medium read abundance at medium elevations and low read abundance at high 

elevation). Second, we used Legendre's indval procedure (Dufrêne & Legendre 1997) to 

determine “indicator” OTUs for single variable classes. In other words, the indicator OTUs 
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were defined separately for the forest and treeline habitats. Thus, forest indicator OTUs 215 

would have a significantly higher abundance in all forest trees compared with all treeline 

trees. Results from these two approaches were merged, since an OTU responding 

significantly to an environmental gradient (e.g. low read abundance at low elevation, medium 

values at middle elevations and high values at high elevation) will be detected with the GLM 

method, but not with the indval analysis. Instead, the latter analysis gives priority to OTUs 220 

with a clear preference for a single variable class (e.g. high abundance at low elevations and 

low abundance in both middle and high elevations). Neither indicator analysis may 

discriminate sufficiently between abundant and rare OTUs. For example, a rare OTU with 10 

reads is represented as an indicator with the highest possible confidence, if all 10 reads were 

recovered from a single variable class (e.g. all from forest trees). On the other hand, an 225 

abundant OTU with 1000 reads will be less significant, if 900 reads were recovered from one 

variable class and 100 from another. To avoid random effects caused by rare Key OTUs, only 

those with more than 500 reads were considered as "true" key players. Those key OTUs were 

manually assigned to known taxa using INSD (Nakamura et al. 2013) and UNITE (Køljalg et 

al. 2013), followed by the assessment of their tentative biology and ecology. 230 

The entire biodiversity analysis was performed in R. All corresponding commands and all 

necessary input data files are available as supporting information SI 2. 

 

RESULTS AND DISCUSSIONS 

Our analytical Illumina workflow resulted in 15,703,599 demultiplexed and quality filtered 235 

ITS1 reads from 165 samples. Clustering at 97% similarity resulted in 1199 OTUs.  

Richness  

Despite a strongly varying sample-based sequencing depth which leaded to strongly varying 

species numbers per sample (fig. 2)  

 240 
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Fig.2. Read counts and correlation between read counts and OTU richness of Fungi 

 

Local climate and leaf parameters 245 

Differences of climatic parameters between valley and mountain were statistically 

insignificant on a monthly basis, but valley data showed constantly higher values than 

mountain values, especially in spring-summer (Figure. 1). When testing against daily 

measures, differences between valley and mountain turned out to be highly significant 
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 250 

Fig. 3. Saisonal measurement of leaf biochemistry of different treatments and sites.  

 

 

 

Community composition 255 

 

Fig. 4. Principal coordinate analysis (PCoA) of fungal leaf-inhabiting endophytes of beech 

display different assemblages obtained from Natural and Phytometer stands (left); natural 

valley and natural mountain sites (middle); phytometer mountain and phytometer valley site 

(right). Mycobiomes of phytometer trees had signifcantly different composition than natural 260 

trees (left). Throughout the vegetation periods of two consecutive years (Oct 2013- Oct 

2015), fungal composition of natural trees at the valley site were significantly different from 

mountain trees (middle). For Phytometer trees, this difference is not visible (right). 

 

 265 
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Fig. 5. Principal coordinate analysis (PCoA) of fungal leaf-inhabiting endophytes of 

Phytometer trees over the five sampling events (Oct 13-Oct14). Throughout the period 

phytometer mycobiomes remained significantly separated from natural mycobiome except 270 

for May 2014. 

 

 

 

 275 

Fig. 6. PCoA demonstrates compositions of comparative community turnover of phytometer 

(A), natural (B) and both stands together (C) for different sampling events over the two years 

(Oct 2013- Oct 2015). A clear turnover or compositional change was seen between three data 

of October for the both phytometer and natural samples (A), where turnover was less 

dispersed for the same October data in natural trees (B), data were partially overlapped for 280 

entire community over the years (C). (D) shows the relative abundance of fungal taxonomic 

orders of beech in both phytometer and natural stands from different sampling events over the 

two years. (D) shows that the phytometer tree and natural trees strongly differ at the starting 

of the year in terms of taxonomic relative abundance which was subsequently dynamic in the 

following seasons but the difference between them finally reduced after one year and 285 

continued until the end of the survey.  
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Summary: 

Tree-way interactions between trees, arboreal endophytes and insect herbivores may help us 20 

understand forest ecosystem function. Salicinoid phenolics vary qualitatively and 

qualitatively in European aspen, because they provide varied substrate for associated 

mycobiomes and attracting leaf beetle specialists, who use the salicinoids for their own 

defence. Salicinoid diversity divides the Swedish aspen population (SwAsp) into three 

distinct chemotype groups. We set up a greenhouse experiment and used culture dependent 25 

fungal isolation method and ITS-sequencing to study foliar endophyte occurrence and their 

association with young SwAsp genets in the absence and presence of Chrysomela tremula 

leaf beetles. With eighteen distinct endophytic morphotypes appearing from surface sterilized 
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leaf pieces on potatoe dextrose agar (PDA) plates, most morphotypes were isolated from the 

tremuloides-like genets, whereas the highest abundance of colonies grew from foliage from 30 

acetyl-salicinoid chemotype genets. Only four morphotypes were isolated in the absence of 

herbivores across all genets, but when beetles were introduced, fungal endophyte richness of 

determined morphs increased to thirteen. The diversity of the endophyte community more 

than doubled in the beetle plants (Shannon index: from 1.72 to 3.69 calculated for genets and 

1.06 to 2.91 calculated for chemotype groups), and aspen genotype specificity and chemotype 35 

association disappeared. Bipartite network analyses suggested that herbivore activities caused 

an increase in link density and connectance properties of the network corresponding to a 

higher degree of generalism. Yeast-like fungi (Cryptococcus, Rhodotorula) could be related 

to the beetles’ presence and activity and they inhibited the growth of Penicillium molds 

whenever they emerged from the same samples. A competition experiments was performed 40 

between two yeast morphs from beetle damaged plants and two mold isolates. Both inhibition 

and enhancement of growth was detected for both kinds of fungi (describe certainty regarding 

morph identity). We could conclude that the mycobiome of aspen foliage strongly relates to 

salicinoid composition, and that herbivore associated fungi enhanced both endophyte 

abundance and richness. The web metrics of the herbivore-altered mycobiome was less 45 

specialised compared to that of control plants, and therefore potentially more affected by 

antagonistic relationships, which corresponded to the competition tests. 
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Introduction 

Plant tissues host hidden, complex and dynamic endophyte assemblages (mycobiomes) 50 

(Saikkonen et al., 1998 ; Ragazzi et al., 2003; Heil, 2008; Jumpponen & Jones, 2009; 

Unterseher & Schnittler, 2010) and the function of these communities is neither simple to 

analyze nor well understood (Clay & Holah, 1999; Stone et al., 2000; Arnold, 2007; Hyde & 

Soytong, 2008; Albrectsen et al., 2010; Yuan et al., 2010; Hardoim et al., 2015), 

Morphology, anatomy and the life history  of the host may partly explain the endophyte 55 

composition, which is also considered to associate with the chemical constituents of the host 

plants (Petrini & Fisher, 1990; Bailey et al., 2005; Paulus et al., 2006; Porras-Alfaro & 

Bayman, 2011; Huitu et al., 2014; Lamit et al., 2014; Unterseher et al., 2016). Environmental 

factors like nutrient availability (Maestre et al., 2005; Kerekes et al., 2013), growing place 

(Elamo et al., 1999; U’Ren et al., 2012; Unterseher et al., 2013); and biotic interactions 60 

(Faeth & Hammon, 1996; Lappalainen & Helander, 1997; Elamo et al., 1999; Ahlholm et al., 

2002; Herre, E. A. et al., 2007; Coblentz & Van Bael, 2013; Huitu et al., 2014) further define 

the mycobiome. Thus, although causal relationships between plant chemical set-up and 

endophytic composition are still relatively understudied (Huang et al., 2008), there is ample 

evidence that endophytes make up a biologically active, dynamic layer between the host and 65 

the surrounding environment (Albrectsen & Witzell, 2012; Baynes et al., 2012; Blumenstein 

et al., 2015). 

Endophytes in plants other than cold-season grasses are usually horizontally transferred 

through passive, mostly aerial dispersal of fungal spores or hypha. The fungi must therefore 

continuously colonize and associate with appropriate hosts, which mean that they must 70 

overcome the defense properties of the host they land on and invade. This together with their 

often hidden life style implies that endophytes are probably more than tourists in the plants, 

and their functions likely range from mutualistic to antagonistic or pathogenic (Schulz & 

Boyle, 2005; Arnold, 2007). Endophytes’ ability to produce bioactive substances may also 

contribute to the hosts’ own defense (Strobel, 2002; Strobel, 2003; Gunatilaka, 2006; 75 

Kaltenpoth, 2009; Aly et al., 2010), and the diversity of bio-synthetic abilities of fungi has 

received much attention for their applied values when for example prospecting for new drugs 

and biocides (Azevedo et al., 2000; Schulz et al., 2002; Huang et al., 2007; Gangadevi & 

Muthumary, 2008; Huang et al., 2008; Staniek et al., 2008).  

 80 
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The plenteous mycobiome of plants has traditionally been surveyed either through culture 

dependent methods that include sterilization to eliminate growth by epiphytic organisms or 

more recently through metagenomics techniques where strings of fungal DNA or RNA are 

catalogued as operational taxonomic units. Each method has its own benefits and 

shortcomings (Unterseher & Schnittler, 2009; Albrectsen & Witzell, 2012), and although 85 

cultivation approaches are time consuming and deemed to undersample (Siddique & 

Unterseher, 2016), they may still provide a valid method for surveys of mycobiome function, 

bioprospeting analysis and impact of host and environment. Technically, endophyte species 

richness may be evaluated by comparing tissues or treatments with the use of accumulation 

curves(Peay et al., 2010; Unterseher et al., 2011; Cordier et al., 2012; Zimmerman & 90 

Vitousek, 2012) or network analyses (Arnold et al., 2009; U’Ren et al., 2010; Gazis et al., 

2011; Toju et al., 2014). Bipartite networks may in particular be used to link host plant 

genetics or chemistry to associated communities of fungal morphs, and the resulting metrics 

of the networks enable a comparison of the relationships between the two parties (Marba, 

2012; Unterseher et al., 2012; Ikeda et al., 2014; Toju et al., 2014; Chagnon et al., 2016). 95 

 

European Aspen (Populus tremula) is an important species throughout Europe and Asia, 

which in Sweden mainly associates with specialist arthropod consumers (Robinson et al., 

2012; Robinson et al., 2015). Aspen is an out-crossing deciduous tree species, which 

colonized the Scandinavian peninsular both from north and south during postglacial time (De 100 

Carvalho et al., 2010; Bernhardsson & Ingvarsson, 2012). Specific defence genes and the 

general metabolism of aspen, as measured with a non-target metabolomics screening of 

greenhouse grown trees, divides the Swedish aspen population into a northern and a southern 

subgroup (Bernhardsson et al., 2013). The distribution of salicinoid defined chemo-type 

groups, however, shows no evidence of the invasion history (Keefover-Ring et al., 2014). 105 

Salicinoids are highly heritable (Abreu et al., 2011; Keefover-Ring et al., 2014) and in 

Northamerican Aspen (P. tremuloides) they strongly associate with generalist defoliators. 

This association is apparently absent in the Scandinavian population of P. tremula. Whether 

this is due to a lack of defoliating generalist arthropods in this region of the World (Robinson 

et al., 2012) or since P. tremuloides only represents one of the salicinoid chemo-type groups 110 

(the tremoloides like chemotype group) that are characteristic of P. tremula, remains to be 

studied. In a collection of young aspen trees, species richness and diversity of arthropods, 

positively correlated with growth but negatively with latitudinal origin of aspen from the 
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SwAsp collection (Robinson et al., 2012) and two common pests were reversely related to 

origin (Albrectsen et al., 2009). Moreover, the relationship between chewing damage and 115 

some endophytes were negatively associated (Albrectsen et al., 2010). Among the main 

chewers on aspen leaf beetles sequester (at varying degree) salicinoid compounds for their 

own defence (Boeckler et al., 2011; Pentzold et al., 2014).  

 

The origin of several endophytic fungi are entomophagous or in other ways associated with 120 

animal life, often as symbionts that for example produce important nutrients to their host 

insects or degrade products like wood for their use (Graham, 1967). While such relationships 

may be overly important for ecosystems functioning, the part that endophytes play have 

usually been ignored (Arnold et al., 2000; Albrectsen & Witzell, 2012; Hammer & Van Bael, 

2015; Unterseher et al., 2016). Here we hypothesized that the interplay between hosts and 125 

specialist beetles like Chrysomela tremulae that positively associate with salicinoid 

compound, and use them for defence in their secretion, could potentially shape or interfere 

with endophyte communities of their host in mutualistic or antagonistic ways. we also 

hypothesized that genotype and / or chemotype characteristics of aspen influence the 

endophyte community structure of aspen leaves. We secondly hypothesised that the beetles 130 

might carry particular fungi that could potentially interact with the fungal endophyte 

community. In particular, we looked for evidence of competitive relationships among fungi 

of respectively plant and herbivore origin. 

 

Material and Methods 135 

Plant material 

We selected eight genotypes of P. tremula and used a cultivation-based approach and surface 

sterilised leaves to kill epiphytic fungi, before isolating fungal endophytes on agar plates 

from control plants and from plants damage by the specialist aspen beetle, Chrysomela 

tremulae. 140 

The SwAsp genets 7, 14, 18, 23, 52, 60, 65 and 100 represent the three main chemotype 

groups of European aspen with genets originating from all parts of Sweden. Generic values of 

for the salicinoid profile were calculated on the basis of several replicates from field and 

greenhouse experiments as documented in Keefover-Ring et al. (2014). The generic 
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salicinoid contents were calculated as the added amounts of the salicinoid compounds from 145 

this profile (all indicated in mg per g leaf dry weight). A summary is presented in Table 1. 

The main salicinoid compounds were evaluated after standards and the less common 

compounds (referred to as other salicinoids in Table 1) with the use of salicin equivalents. 

The four main compounds (salicortin, tremulacin, salicin, and tremuloidin) are always present 

in aspen foliage and more complex compounds with cinnamoyl- (characteristic of the CN 150 

group) or acetyl (characteristic of the AC group) –moieties attached to the molecule are 

represented by the most abundant signature compound 2’cinnamoyl-salicortin and 2’acetyl-

salicortin, respectively.  

Experiment 1. The aspen genets were in vitro propagated, and on 7th October 2011 transferred 

to soil with K-jord potting compost (Hasselfors Garden, Örebro, Sweden) in 1 l pots. The 155 

plants were grown in the greenhouse (Umeå) at 70% RH and under 21 hours light conditions. 

Plants were placed randomly on tables and positions rotated bi-weekly. The plants were 

watered manually until 17 October, where after they were drip irrigated.  

On 14 November eight plants per genotype were exposed to aspen leaf beetles, Chrysomela 

tremulae in a mousseline tent. The rest of the plants stayed outside the tent under similar 160 

growing conditions. Two leaves per plant were harvested during December 2011 and kept at 

4°C (maximum four days) before surface sterilization. For practical reasons, fungal morphs 

from the control plants were isolated first and from beetle-damaged plants later. Although 

beetles had heavily chewed on the experimental plants, intact or less damaged mature leaves 

could be sampled from between six to eight replicate individuals of each of the eight SwAsp 165 

genotypes under test. Six leaf pieces per plant were arranged on PDA plates (Potato dextrose 

agar, PDA Merck KGaA, Germany); with a total 62 plates, each one representing an 

experimental plant. 

Experiment 2. To repeat the experiment, ensuring simultaneous sampling from beetle-

damaged plants and controls, a second experiment was initiated (10th July 2012) with ten 170 

SwAsp plants (genotypes 18 and 65). All plants were covered with fabric nettings and six 

randomly chosen plants subjected to beetle feeding (five beetles per plant). Isolation of fungi 

took place on August 1st 2012. 

 

 175 
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Beetle material 

Specialist aspen leaf beetles (Chrysomela tremula) had been collected during the summer 

2010 in the vicinity of Umeå and had been reared on the P. tremula hybrid T89 in the 

laboratory at Umeå Plant Science Centre for more than one year (> six generations). An even 

sex ratio was considered, and no attention was paid to separate the herbivores after sexual 180 

reproduction. To obtain information about specific fungi that the beetles might introduce to 

the plants, five beetles were surface sterilized according to the published method (Albrectsen 

et al. 2010) and then dissected under a sterile hood and cut into segments that were placed on 

PDA plates. Beetles were also released into petri dishes under sterile conditions at two 

occasions to identify germs connected to beetle presence and activity.  185 

 

Isolation of culturable endophytes 

Culturable fungal endophytes were isolated as follows. Leaves were first submerged in 70% 

ethanol for 5 seconds, then in 2% sodium hypochlorite for 4 minutes and thereafter rinsed 

twice in distilled water for 10 seconds. Under the laminar hood (KOJAIR, 0,50m/s airflow) at 190 

asceptic conditions leaves were then cut into ca. 1 cm2 pieces, that were placed on potato 

dextrose agar plates. Samples were incubated in a growth chamber (Leec) at 26°C. The 

fungal colonies that appeared on the plates were morphotyped on the basis of colony 

structure, morphology, and growth pattern (Supporting Information Table S1). Their growth 

and numbers were assessed every second day for 2 weeks.  195 

 

Competition experiment between yeast like and filamentous fungi 

To investigate fungal interactions between two plant related and two beetle related fungal 

morphs (mold vs yeast), a competition experiment was performed. The morphs were paired 

yeast versus mold on PDA plates. In each petri dish, mycelia (0.5cm²) from the paired 200 

morphs were placed at 2.5 cm distance from each other. As controls, single morphs were also 

inoculated on separate PDA plates. To calculate the least number of replicated plates needed 

to statistically signify competitive relationships five petri dishes were initially set up of each 

combination 4x5 with single morphs and 4x5 with combination of morphs. Petri dishes were 

sealed with parafilm and incubated at 26°C. 205 
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Fungal DNA extraction and sequencing 

Fungal mycelium of each morph was carefully scrapped from the PDA plates and grounded 

in 2ml Ep-tubes in liquid nitrogen. DNA extraction was performed with “E-Z 96 fungal DNA 

kit” (Qiagen) following the manufacturer’s protocol. DNA yield and quality was measured 

with Nano-drop spectrometer (Thermo scientific). Oligos included: ITS-F 210 

(CTTGGTCATTTAGAGGAAGTAA) paired with ITS-R (TCCTCCGCTTATTGATATGC), 

and nuSSU-F (TTAGCATGGAATAATRRAATAGGA) paired with nuSSU-R 

(TCTGGACCTGGTGAGTTTCC), and they were synthesized in Cybergene 

(www.cybergene.se) 

 215 

Each PCR reaction mixture contained 50ul of 10xPCR buffer,1 μM primer, 0.2 mM dNTPs, 

1.5 mM MgCl2, 1.25U Taq polymerase and 1ng/μl fungal DNA.  PCR program: 95°C for 5 

minutes; 33 cycles of 95°C for 30sec, 51°C for 30sec, 72°C for 30 sec and 72°C for 10 min. 

PCR samples were kept at 4°C before analysing via gel electrophoresis on 1.5% Agarose 

(BIO-RAD) gel and visualizing under UV light with 0.1% GelRed (GelRedTM Nucleic Acid 220 

Gel Stain, 10,000X in DMSO). PCR products were purified with QIAquick PCR purification 

kit (Qiagen) according to protocol and were delivered to Eurofins/mwg operon 

(http://ecom2.mwgdna.com) for sequencing. Sequence data were blast at NCBI database 

(http://www.ncbi.nlm.nih.gov/) and in yeast genome database 

(http://www.yeastgenome.org/cgi-bin/blast-fungal.pl. The search standard was “nucleotide 225 

collection nr/nt”. No filter was used and the best blast hit and maximum percentage of 

matching (>97%) for ITS region was used as standards to identify fungal species.  

 

Statistics 

Chi-square tests were used to compare fungal composition related to genotype and chemo-230 

type group, and together with t-tests and Anova models analyzed with the software JMP.  

Bipartite network graphs and interaction matrices were visualized using “plotweb” function 

of the bipartite package in R (Dormann et al., 2008). The data for the network metrics and 

figures were mean frequencies of biological replicates.   
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Results 235 

In total, 22 fungal morphotypes were distinguished based on colour, texture and growth 

(Supporting Information table S1). Regardless of the association with chemotype group 

association, the total number of fungal morphs that had been isolated from a genet negatively 

correlated to its generic salicinoid values (S), which as the sum of salicinoid compounds in 

mg/g leaf dry weight (Table 1, Linear regression: number morphs = 8.12- 0.67*S; R2= 0.38; 240 

Figure 1). 

 

Determination of fungi 

A total 53 Morphs from 83 plates were obtained from all isolation events. A total 35 morphs 

were identified after DNA extraction, PCR amplification and BLAST search. Eight genera and 245 

fourteen distinct species were determined on the basis of nucleotide matching on NCBI 

database (http://www.ncbi.nlm.nih.gov/) and in yeast genome database 

(http://www.yeastgenome.org/cgi-bin/blast-fungal.pl (Table 2). A phylogenetic tree 

constructed based on morph identity and isolation history showed the distinct separation 

between Ascomycetes and Basidiomycetes fungi, and accompanied with beetle presence, the 250 

latter appeared as well as number of fungal species increased (Figure 2). 

 

Fungal morph relationship to genotypes and chemo type groups 

Experiment 1. Fungal growth emerged on thirteen out of 32 plates representing eight fungal 

morphs from control plants (Table 2, SI table 1). Fungal morph richness displayed a genotypic 255 

specific pattern (Likelihood ratio: N=32, df=7, χ2=18.643, P>χ2=0.0094) with no fungi 

emerging from genotypes 18 and 23. The most abundant Morph Penicillium brevicompactum 

(morph id: C, G-H) grew on 25 percent of the plates but only from tissue from a few SwAsp 

genotypes: 14, 52, 60, 65, and 100 (Likelihood ratio: N = 32, df = 7, χ2 = 21.45, P > χ2 = 

0.0032; genotypes are ranked after fungal prevalence, throughout).  260 

 

From beetle-damaged plants, within 1-2 days colonies had emerged on all plates and fourteen 

distinct fungal morphs appeared (Table 2). Abundance varied between 1-4 colonies per leaf 

piece, and unlike for the control plants, the genet impact could not any longer be distinguished 
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by the morphs that grew from them (ANOVA F61, 7: 0.83, P = 0.57). Specific fungal morphs 265 

were however associated with certain genotypes when analysed one by one: Morph 

Basidiomycota (morph id C1, C2) grew only from genotypes 14, 18, and 100 (Likelihood ratio: 

N=62, df=7, χ2=25.48, P> χ2=0.0006). Morph C8 from the genotypes 18, 52, and 100 

(Likelihood ratio: N=62, df=7, χ2=14.1, P>χ2=0.049). Morph Cryptococcus sp was restricted 

to genotypes 100 and 65 but without strong evidence of genotype preference (Likelihood ratio: 270 

N=62, df=7, χ2=12.29, P> χ2=0.09). The most abundant morph, Morph Penicillium expansum 

that emerged on 86 percent of the plates, did not show any genotype preference (Likelihood 

ratio: N=62, df=7, χ2=7, 96, P> χ2=0.34).  

 

Network analyses 275 

 (Figure 2.) The networks became more complex in the presence of Chrysomela beetles, 

supporting the change from an initial relationship between both genet and chemotype group 

and the associated endophyte community in the absence of the beetles (Figure 3 -beetles), and 

a lack of the same in the presence of beetles (Figure 3 +beetles). Network metrics confirmed 

the decrease in heritability and increase in diversity and linkage density with the added beetles 280 

(Table 3). 

Experiment 2. SwAsp clones 18 and 65 had been selected for simultaneous sampling of leaves 

from control and beetle treated plants and a small sub study was performed to verify that beetle 

damage increased the richness of fungi (Table 4). We expected more fungal morphs on beetle 

plants than on controls. On average, we found 9±1.08 fungal morphs per tree (~2.54 morphs 285 

per segment) with beetle damaged plants having 12.67±1.38 (1.8 morphs per segment). The 

difference in number of morphs per genotype was on average -1.74 morphs per segment (Welsh 

t- test, assuming unequal variances, one-tailed t=2.09; df=7.99; P>t 0.035). 

 

Beetle associated fungi and their interaction with plant mycobiota 290 

The yeast-like morphs of Basidiomycota and Cryptococcus sp had not been observed in leaf 

tissues of control plants, but they thrived on Chrysomela damaged plants. Growth of the 

predominant mold (Morph Penicillium expansum) grew to only 53.7 percent of its potential 

size when it co-occurred with yeast-like morphs (Basidiomycota or Cryptococcus sp) (t Test; 

N=54; df=52, t = -5.36; P> 0.0001; R2=0.36). This inhibition could both be recognized when 295 
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comparing genotypes (Figure 4a) and when grouping the genotypes after their genotypic 

characteristic phenolic profile (Figure 4b).  

Penicillium brevicompactum from the control plants and Penicillium expansum from the 

damaged plants were paired in another experiment with the yeast like morphs Basidiomycota 

and Cryptococcus sp.  (Table 4). P. expansum appeared to be limited by the yeasts and the 300 

yeasts were either limited by or in-different to the molds, whereas P. brevicompactum was 

potentially limited by yeast Cryptococcus sp and favoured by yeast Basidiomycota. The table 

4 summarizes the results from t-test comparisons between fungal morphs when grown alone 

(Figure 5) and in competition with another morph.  

Discussion: 305 

In this study, we linked the diversity, abundance, and competitive interactions of culturable 

endophytic fungi in Aspen leaves (Populus tremula), in the presence and absence of a 

specialist herbivore. We showed that the mycobiota is significantly correlated to salicinoid 

composition and to genet identity of the host tree. Specialized leaf beetles like Chrysomela 

tremulae interfere with the endo-fungal community in the leaves. Moreover, this interference 310 

may force the inter-relationship between the plant and its microbiome to change a more 

specialised, heritable and potentially mutualistic kind of network towards a dominance of 

more general and potentially antagonistic associations. 

 

Endophyte mycobiota association with salicinoid profile 315 

The number of fungal species that were determined in this study are similar to that found for 

other studies (Albrectsen et al., 2010). New molecular methods are promising to get a better 

understanding of the mycobiota and the information may include the majority of culturable 

endophytic fungi (Unterseher and Schnittler, 2010). We hypothesised that genotype and or 

chemotype characteristics of aspen may influence the endophyte community structure in the 320 

leaves and found that endophytes indeed decrease with increasing levels of salicinoids. 

Phenolic foliar concentrations in the leaves and endophyte morph richness has been 

suggested for populations of broad leaved trees like oak (Faeth & Hammon, 1996). In a 

cotton wood hybrid zones (Bailey et al., 2005) reported a strong relationship between genetic 

structure, condensed tannin levels in the bark of twigs and culturable fungal endophytes from 325 

the twigs. Salicinoids are highly heritable defence compounds of the Salicaceous (Boeckler et 
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al., 2011; Keefover-Ring et al., 2014), Decker et al. in press), that function as defence against 

mainly generalist herbivorous insects (Lindroth et al., 2007; Boeckler et al., 2011). We could 

also confirm our hypotheses that the salicinoid chemical profile in our young aspen plants 

shaped the endophyte mycobiota both quantitatively and qualitatively. Firstly, the number of 330 

morphs were negatively correlated to generic representations of salicinoid compounds for the 

same genet. Secondly, we found that our chemo type groups were associated with particular 

morphs and in addition to that, we found that more distinct endophytic morphs could be 

isolated from the less complex tremuloides-like salicinoid profile, when compared to genets 

with more diverse salicinoid profiles (the actyl- or cinnamoyl-embellished ones). The 335 

moieties that define the phenolic glycoside salicinoids are well known to determine their 

toxicity and palatability. The HCH moiety on salicortin and tremulacin for example defines 

the toxicity to herbivores, even at low concentrations ((Lindroth et al., 1988; Reichardt et al., 

1990; Boeckler et al., 2011). Lindroth et al. found that tremulacin greatly reduced herbivore 

survival and performance and suggested that the benzoyl group synergizes the toxic effect of 340 

the HCH group. Similarly, the cinnamoyl and acetyl groups have been suggested to also 

synergize the effects of the HCH moiety on the relevant molecules, 2’-cinnamoylsalicortin 

and 2’-acetylsalicortin (Keefover et al. 2015) (Keefover-Ring et al., 2014). Our results when 

it comes to species richness of endophytes confirm that the more diverse salicinoid profiles 

could potentially be more challenging for the mycobiota.  345 

 

Beetle associated fungi and network consequences 

Herbivorous specialist Chrysomela beetles enriched the mycobiota with new morphs, which 

were not isolated when plants were grown in the absence of the beetles. The abundance of the 

fungal endophytic morphs that grew from leaves of damaged plants also increased. We were 350 

concerned that the increase in richness and abundance could have been an artefact of 

differences between sampling times of the control plants and the herbivore exposed plants 

(Van Bael et al., 2009), and therefore we conducted an additional experiment on a limited 

number of plants, which confirmed that beetle presence and activities resulted in morph 

enrichment and in an increase in morph abundance. Chewing damage will elicit a JA 355 

response in the leaf and lower SA responses and the fungal infections could be facilitated by 

a weakened pathogen defence pathway (Verhagen et al., 2004; Herre, Edward Allen et al., 

2007; Pozo et al., 2011). Endophytes are believed to enter the tissues of their hosts through 
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stomata openings or through wounds or damaged cells (Wilson, 2000; Hallmann, 2001; 

Suzuki et al., 2005; Zhan et al., 2007; Melotto et al., 2008), and the chewing will disrupt cells 360 

and make interior plant parts more accessible for spores and hyphae of the fungi. Horizontal 

non-clavicipitaceous endophytes mostly infest locally 

(http://link.springer.com.proxy.ub.umu.se/book/10.1007/978-94-009-0189-6) but examples of 

systemic life styles, similarly to those of the well-studied systemic clavicipitaceous grass 

endophytes (Neotyphodium and Epichloë, Clay (1988)), have also been detected in dicot 365 

plants, for example in a Asteraceae system (Hartley et al., 2015). Tree-way relationships that 

involve trees, insects and fungi are well established for wood living species (Graham, 1967) 

in which the interaction between the insect and fungus may range from mutualistic to 

antagonistic as an adaptation to a life history of colonizing highly stressed and dead trees 

(Kopper et al., 2004; Biederman et al., 2014). Interactions between insects and fungi in the 370 

phyllosphere are less studied, but there are indications that insects may avoid leaves with 

high abundance of endophytic fungi (Van Bael et al., 2009; Coblentz & Van Bael, 2013) 

although not always (Faeth & Hammon, 1996). The interactive relationships between a plant, 

an insect and the mycobiota may depends on environmental factors (Hofstetter et al., 2007) 

but also upon the perspective of the study (Albrectsen and Witzell, 2012). Endophyte 375 

mutualism with the host may for example mean antagonism with the insect. Van Bael (2009) 

reported stage dependency in the relationship between the leaf beetle Chelymorpha alernans 

that did not respond negatively in the adult stage to the common endophyte Glomella 

cingulate in leaves of the tropical vine Merremia umbellate, however the fecundity of the 

beetle decreased with endophyte load that was also lethal to the larvae stage of the beetle. It is 380 

likely that the beetle associated endophytes of mainly yeast character that we found in our 

study may play similar diverse roles for Chrysomela tremulae. However, this is not the focus 

here, which is why we only analysed the interrelationship between host and endophytes that 

had the beetles as vectors and endophytes. 

 385 

Evidence and potential consequence of competitive relationships between aspen and beetle 

associated mycobiota 

We particularily looked for evidence of competitive relationships among aspen genotype and 

fungi of respectively plant and herbivore origin. Under the assumption that mutualism 

favours higher host specificity compared to antagonism (Kawakita et al., 2010) network 390 
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analyses may suggest which qualities that characterise bipartite community relationships 

(Bascompte et al., 2006). We found that the mycobiota that had formed in the leaves after 

herbivory were less associated with the genetic or chemical background of the host, which 

suggests that the relationship between these young aspen trees and the mycobiota of their 

phyllosphere developed an increasingly common and potentially antagonistic structure. 395 

Exactly, what this means is questionable. If we for example consider life length of a leaf, then 

the change in life length in any direction (shorter or longer) could in an ecological 

perspective be argued to be both beneficial or non-beneficial to the host; abscission will for 

example impede photosynthesis but potentially speed up recycling of nutrients. Similarly, 

prolonged attachment of an infected leaf on a plant may enhance the risk of subsequent 400 

infection, but at the same time ensure the continued production of photosynthates. Rather 

than characterising the host endophyte relationship in terms of mutualism and antagonism we 

therefore prefer to conclude that the interaction network increased in complexity in the 

presence of beetles, with a resulting increase in linkage density, and the considerable overlay 

of fungi caused by the beetles’ activity efficiently masked the underlying more host specific 405 

associations. The changes in web structure may be transient or local for most horizontal 

endophytes, and the duration ephemeral. The participants in the web are also likely to interact 

with each other and continuously alter the endo-fungal community. We could confirm that 

specific yeasts, that had the beetles as vectors indeed interacted with plant associated molds, 

both when the fungal colonies initially emerged from the surface sterilized leaf pieces and 410 

also in later experiments. We also demonstrated that although the initial relationships 

between endophytic fungi may be predominantly inhibitory, the experimental tests on agar in 

petri dishes may not be complete for determination of the relationships in the phyllosphere. 

Future studies will challenge specific effects of the environment on the relationship between 

aspen genets, beetles and the associated mycobiota. 415 
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Figures and tables 

Table 1. The Aspen (P. tremula) genets of this study represent the three main chemotype 

groups detected in the Swedish Aspen collection, Swasp based on salicinoid content. 

Salicinoids are diverse and highly heritable phenolic glycosides and estimated mean 420 

salicinoid concentrations are presented in mg/g leaf dry mass (Keefover-Ring et al., 2014). 

The tremuloides-like genets (TL) contain four salicinoids (Salicortin, Tremulacin, Salicin, 

and Tremuloidin). 2’cinnamoyl- and 2’acetyl- phenolic characterize the chemotype groups 

CN and AC. Salicinoids that are only present in small amounts in the genets were summed 

under "other Salicinoids". Salicinoid profile illustrates genet specific salicinoid compositions. 425 

Values refer to mg/g DW. 

 

Author note: Table in Kens Plos values.xls 

 

  430 

SwAsp         
clone

                               
Salicortin

                                
Tremulacin

                                         
Salicin

                                  
Tremuloidin

2'cinnamoyl 
Salicortin

 2'acetyl 
Salicortin

other 
Salicinoids

Salicinoid 
Profile

65 AC 6.3 3.8 1.2 0.1 5.4 12.1 2.4
60 AC 30.4 28.4 3.0 2.6 0.2 26.2 8.5
52 CN 18.7 6.0 3.1 1.4 12.9 2.8 2.3
23 CN 31.0 12.2 3.6 0.8 24.5 1.5 2.5
14 CN 35.3 13.3 5.1 1.4 26.3 1.7 7.0

7 TL 7.6 6.1 1.1 1.3 0.0 0.3 1.3
100 TL 18.0 17.4 3.5 3.9 0.0 0.6 2.9

18 TL 38.0 47.4 8.1 9.3 0.1 1.7 6.5
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Table 2. Putative taxon from ITS-unites of morphs isolated from varied experiments. Short 

characteristics of each Morph ID is supported in the S1 information with a full description of 

colour form and growth. Fungi were isolated from aspen leaves from controls and plants that 

had been exposed to beetle chewing in two experimental set-ups. Surface sterilised beetles 

were dissected to promote growth of internal micro-biome, and or external fungi were 435 

isolated from beetle activity on agar plates under sterile conditions in the hood (light 

treatment?) and at room temperature in the open.  

 

Morph ID Character Tissue Treatment Putative taxon 
ID 

artwork 

A1+A2  Leaf Control Acremonium A 

A3  Leaf Control n.a. B 

A4+A7-A10 Mold Leaf Control 
Penicillium 

brevicompactum 
C+E-H 

A5+A6  Leaf Control n.a. D 

A11+A12 Mold Leaf Beetle 
Penicillium 

brevicompactum  
α 

B1-B3  Leaf Beetle n.a. β 

B4+B5 Mold Leaf Beetle 
Penicillium expansum 

strain 
χ 

B6  Leaf Beetle n.a. δ 

B7+B8  Leaf Beetle n.a. η 

B9+B10  Leaf Beetle n.a. γ 

B11+B12+ 

C8 
 Leaf Beetle 

Arthrinium 

phaeospermum 
ι 

C1+C2  Leaf Beetle Basidiomycota ε  

C3+C4  Leaf Beetle n.a. κ 
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C5  Leaf Beetle n.a. Μ 

C6  Leaf Beetle n.a. μ 

C7  Leaf Beetle n.a. ν 

C9  Leaf Beetle n.a. π 

C10 Yeast  Leaf Beetle Cryptococcus sp σ 

C11 Mold Leaf 2nd exp Penicillium sp.  

C12  Leaf 2nd exp Trichocomaceae  

D1+D3-D10  Leaf 2nd exp n.a.  

D2 Yeast Leaf 2nd exp Cryptococcus sp  

D11-D12  Beetle Internal n.a.  

E1-E5  Beetle Internal n.a.  

E6 Mold Beetle External1 Penicillium sp  

E7+E8  Beetle External1 n.a.  

E9 Mold Beetle External1 Penicillium chrysogenum  

E10 Yeast Beetle External1 Rhodotorula sp  

E11+E12  Beetle External2 n.a.  

F1  Beetle External2   Trichoderma viride  

F2+F3+F7  Beetle External2 n.a.  

F4  Beetle External2 Arthrinium sacchar  

F5 Mold Beetle External2 Penicillium spinulosum  

F6  Beetle External2 Hypocrea lixii  

 

 440 

Table 3. Network metrics for bipartite networks calculated between aspen genets and their 

associated in the presence (+beetles) and absence of herbivory by Chrysomela tremulae 
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(controls). . Analyses were performed dividing the genets after their SwAsp identity (GT; 7, 

14, 18, 23, 52, 60, 65, 100) and salicinoid chemo-group belonging (Chem; AC, CN, TL) and 

endophyte association. Table values are calculated fit networks in Figure 2. 445 

 

 Controls +Beetles 

 GT Chem GT Chem 

No. morphs 4 4 13 13 

Connectance 0.33 0.50 0.50 0.74 

Links per morph 0.80 0.86 2.48 1.81 

Nestedness 29.57 17.87 31.39 5.22 

Linkage density 2.18 1.54 5.50 4.50 

Shannon diversity 1.72 1.06 3.69 2.91 

Heritability H2 0.96 0.75 0.25 0.15 

 

Table 4. First competition experiments in growth was evaluated between endophytic fungi 

and fungi carried by Chrysomela beetles when grown on the same agar plates. With five 

plates per combination of fungi a limiting effect by mold fungi (C and ε) on one of the yeasts 450 

(σ) . Both yeasts  (ι and σ) enhanced the growth and spore dispersal of one mold (ε)  and also 

suggests to limit one of the molds (C) if the number of replicates are enhanced to more than 

40. 

Effect on C (LSN) on χ (LSN) on ε (LSN) on σ (LSN) 

by C - - - - 
limits 

P<0.21 
(24) 

limits 

P<0.006 
(5) 

by χ - - - - 
enhances 

P<0.75 
(356) 

limits 

P<0.024 
(5) 
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by ε 
limits 

P<0.27 
(30) 

enhances 

P<0.002 
(5) - - - - 

 By σ 
limits 

P<0.36 
(44) 

enhances 

P<0.34 
(40) - - - - 

 

Figure 1. Relationship between generic salicinoid content in a genet and the number of 455 

morphs (fungal richness) of the isolates from each genet. The generic salicnoid values are 

summed information from Table 1.  

 

Figure 2. Phylogenetic tree providing an overview of the origin of the determined genera. 

The underline color codes refer to the experiment from which the genera were isolated. 460 

Broken lines for the beetle treatment indicates that the fungi were isolated directly from the 

beetles, either after live beetles had been caged in a petri dish with sterile agar or dissected 

after surface sterilisation.  The unbroken lines indicate that the fungi were isolated from leaf 

material after surface sterilization.  

 465 

Figure 3. Bipartite network graphs of the endophytic communities in the experimental Swasp 

plants that had been exposed to damage by Chrysomela tremulae, and control plants of eight 

genotypes belonging to three chemo type groups Tl= tremuloides like group; CN=cinnamoyl-

group; AC= acetyl-group; the same data are also arranged after chemotype group. No 

endophytic fungi were isolated from the genotype 23.  470 

 

Figure 4. Average growth of Penicillium expansum (average size of colony per plate,) from 

varied SwAsp genotypes in the presence or absence of Morph Basidiomycota a) after 

genotype, b) after chemotype group. Values indicated mean and S.E. in cm.  

 475 

Figure 5. Association between average sizes of Morph Penicillium expansum (same data as 

in figure 1) on SwAsp genotypes grouped after their phenolic glycoside profile, in the 

presence or absence of Morph Basidiomycota. Morph Basidiomycota did not grow from 
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genotypes 23 and 52 (belonging to Cinn-group), or from morph 60 (belonging to AC-group). 

Graph shows mean and S.E. 480 

Fungal morphs characterised as molds and yeasts simultaneously appeared from leaves of the 

beetle treated plants.  

Results from the pilot competition test. Growth was measured in mm2 and size assessed when 

fungal morphs grew alone and molds (Penicillium expansum) and yeasts (Basidiomycota and 

Cryptococcus sp) grew together. Every combination was tested on ten plates. Mean values 485 

and s.e. are given for every treatment (N=10). 

Legend: From the inhibition conditions observed, an experiment was set up in which the 

competitive strength was tested for all combinations of the yeasts: Basidiomycota and 

Cryptococcus sp against the molds P. brevicompactum and P. expansum. 

Mold Penicillium expansum was abundant on plates and isolated from control plants, the other 490 

morphs were all isolated from beetle invaded plants. The number to the right indicates the least 

number of replicates needed to obtain significant results (LSN). An additional experiment with 

40 plates was performed. 
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Figure 1. 495 
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Figure 3. 
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Fig 5a.  
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Figure 5 – original … now old …  535 
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Supporting Information (SI): 

SI Table S1. Summary of fungal morphotypes according to on the basis of colony structure, 

morphology, and growth pattern. 

SI table 1. morphotype of endophyte isolates based on their colony structure, morphology, 

and growth pattern  

Treatment Morph 

ID 

Colony appearance 

Leaf_control A fast growth, orange color 

B slow growth, blue-greenish, sporulating, diffuse colony 

C low growth, white, lately eruption 

D grayish blacksporulating 

E very fast growth, blue greenish, enormous eruption, sporulating 

F slow growth,white lately diffuse colony 

G white to blackish, sporulating 

H white, sporulating 

Leaf_Beetle α orange, sticky, yeast or bacteria like fast growing colony 

β light blue-greenish colony, sporulating, slow growing and diffuse 

colony 

χ white, diffuse growth, late appearance 

δ grayish black colony, sporulating  

η fast growth, orange brown when seen from back of plate, spores 

greenish black 

π fast growth, white fluffy mycelium, orange against plate, shite 

spores. 

γ as F but mycelium very flat 
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ε yeast like yellow/white gelé, grows from leaf edge 

ι black distinct colony, slow growth 

κ brown powdery colony, distinct shape 

μ extremely fast growing fluffy white colony, dark spores 

ν like B or H but white spores 

ω fast growth white mycelium, black spores 

σ floating yeast like. 
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Chapter 4: Conclusions and perspectives 
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4. Conclusions and perspectives 

This thesis revealed the ecological dynamics of the leaf-inhabiting fungi in both complexity 
reduced plant system (phytometer trees) and surrounding natural habitats at different altitudes. 
Moreover, this thesis study showed how the structure of the leaf- inhabiting fungal community 
changed over the seasons and adapted to the local condition for two consecutive years. We found 
that fungal richness was negatively correlated with increasing height and fungal compositions 
strongly differed between the elevated experimental sites suggesting that the elevational 
difference is one of the explaining factors, which shapes the site conditions and might initiate 
differences within the fungal diversity and compositions. Origin of the host plants, in other 
words, local habitat condition is a crucial factor that shapes foliar fungal structure. Plants having 
similar genotype but originated from different places; especially from different provinces 
showed different fungal communities suggesting the effect of tree origin and ongoing local 
management practices. Additionally, this thesis found that leaf chlorophyll and flavonoid 
contents might be negatively correlated fungal richness. We also conclude that cultivation based 
molecular technique and HTS can reveal similar fungal correlations with local environmental 
conditions.  

However, we have seen strong seasonal turnover in phyllosphere fungi in both habitats over the 
two years of investigation suggesting that the plant-fungal system not only responds to cyclic 
climatic conditions but also could depend on various parameters e.g. geographic position, 
substrates age and surrounding vegetation.    

We could not come up with any phylogenetic discussions of our data set because of the difficulty 
in discriminating genetically related groups that may be identical or differ by only few nucleotide 
bases. Also, it was misjudged in aligning and calculating phylogenetic diversity (PD) of ITS1 
across the broader fungal group. All the reverse reads obtained from Illumina platform were very 
poor in quality that we could not go for contig making of the reads and the reason of the poor R2 
reads is unknown; instead, stringent quality filtering was followed. I suggest that, updated 
amplicon library preparation protocol could be followed in future. 

More biological replicates of the phytometer and local stands would have been great to 
strengthen our main hypothesis: altitudinal effect. We had pseudo-replicates (tree replicates) by 
which entire project was experimented. Besides, investigation of the same habitat in several 
locations will reduce the effect of edaphic factors and the underlying pattern created by other 
factors (less influential) may be revealed. 

From the mycobiome perspective, forest environment is highly complicated in structure and 
function. Given that the surrounding vegetation, local climatic and environmental properties 
influence the species richness and composition, sampling events from the entire natural habitat of 
the host plant species will add new insights into the diversity of the forest habitat.  

While the approach of our HTS encountered some issues with sequencing data loss, these issues 
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are being overcome both by quickly developing sequencing advancements and by new 
bioinformatics instruments and statistical analysis. We should carefully integrate them in ecology 
for community and diversity analysis. For example, Illumina platform now has expected to 
generate 500-600 base pair long reads that may remove the ambiguity of short sequencing and 
quality filtering and a large portion of sequence data will be retained for downstream analysis.  

To understand the affinity, phylogenetic diversity, interconnection, the function of microbial 
ecology and its assembly, long markers that incorporate both conserved (such as SSU and LSU) 
and variable parts (ITS) are recommended. Functional data exploration such as RNA microarray 
or transcriptomics and metabolomics of fungal mycobiome of different host species would now 
be the right steps to connect missing dots between the diversity and the function of the fungal 
community to dig underlying principles and features.  

As far as cost and amount, HTS strategies offer surprisingly profound insights by giving more 
data and separation control for testing both taxonomy and functionality based theories in the 
fields of fungal ecology. These procedures permit sequencing and explaining a huge number of 
genomes, which opens another worldview in comprehending the elements of mycobiome and 
their associations. 
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