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Abstract

The associations of fungal endophytes with trees are poorly understood, especially within
tree seeds. Recent molecular studies show that tree seeds harbour highly diverse fungal
communities, including potential plant pathogens that could be introduced to new areas
when seeds are exchanged. However, only a small fraction of these fungi can be detected
when traditional culturing is used. Traditional culturing is widely used for assessing fungal
diversity in plant tissues because it allows the detection of viable fungi and provides pure
isolates for future experiments. However, various nutrient media have been used for fungal
culturing and it is unknown if the choice of nutrient media affects the captured diversity.
This study assesses the overall diversity of endophytes in seeds of European beech (Fagus
sylvatica L.) and tests the effect of media and seed origins on endophyte diversity by
growing fungi from seeds from six locations on three commonly used types of media that
differ in carbon sources (Malt Extract Agar, Potato Dextrose Agar and Water Agar). The
results show that almost all tested seeds of European beech yielded fungi, and reveal high
diversity of fungal endophytes, including plant pathogens. Captured diversity and
community composition stayed unchanged irrespective of the medium type, but it differed
across locations of seed origin. The results show that similar communities are obtained
using three most commonly used media which indicates that most of the fungi are able to
utilise simple and complex carbohydrates and allows comparison of diversity assessed by
those media. The results also indicate that dangerous fungal pathogens could be moved
within the seeds exchanged for tree reforestation purposes which calls for the use of local

seeds for reforestation.

Keywords: fungal endophytes, seeds-associated fungi, Fagus sylvatica L, nutrient media,

tree pathogens
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Introduction

1.1 Importance of European beech (Fagus sylvatica
L.) in Europe

European beech (Fagus sylvatica L.) is an important and widespread broadleaf
tree species in Europe (Durrant et al. 2016). Together with Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies (L.) H.Karst), it contributes to more
than a half of all forest reproductive material (i.e., tree parts that can be used for
its regeneration e.g., seeds, seedlings) in Europe (SoEF, 2020; Konnert et al.
2015). It is one out of five economically most important tree species in Europe,
mainly due to its high-quality wood (SoEF, 2020). This species is also important
for increasing biodiversity, especially for the presence of lichens’ and bryophytes’
communities in old-growth beech stands (Brunet et al. 2010). The natural range of
European beech extends from Bergen in southern Norway in the north to Sicily in
southern ltaly in the south, and from the Cantabrian Mountains in Spain in the west
to the Balkan and Carpathian Mountains to the east (Fig. 1; Durrant et al. 2016).
This tree species needs at least 140 days of vegetation period (i.e., part of a year
with appropriate temperature and humidity for plant growth) which currently limits
its presence in Scandinavia (Durrant et al. 2016, Koncewicz and Lewak 2007).
However, future forecasts suggest that the distributional range of European beech
will decrease in eastern and southern Europe due to climate change while
expanding towards northern Europe (Kramer et al. 2010). European beech may

thus become an increasingly important tree species for northern Europe.
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Figure 1. Distribution and occurrence frequency of European beech in Europe
(Durrant et al. 2016)

1.2 Risk associated with the exchange of European
beech reproductive material

European beech currently does not encounter any major pests (i.e., any species,
strain or biotype of plant, animal or pathogenic agent injurious to plants or plant
products; FAO, 2007) in Europe (SoEF, 2020), but climate change and
international trade might cause the emergence of new pests in the future (Durrant
et al. 2016; Santini et al. 2013). The historical example of a devastating disease
caused by a non-native pest is chestnut blight caused by Cryphonectria parasitica
(Murrill) M.E. Barr on American chestnut (Castanea dentata (Marsh.) Borkh.) and

European chestnut (Castanea sativa Mill.). This pathogen was introduced in the
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19th century from Asia to North America where it caused especially huge dieback
of the American chestnut with serious ecological and economic consequences
(Prospero and Cleary 2017). Another more recent, non- native fungal pest,
Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz & Hosoya has been
threatening European forests and causing dieback of European ash (Fraxinus
excelsior L.) (Baral et al. 2014) with unpredictable consequences for forest
ecosystems. The number of non-native fungal pathogens has been increasing
significantly during last decades (Santini et al. 2013) mainly due to the exchange
of plant material. The elimination of already established non-native forest
pathogens is difficult and sometimes even impossible (Prospero and Cleary 2017).
Therefore, it is crucial that potential pests are detected before or early upon their

introduction in order to reduce the damage and protect the forests.

Although natural regeneration is the most common way of regeneration of European
beech (Overgaard, 2010), beech stands are sometimes established from seeds
and seedlings obtained from international trade (Jansen et al. 2019). For example,
during 2004-2014 Sweden imported around 45,000 kg of beech seeds annually
from seven different European countries, predominantly from Hungary. Similarly,
around 163,000 seedlings were imported to Sweden during that period, mainly
from Germany and Denmark (Jansen et al. 2019). Phytosanitary measures are in
place to reduce the risk of the introduction of non-native pests via plant trade. In
Europe, those measures target trade of tree species and commaodities which are
likely to serve as a pathway for regulated pests (Eschen, 2015). Most of the tree
seeds are considered as non-significant pathways for non-native pests, and their
trade is thus not regulated. Nowadays, only the exchange of seeds of Douglas-Fir
(Pseudotsuga menziesii (Mirb.) Franco) and seeds of Pinus spp. are regulated for
international or national movement (Vettraino et al. 2018). However, recent studies
have shown that tree seeds carry highly diverse fungal communities including
known and unknown pathogens (Franic et al 2019, Cleary et al 2019).
Furthermore, these pathogens are often asymptomatic and because of their
microscopic size, almost impossible to detect during phytosanitary inspections
(Brasier 2008). The large amounts of traded plant material, including seeds, and
variety of origins increase the potential of spreading known and unknown fungal
pathogens of trees. It is thus important to increase our knowledge about pathogens

hidden in tree seeds to improve biosecurity of seed exchange.
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1.3 Fungal endophytes associated with European
beech

Endophytes are organisms (e.g., bacteria or fungi) occupying plant tissues for at
least some part of their life cycle showing no visible signs of presence (Petrini,
1991). Thereby, they do not cause any disease symptoms. Endophytes can be
dormant saprotrophs, mutualists, or even latent pathogens (Rodriguez et al. 2009).
Moreover, they can change the character of their relationship with the host during
the inhabiting time. For example, the activation of latent pathogens may depend
on the genotype of the host or the appearance of stress conditions (Bacon et al.
2008, Khare et al. 2018). For instance, the Ramularia collo-cygni B. Sutton &
Waller is the endophyte which can become a pathogen during the vegetative
season (Walters et al. 2008, Khare et al. 2018). Also, endophytes of woody plants
of the Botryosphaeriaceae family may become active pathogens when a tree is
under stress (Slippers and Wingfield, 2007). Characterization of endophytes
associated with European beech seeds would help to better understand current

and emerging phytosanitary risks associated with seed exchange.

Endophytes are a widespread and highly diverse group of organisms. They were
detected in all terrestrial ecological systems from polar regions to the tropics
(Rashmi et al. 2019; Zhang et al. 2013). They are known to live in association with
about 300, 000 of different plant hosts around the world. Their diversity is currently
probably underestimated considering that they were characterized from only 1-2%
of plant species (Strobel and Daisy 2003, Khare et al. 2018). Abiotic and biotic
conditions (e.g., climate, surrounding plant community composition and host tree
species) can influence endophyte diversity (Franic et al. 2020). Endophytes can
occupy various parts of plants such as roots, leaves and seeds (Rana et. al 2019).
Studies on beech’ endophytes explored several tree tissues such as xylem, whole
stems (Petrini and Fisher 1988), leaves (Unterseher and Schnittler 2010), buds
and twigs (Toti et al.1993). Previous studies recorded high diversity of fungal taxa
associated with European beech (Sieber and Hugentobler 1987, Pehl and Butin
1994, Unterseher and Schnittler 2010). The phylogenetic diversity analysis of
endophytes’ beech shows that the majority of detected fungi belong to non-
parasitic Pezizomycotina lineages (Unterseher and Schnittler 2010). On the other

hand, among endophytes associated with buds and twigs of beech, almost
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half (49%) were assigned to species Apiognomonia errabunda (Rob.) von Hohnel,

which causes leaf anthracnose of beech (Toti et al.1993).

Seed-borne fungi have been studied for years using traditional culturing methods
(Cappelli and Covarelli 2005). However, most of the studies have been targeting
foliar fungal endophytes, and lower diversity of seed-borne fungi in comparison
with foliar endophytes might have been because of the research bias. Recent
molecular studies revealed that true diversity of seed-endophytes might be much
higher than previously anticipated (Franic et al. 2019, Franic et al. 2020, Cleary et
al. 2019). Recent study recorded a high diversity of fungi in 12 seed lots of
European beech — 38 fungal genera, 11 of which are known as potential plant
pathogens were characterised from those seeds (Franic et al 2020). The other
study identified two potentially pathogenic genera among endophytes of beech
seeds: Fusarium sp. and Phomopsis sp. (Manka et al. 2012). A large diversity of
fungi detected in seeds and limited understanding of their distribution, host

preferences, and potential pathogenicity stresses the need for more research.

Endophytes, like all fungi, can be characterized by oligotrophic or copiotrophic life
strategy depending on their ability to utilise available nutrient resources.
Oligotrophs grow slower and they are more successful in utilization of complex
carbon sources than copiotrophs. On the other hand, copiotrophic fungi prefer
simple carbohydrates as carbon sources. Some copiotrophic fungi can also
change their life strategy and start to expose more oligotrophic traits. In the
majority, the kingdom of fungi is dominated by oligotrophs. Life strategies
determine the prevalence of microorganisms in the environment (Ho et al.2017).
The life strategy of fungi may also have implications for endophyte diversity
studies. Based on information about the life strategy of a particular fungus,

researchers can select the most proper methods and materials for their detection

1.4 Traditional plating as a method for the diversity
assessment of fungal endophytes

One of the most common methods for characterizing fungi in plant tissues is
plating. This method allows for obtaining fungal cultures from plant tissues by

putting fragments of plants on a particular nutrient medium. Therefore, a type of a
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medium is a very important component of experiments using traditional plating.
Among other features, media vary in nutrient concentration. According to this, we
can distinguish between nutrient-poor and nutrient-rich media. Nutrient-poor media
pose the base for preparing all other media (Kwasna 2014). However, they can
also be used as a substrate for fungal growth. For example, Water Agar (WA) is
commonly used as a nutrient-poor medium (Ajah and Mohammed, 2015). The
main ingredient of this medium, besides water, is only agar (Ritchie et al. 2009,
Ajah and Mohammed, 2015). Agar is an extract of a sticky glycan from the cell
walls of red algae (Solomon et al. 2014). The main carbon source of this medium
which is available for microorganisms is agarose and agaropectin, both being
complex polysaccharides. Examples of nutrient-rich media are commonly used
Potato Dextrose Agar (PDA) and Malt Extract Agar (MEA). PDA is a nutrient-rich
medium consisting of agar, dextrose and potato extract (Ravimannan et al. 2014,
Ritchie et al. 2009). Fungi growing on PDA can utilize monosaccharide dextrose
molecules as a “simple” carbon source and potato extract as a nitrogen source.
MEA is also a nutrient-rich medium (Nunez et al. 2007). Generally, it consists of
agar, malt extract, dextrin and gelatin peptone (Ajah and Mohammed, 2015).
Present maltose is a disaccharide carbon source, vegetable peptone is the source
of nitrogen and dextrin is an additional component. All three mentioned types of
nutrient media (WA, PDA and MEA) are commonly used for fungal assessment
(Black 2020; Choi et al. 1999). Furthermore, we can differentiate between
universal, semi selective and selective types of media. Universal media allow for
the detection of various microorganisms groups. Semiselective media contain the
addition of antibiotics, which give an opportunity of testing the diversity of fungi
while excluding bacteria. The purpose of using selective media is to detect
a specific group of organisms or even particular species. It can be also used for
obtaining selective taxon of fungi by adding chemicals that inhibit or support the
growth of specific fungi or create a favourable environment for a narrow range of
fungi (Tsao 1970; Kwasna 2014).

In general, previous studies do not present a detailed summary of differences in
fungal diversity between nutrient-poor and nutrient-rich media. However,
significant differences in fungal diversity and community composition are possible
because copiotrophic and oligotrophic fungi might grow differently depending on a

nutrient medium. Fungi growing on nutrient-rich media can grow faster and
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produce more abundant antibiotics, which inhibit other fungi (Bu'lock 1975, Whipps
1987). Whereas nutrient-poor media promote slow-growing fungi, and the same
they minimize the risk of overgrowing one fungus by other. Also, testing of
low- nutrient media can exhibit the fungi diversity in conditions of lack of some
nutrients, which effect can be similar to the occurrence of stress factors (Whipps
1987). The majority of publications use only one type of medium for culturing of
microbes which do not allow the comparison of fungal communities obtained on
different media (Oita et al. 2021). Therefore, it is crucial to explore the more

detailed effect of various nutrient media on endophytes diversity.

The most common detection methods for fungi in plant tissue are plating and more
recently high-throughput sequencing (HTS). HTS is the technology of DNA and
RNA sequencing in a relatively short time (Szefler et al. 2017). It reveals much
higher fungal diversity than traditional plating (Franic et al. 2019) and is cheaper
when large numbers of samples are included (Eschen et al. 2019). However, HTS
mostly uses DNA genes as barcodes for fungal detection and identification, and
thus does not discriminate between DNA coming from dead or living organisms
(Franic et al. 2019, Gullino et al. 2020). Culturing in contrast to HTS reveals only
living cultures, which is essential for the evidence of the presence of a viable
pathogen, for identification of unknown species, and experiments that need living
pure cultures. It is thus necessary to develop and improve the traditional plating

method for fungal diversity assessments.

1.5 Research aims and hypothesis

The objectives of this study were to: 1) assess the overall diversity of fungal
endophytes of European beech seeds from several locations in Europe, including
plant pathogens, 2) assess the differences in diversity and community composition
of obtained fungi among different media and seed origins (i.e., location of
collection). For this purpose, fungi were grown for seeds of European beech
obtained from six locations within Europe on three types of nutrient media differing

in nutrient sources. The media chosen for this experiment are Water Agar (WA,
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nutrient-poor medium), Potato Dextrose Agar (PDA; nutrient-rich medium) and

Malt Extract Agar (MEA,; nutrient-rich medium).

In relation to research objective 2) | hypothesize that:

i.  endophyte diversity will be significantly different between three types of
nutrient media - the diversity on WA will be higher than on PDA and MEA.
This is because fungi might grow slower and produce less antagonistic
compounds on WA than on PDA and MEA, which could increase the
chances of capturing higher diversity on WA than on nutrient-rich media.

ii. community composition of fungal endophytes will differ among three types
of media because of the differences in fungal life strategies, i.e.,
copiotrophic fungi are adapted to nutrient-rich environments while
oligotrophic fungi thrive in nutrient-poor environment

ii.  diversity of endophytes will differ between locations.

The results of this study are contributing to the knowledge about fungal endophytes
associated with European beech seeds from different locations within Europe and
will help to assess the phytosanitary risks associated with the movement of beech
seeds. Furthermore, the results will show the efficacy of various nutrient media
commonly used for the assessment of tree endophytes for revealing the fungal
diversity and will help to determine and help to choose the best media for detecting

fungi in plant tissue during traditional culturing.
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2. Materials and methods

2.1 Study materials

Study seeds of European beech were obtained from commercial seed suppliers
from six locations within Europe: Denmark, Germany, Switzerland, Poland,

Slovakia and Austria.

2.2 Methods

2.2.1 Surface-sterilization of seeds

Seeds were first surface sterilized to reduce environmental contamination. In total,
about 200 seeds from each seed lot (i.e., seeds of European beech from a location)
were surface-sterilized by subsequent immersion in a solution of 70% ethanol (1
minute), 1% sodium hypochlorite (5 min), 70% ethanol (30 sec), and sterile water
(30 sec) (Fig.2; Gamboa et al. 2003). After sterilization, seeds were left to dry in a
Biological safety cabinet (i.e., enabling sterile conditions for laboratory work) and

stored at 3-5 °C until processing.
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Figure 2. Surface-sterilization of seeds using 70% ethanol, 1% sodium

hypochlorite and sterile water.

2.2.2 Cultivation of seed fungi

Total of 90 seeds per seed lot was used for fungal assessment. Seeds were
crushed with a sterile pestle to allow the emergence of fungi from the inside of the
seeds. Crushed seeds were placed on three types of media, 30 seeds per seed lot
and medium. | used: 1.5 % water agar (WA, Agar bacteriological, 15 g/L; VWR
Chemicals, Solon, Ohio, USA), Potato Dextrose Agar (PDA, 39g/L; Merck KGaA,
Darmstadt, Germany) and Malt Yeast Extract Agar (MEA, 30g/L; Duchefa
Biochemie, Haarlem, The Netherlands, WA, Agar bacteriological, 15 g/L; VWR
Chemicals, Solon, Ohio, USA). Each medium type was supplemented with
streptomycin (0.05 mg/ml) to prevent bacterial growth. Media were selected to
allow the emergence of fungi that utilize different carbon sources. Selected media
varied in nutrient content including different carbon and nitrogen sources. Water
agar (WA) was used as a nutrient-poor medium that contains two complex
polysaccharides as a carbon source, agarose and agaropectin. The main carbon
source in Malt Yeast Extract Agar (MEA) is disaccharide maltose, and in Potato
Dextrose Agar (PDA) it is monosaccharide dextrose. MEA and PDA belong to
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nutrient-rich media and they both contain nitrogen sources. Two seeds were
placed on each plate with media. Plates were stored in the laboratory room in

boxes. Boxes were sealed with tape with vaseline to protect plates from mites.

2.2.3 The isolation of pure fungal cultures and grouping into
morphotypes

Plates were checked for occurring endophyte colonies at equal intervals for 30
days, every five days. Each observed fungus was transferred to a small plate with
Potato Dextrose Agar (PDA: 39 g/L; Fig. 3). PDA was used for cultivation of pure
cultures because on PDA fungi develop species specific morphologies which is not
the case when WA is used. Clean fungal cultures were grouped according to
macro-morphological characteristics such as colour, texture, form, margin (i.e., the

appearance of their edge) and the elevation (Microbiology, 2014; Fig.4).

Figure 3. Three pure fungal cultures (small PDA plates at the bottom of the photo)
were isolated from one big original PDA plate with two seeds (upper part of the
photo). The taxonomy of mentioned pure fungal cultures: Fusarium sp., Discosia

artocreas (Tode) Fr., Fusarium sp. (respectively, from the left side of the photo).
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Figure 4. The examples of morphological features of fungal isolates growing on

nutrient media (Microbiology, 2014).

2.2.4 Identification of fungi

2.2.4.1 DNA extraction

One representative culture of each group of morphotypes was chosen for DNA
extraction. Fungal mycelia was scraped off and placed in 2 ml centrifuge tubes and
freeze-dried overnight. The process of freeze-drying preserves samples by
removing water from fungal mycelia so samples can be stored at room temperature
until further processing (Wolkers and Oldenhof 2015).

Extraction of DNA was carried out using E.Z.N.A.® SP Plant DNA Kit (Omega Bio-
Tek, Norcross, Georgia, USA), following the manufacturer’s instructions. This kit
allows DNA extraction from fungal mycelia and consists of lysis of fungal tissues

and DNA purification from proteins and cellular fluid.

2.2.4.2 Amplification of rDNA ITS region and Sanger sequencing

DNA concentration in each sample was measured using a DS-11 UV-Vis
Spectrophotometer (DeNovix), which provides qualitative and quantitative DNA

analysis, and DNA was then diluted to 5 ng/ul. The dilution step reduces the
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concentration of inhibitors which allows the successful amplification of marker
genes during Polymerase Chain Reaction (PCR; Castle et al. 2018). Samples with
DNA concentration below 5 ng/ul were not diluted. The ribosomal internal
transcribed spacer (ITS) region, which provides the most successful identification
for fungi, was amplified in PCR (Schoch et al. 2012). ITS region was amplified in
the volume of 25 pl in PCR, including 2 pl of DNA, 8.5 pl of H20, 12.5 pl of
DreamTaqPCR Master Mix (2X), ITS1 (forward) and ITS4 (reverse) primers in the
quantity of 1 pl each (Tedersoo et al. 2014). PCRs were carried out using
Eppendorf Mastercycler following the conditions: 2 min at 95°C, 35 cycles of 1 min
at 95°C, 45 s at 55°C, 1 min 30 s at 72°C, and strand completion by 5 min at 72°C.
The presence of fungal DNA in samples was confirmed with electrophoresis in
which DNA fragments of different lengths migrate under the influence of an electric
field. Subsequently, they can be properly distinguished in comparison with the
known length of DNA fragments from the DNA marker (Lee et al. 2012).
Afterwards, PCR products were sent to Macrogen (Amsterdam, Netherlands) for
purification and sequencing using chain termination method (i.e., Sanger

sequencing) with the same primers that were used in PCRs.

2.2.4.3 Sequence analysis and identification

The Bioedit program (Hall, 1999) was used to trim the low quality ends and to align
forward and reverse DNA sequences into consensus sequences. The Basic Local
Alignment Search Tool (BLAST) was used for comparing obtained sequences with
sequences in The National Centre for Biotechnology Information (NCBI) database
(Geer et al. 2010). Fungal sequences were assigned to species if the similarity
showed less than 1% divergence from the reference sequence. If a specimen was
matched to multiple taxa with the same similarity rank, the assignment was ranked
down to the next taxonomic level (i.e., genus, family, suborder, order, class and
subphylum level). The sequence was not identified when the similarity was lower
than 99%. Finally, | used the Fungal Databases, U.S. National Fungus Collections,
ARS, USDA (Farr and Rossman 2019) for collecting data about potential

pathogenicity, host associations and distribution of identified fungal species.
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2.2.5 Statistical analyses of data

All statistical tests were conducted in R (R Core Team 2018). Statistical tests were

considered significant at P < 0.05.

2.2.5.1. Differences in fungal diversity among media and locations

Three measures of fungal diversity: endophyte richness (i.e., number of fungal
morphotypes per seed lot), Shannon diversity index (H’) and Simpson’s index (1-
D) were considered in this study. Endophyte richness is based on
presence/absence data, whereas the Shannon diversity index and Simpson’s
index take into account the abundance data (diversity function from vegan
package, Oksanen et al. 2020). Shannon diversity index increases with biodiversity
and depends on the number of species in a sample and the abundances of those
species, i.e., it is a measure of “evenness” which tells us how similar the
abundances of different species are in a sample. Simpson’s index is a dominance
index because it gives more weight to common or dominant species. In this case,
a few rare species with only a few representatives will not affect the diversity. This
approach allowed to assess the effects of study factors on the overall fungal

diversity, and diversity of dominant species.

The effects of medium type and location on three measures of fungal diversity
Endophyte richness, Shannon diversity index and Simpson’s index were tested
according to the following mathematical equation of the model: Y ~ country +
media, in which Y represents the response variable and “country” and “media”
represent the independent variables. Generalized Linear Model (GLM) was used
to test the effect of medium type and location on endophyte richness. For this, the
glm function from the stats package (R Core Team, 2021) with a Poisson
distribution, which is usually used for modelling count data (Venables and Ripley,
2002; Sellers and Shmueli, 2010) was used. The effects of medium type and
location on the Shannon diversity index (H’) and the Simpson's Index (1-D) were
analysed using log-transformed data with linear models (Im function from stats
package; R Core Team, 2021). The significance of the fitted models and individual
factors was analysed using the Anova function from the car package (Fox, J.
2016). The Tukey'’s post hoc tests were run using the emmeans function (package

‘emmeans’; Lenth et al. 2020) for the factors showing significant differences. This
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allowed me to estimate the marginal mean for each variable and determine which
groups within a factor are statistically different. Plots of fungal diversity measures

were constructed using the ggplot function (package ggplot2; Wickham 2009).

2.2.5.2 Differences in fungal community composition among media and locations

The effects of medium type and location on three measures of the differences in
community composition (i.e., beta diversity): Serensen’s dissimilarity index, Horn
index and Morisita—Horn index were also assessed. The Sgrensen’s dissimilarity
index is calculated from presence-absence data, in contrast to Horn index and
Morisita—Horn index which are based on the abundance data. All these indices
were calculated using vegdist function from vegan package (Oksanen et al. 2020).
These three measures of differences in community composition were used
because of their different sensitivity to dominant species, similar as for fungal
diversity. The Sgrensen’s dissimilarity index weights species equally because of
its insensitivity to species abundance, Horn index considers abundance, but
weights common and rare species equally, and the Morisita—Horn index gives

more weight to abundant than rare species (Libério and Tanaka, 2016; Jost 2007).

Differences in fungal community composition across samples belonging to
different media types and to different locations were assessed with permutational
multivariate analysis of variance [PERMANOVA (Anderson 2001); adonis2
function from the vegan package (Oksanen et al. 2020)], based on the
mathematical equation of the model — Y ~ country + media, in which Y represents
the response variable and “country” and “media” represent the independent
variables. The significance of each variable was analysed using marginal tests
available in adonis2, which assesses the unique impact of each variable when
added after all others. Corresponding R2 values that indicate the size of the effect
of each variable were also calculated. To visualize the differences in fungal
community composition among media and locations | used Nonmetric
Multidimensional Scaling (NMDS, function metaMDS, vegan package; Oksanen et
al. 2020) with plotting 95% confidence interval ellipses (Ordiellipse; vegan

package; Oksanen et al. 2020).
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Moreover, | used the Venn Diagram tool (Venn function; package ‘limma’ Ritchie
et al. 2015) for showing the number of fungal morphotypes that are unique and

shared between different media.
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3. Results

3.1 Overall fungal taxonomy

Fungal endophytes were cultured from about 99.4 % of all seeds (537 seeds out
of 540). A total number of 1,436 fungal cultures were isolated from those seeds.
Obtained cultures were assigned to 145 morphotypes. More than 80% of
morphotypes (121 out of total 145) were represented by more than 1 isolate,
whereas 24 morphotypes were singletons (i.e., represented by only 1 isolate). The
most abundant morphotypes (n = 26) represent 62% of total 1,436 isolates (Tab.1;
Fig.5).

DNA was successfully extracted from around 92% of representative cultures (133
out of 145). From all DNA samples ITS region was successfully amplified in PCR
and sequenced. About 91% (121 out of 133) of fungal sequences provided good
quality data for the identification of fungal taxonomy. Around 18% of obtained
sequences were assigned to species, 36.2% to genus, 10.5% to family, 1.5% to
suborder, 2.3% to order, 6% to class and 16.5% to subphylum level. Around 9% of
sequences could not be assigned to any taxonomy rank. The majority of identified
fungal sequences belonged to phylum Ascomycota (99.2%) and only one
individual to Basidiomycota (0.8%). Identified sequences were assigned to four
main classes of fungi. Within Ascomycota, fungi were assigned to three classes:
Sordariomycetes (39.7%), Dothideomycetes (37.2%) and Eurotiomycetes (4.1%).
Within Basidiomycota, the identified species belonged to class Agaricomycetes
(0.8%). Remaining fungal sequences (18.2%) were assigned to higher taxonomy
rank of subphylum.

Potential tree pathogens were present in 42% of seeds (229 seeds out of 540).
They posed about 21% all isolates (302 out of 1,436) and about 10% (27 out 261)
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of obtained DNA sequences. All belong to two classes within phylum Ascomycota:
Sordariomycetes (83.3%) and Dothideomycetes (16.7%). Plant pathogenic fungi
were represented by three species: Apiognomonia errabunda (Rob.) v. Hohn.,
Apiognomonia veneta (Sacc. & Speg.) Hohn., Diaporthe rudis (Fr.) Nitschke) an

four genera: Diaporthe sp., Fusarium sp., Phoma sp., Xylaria sp.

Table 1. The relative abundance of the 26 most abundant morphotypes and their

taxonomy rank

Morphotype AbuFoz ?nce Taxon
M1 11.9 Alternaria sp.
M35 6.8 Apiognomonia veneta
M2 4.4 Phoma sp.
M58 4.3 Pleosporaceae
M27 4.1 Chaetosphaeriaceae
M8 2.3 Fusarium sp.
M16 2.0 unidentified
M38 2.0 Pezizomycotina
M25 1.8 Dothideomycetes
M4 1.8 Fusarium sporotrichioides
M36 1.8 Pezizomycotina
M39 1.8 Pezizomycotina
M30 1.5 Diaporthe sp.
M23 1.5 Discosia pseudoartocreas
M40 1.5 Pezizomycotina
M29 1.3 Diaporthe rudis
M13 1.2 Alternaria alternata
M26 1.2 Didymellaceae
M31 1.2 Pezizomycotina
M24 1.2 Dothideomycetes
M18 1.1 Discosia sp.
M28 1.1 Chaetosphaeriaceae
M60 1.1 Pleosporaceae
M123 1.0 Cladosporium sp.
M61 1.0 Fusarium sp.
M9 1.0 Fusarium sp.
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Figure 5. Photos of fungal colonies of the twelve most common morphotypes (from
the top left to the bottom right corner: M1; M2; M27; M8; M16; M38; M25; M4; M30;
M23; M40; M13).
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3.2 Differences in fungal diversity among media and
locations

No significant differences in endophyte richness, Shannon diversity or Simpson’s
index were observed between three types of media (Endophyte richness:
¥x2 = 0.89, df = 2, P = 0.641; overall mean % standard error = 33.8 £ 2.3; Shannon
index: x2 = 0.004, df = 2, P = 0.492; overall mean * standard error = 3.19 £ 0.088;
Simpson’s index: x2 = 0.0008, df = 2, P = 0.236; mean = SE = 0.94 + 0.0076;
Fig 6. A, B and C, respectively, Supplementary Table 1).

Endophyte richness was not significantly influenced by location (x2 = 10.5, df = 5,
P =0.0623; mean + standard error = 33.9 £ 2.3; Fig 7. A), unlike the Shannon and
Simpson’s index (Supplementary Table 1). Samples from Poland had significantly
lower Shannon index than samples from Switzerland (x2 = 0.05, df =5, P = 0.033;
2.96 £ 0.090 vs 3.44 + 0.098, respectively; Fig. 7.B). Similarly, Polish samples had
significantly lower values of Simpson’s index in comparison with samples from
Switzerland and Germany (x2 = 0.005, df =5, P = 0.025; 0.92 + 0.013 vs 0.96 *
0.0043 and 0.96 + 0.0032, respectively; Fig. 7. C).
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Figure 6. Fungal diversity across three types of media: Malt Extract Agar (MEA),
Potato Dextrose Agar (PDA), Water Agar (WA). Fungal diversity is represented by
three measures; Endophyte richness (A), Shannon diversity index (B) and
Simpson’s index (C). Values are mean and standard error.
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Figure 7. Fungal diversity across study locations. Fungal diversity is represented by three
measures; Endophyte richness (A), Shannon diversity index (B) and Simpson’s index (C).
Different letters above the bars indicate significantly different values (P < 0.05). Values

are mean and standard error.
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3.3 Differences in fungal community composition
among media and locations

The results show no significant differences in fungal community composition
among three media, irrespective of the dissimilarity measure (Supplementary
Table 2). Segrensen’s dissimilarity index did not differ between three types of media
(r2 =0.091, df = 2, P = 0.190; Fig. 8A). Total of 62 out of 145 morphotypes (43%)
appeared on all three types of media (Fig. 8B) and 44 out of 145 morphotypes
(30%) have been found on two media. Around 27% (n = 39) of morphotypes were
unique for a specific medium. The results were similar when the Horn's index was
considered (r2 = 0.059, df =2, P = 0.141; Fig. 8C). However, the analyses indicate
significant differences in Morisita-Horn index among different media (r2 = 0.045, df
=2, P =0.002; Fig. 8D).

Unlike the medium, location was an important factor driving the differences in
endophyte communities (Supplementary Table 2). The Sgrensen’s dissimilarity
index (r2 = 0.534, df = 5, P = 0.001; Fig. 9A), the Horn's index (r2 = 0.754, df = 5,
P =0.001; Fig. 9B), and the Morisita-Horn index (r2 = 0.926, df = 5, P = 0.001; Fig.

9C) all show significant differences between locations.
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Figure 8. Non-metric multidimensional scaling (NMDS) plot presenting differences
of endophyte communities on three types of media. Each point represents a
sample (i.e., a sample is 30 seeds from a location per medium). Samples belonging
to different media are distinguished by blue squares (MEA), green circles (PDA)
and red ftriangles (WA). Plots are based on different dissimilarity measures:
Sarensen’s dissimilarity index (A), Horn's index (C) and Morisita- Horn index (D).
The Venn diagram shows numbers of fungal morphotypes that are unique and

shared between different media (B).
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endophyte communities across locations of seed origin. Each point represents a sample

(i.e., a sample is 30 seeds from a location per medium). Samples belonging to different

countries are distinguished by different colours: red (Austria), blue (Denmark), yellow

(Switzerland), brown (Germany), green (Slovakia) and black (Poland). Plots are based on

different dissimilarity measures: Sgrensen’s dissimilarity index (A), Horn's index (B) and

Morisita- Horn index (C).
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4. Discussion

My results show a high infection level and diversity of fungi in European beech
seeds which is similar to previous findings (Franic et al. 2019) and indicates that
European beech seeds can serve as an introduction pathway for high diversity of
fungi into new environments when foreign seeds are used for reforestation
purposes, especially because seeds from different locations carry unique fungi. My
results also show that medium type does not influence captured endophyte
diversity and community composition. This result is in line with recent findings (Oita
et al. 2021; Massimo et al. 2015) and indicates that the results of studies that use
common culturing media similar to ones used in this study are in fact comparable

and that it is not necessary to use multiple media for diversity studies of seeds.

4.1 Overall fungal diversity

In this study, almost all tested seeds yielded fungi. Also, the overall number of
distinguished fungal morphotypes among detected seeds endophytes was high.
These results demonstrate a high abundance of diverse fungi in seeds. A similar
infestation levels of European beech seeds by fungi were found by Franic et al.
2019 and 2020, in which all or almost all seed lots contained fungi. However, seed-
associated fungal endophytes are considered a less frequent and diverse group
than foliar endophytes as it was shown in the study of Ganley and Newcombe
(2006) who looked at the endophytes associated with needles and seeds of Pinus
monticola (Douglas ex D. Don). My results tie well with previous studies (Cleary et
al. 2019; Franic et al. 2019 and 2020) which showed that seed-associated fungal

endophytes should also be considered as a diverse and abundant community.

The majority of identified taxa belong to the phylum Ascomycota. The most

abundant classes were Sordariomycetes and Dothideomycetes. A similar
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proportion of taxa was noticed in Franic et al. 2020, in which Sordariomycetes and
Dothideomycetes classes dominated communities of seed-borne endophytes. The
reason for a high prevalence of Sordariomycetes and Dothideomycetes is that both
classes comprise of a high number of endophytes able to inhabit a wide range of
plant hosts (Maharachchikumbura et al. 2016, Bezerra et al. 2017). The class
Sordariomycete is the second most diverse class within Ascomycota and it is
characterized by a cosmopolitan distribution, especially among terrestrial hosts
(Maharachchikumbura et al. 2016). Also, Dothideomycetes class is described as
one of the most diverse and important from Ascomycota phylum (Bezerra et al.
2017).

Although a large number of morphotypes was detected in European beech seeds,
obtained fungal community was dominated by only a small number of those
morphotypes. A similar diversity of fungal community was detected in leaves of
European beech (Unterseher and Schnittler, 2009) — the majority of isolates was
assigned to two morphotypes, with around 30% of isolates belonging to each
morphotype, and in twigs and buds of European beech in another study which
were dominated by Apiognomonia errabunda (Toti et al. 1993). The fact that the
small number of fungal taxa dominate fungal communities, while the larger number
of taxa is represented by a small number of individuals might be due to host
specificity of certain fungal endophytes that developed strong association with their

host during co-evolution (Franic et al 2020).

My results show that European beech seeds carry potential pathogens in numbers
comparable to previous studies, i.e., 20-30% of fungi found in seeds are potential
plant pathogens (Cleary et al. 2019; Franic et al. 2019). Four species and three
genera belonging to plant pathogens were identified from European beech seeds.
In addition to previously mentioned Apiognomonia errabunda, | also identified
Apiognomonia veneta and Diaporthe rudis. Apiognomia errabunda causes leaf
spot and shoot dieback on European beech and is widespread in Europe.
Apiognomonia veneta causes anthracnose on plane trees for instance on the
London plane (Platanus x hispanica Minchh; lvanova et al. 2007). The
pathogenicity of Diaporthe species is increasingly reported but it is still poorly
understood regarding forest tree species. However, it is known that Diaporthe rudis

manifests a pathogenic impact on Maritime pine (Pinus pinaster Aiton; Lopes et al.
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2021). Moreover, many morphotypes were assigned to several pathogenic genera
such as, Diaporthe or Fusarium. A large number of Fusarium sp. found in this study
is consistent with what has been found in the previous study by Manka et al. 2012,
in which this genus was present almost 10% of all isolated fungi from inside of
fresh beech seeds. Fusarium sp. are classified as damping-off pathogens and they
strongly reduce the production of conifer seedlings for example on Scots pine
(Swiecimska et al. 2020) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco;
James et al. 1990). Species belonging to identified genera of Phoma sp. and
Xylaria sp. can also show pathogenic activity. For instance, the Phoma exigua
causes cancer of ash tree seedlings (Fraxinus sp.; Schmitz et al. 2006) and Xylaria
sp. infecting roots of Hedge maple (Acer campestre; Tang et al. 2014).
In summary, my results provide evidence that European beech seeds carry viable
plant pathogens that could be moved to new areas when seeds are being
exchanged for reproduction purposes and could affect tree health in nurseries or

forests.

4.2 The influence of type of media on endophyte
diversity and community composition

The results show no significant differences in endophyte richness among the three
types of media used in this study. Abundance-weighted diversity measures,
Shannon and Simpson index, also did not differ between different media. These
indices increasingly emphasize the importance of abundant species. The absence
of the effects of medium type on endophyte richness, Shannon and Simpson index
could thus confirm that fungal diversity was also not affected by medium type,
irrespective if we considered the number of morphotypes in a sample or also their

abundance.

These results of study are consistent with the previous study (Oita et al. 2021) in
which the richness of foliar endophytes was also not affected by the type of media
containing various carbon sources. Similar to our study, Oita et al. (2021) also used
nutrient-rich media (MEA, PDA, Sabouraud’s medium and molasses yeast agar)
and a more nutrient-scarce medium (CCA consisting of carboxymethyl cellulose
and agar). Also, the study of Massimo et al. (2015) does not indicate differences

in endophytes isolation frequency (i.e., the percent of tissue segments from which
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fungal culture appeared) among two nutrient media (MEA and CMA - BBL
cornmeal agar). The lack of differences in species richness among various types
of media in my study is surprising because | assumed that endophytes richness
may be higher on WA than MEA or PDA. The basis for this assumption is that the
carbon source in WA is much more complex (polysaccharide) than in MEA
(disaccharide in addition to polysaccharide) and PDA (monosaccharide in addition
to polysaccharide). Hence, oligotrophs (slower growth) should be more abundant
on WA than copiotrophs (faster growth rate). Slower growth of fungi on WA could
affect the precision of isolating by having more time for checking plates and lower
risk of overgrowing one fungus by another. This, in turn, could result in catching
higher diversity of fungi on water agar than two other tested media. However,
additional studies of the life strategies of seed endophytes could determine similar
abilities of nutrient utilization among seed endophytes and their ability to utilise all
nutrient sources used in this study. Seed fungi might be adapted to utilise both
complex carbon sources that are available during seed dormancy, and simple
sugars with increasing concentrations during seed germination. However, to fully
understand the lack of differences in endophyte richness between three tested
media additional studies characterizing life strategies of seed endophytes are

needed.

| expected to detect crucial differences in community composition between
endophytes obtained from different media. However, two out of three beta diversity
measures (i.e., Sgrensen’s dissimilarity index and Horn index) showed no
significant differences between media in our study, which is not surprising because
almost half of all morphotypes (43%) appeared on all tested media. Only the
Morisita-Horn index, which emphasizes the dominant species, shows significant
dissimilarity between communities across media. This result may indicate the
relationship between specific groups of the most dominant morphotypes and the
particular type of media. However, the PERMANOVA analyses showed a very low
R2 value in this case indicating that a very small portion of the variation in
community composition as measured by the Morisita Horn index was explained by
the media. In general, our results confirm previous findings by Oita et al. (2021)
describing no differences in the composition of total and dominant endophyte
communities between various types of media. Lack of differences in endophyte

community composition was also found in the above-mentioned study by Massimo
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et al. (2015) comparing MEA and BBL cornmeal agar (CMA). However, the study
of Qi et al. 2012, demonstrated that type of nutrient medium can affect endophyte
community composition. In this study authors tested the impact of four media
(PDA, Czapek’s, WA and Sabouraud’s) on differences in composition communities
of endophytes associated with Acer ginnala (Maxim.). This study showed that
using all tested media would give the best result in exploring community
composition. However, the disadvantage of this approach is that using multiple
media significantly increases the time and costs. Thereupon, researchers analysed
which media would give the best recognition of the community composition of
endophytes and they pointed to PDA and Czapek’s nutrient media. The reason for
this can be significant differences in carbon sources between these media. The
carbon source in the Czapek’s nutrient medium is sucrose, a disaccharide
composed of glucose and fructose (Solomon et al. 2014, Ajah and Mohammed
2015). The monosaccharide fructose is an additional carbon source in comparison
with PDA nutrient medium which contain only glucose. This differentiation in
carbon sources can result in detecting higher fungal diversity and significant
differences in community composition. However, specific endophytic communities
inhabit different tree organs (Ganely and Newcombe 2006) and their life strategies
might be very different, e.g., foliar endophytes might have more copiotrophs than
seed fungi due to high concentrations of simple sugars produced in leaves during
photosynthesis while seed fungi might consist of more oligotrophs due to low
concentration of simple sugars in metabolically inactive seeds. However, as
already pointed out, study characterizing life strategies of seed fungi would be
necessary to better understand the lack of differences in fungal diversity and

community composition among different media.

The great similarity of carbon sources among selected types of media for my study,
especially between MEA (maltose) and PDA (glucose), can be the reason for no
differences in diversity and community composition of endophytes. The maltose is
a disaccharide compound of two glucose monomers bonded together by
a- 1,4 bonds of glycogen. All fungi are able to break down bonds of glycogen using
extracellular enzymes to obtain simpler carbon molecules (Hobbie et al. 2001).
Due to this, fungi could easily obtain glucose molecules by the breakdown of
maltose in my study. As shown in the article of Qi et al. (2012) there is still a

possibility to obtain significant differences in community composition among
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different types of media. My study does not show differences, but a different
selection of media could expose some. One of the possibilities is using the nutrient
medium with the addition of plant extract, e.g., beech seed extract. Commercially
produced media do not mimic conditions in which endophytes live in their
environment inside the host. Applying plant extract would allow for exploring
endophytes in conditions more similar to their natural environment (Murphy et al.
2014).

4.3 The influence of seed origin on endophyte diversity
and community composition

Endophytes' richness was not significantly affected by seed origin in our study.
Thereby, endophytes richness might not be highly dependent on location specific
variables. This result corresponds with previous studies in which the influence of
location and environmental variables on fungal richness in seeds (Franic et al.
2020) and other plant tissues (U’'Ren et al. 2012; Coince et al. 2014) was tested.
| noticed the differences in fungal diversity between different seed origins when
abundance-weighted measures were used. Both abundance-weighted indices
showed a significant difference in diversity between Poland and Switzerland. The
Shannon diversity index shows that diversity based on species richness and level
of evenness is significantly higher in Switzerland than in Poland. Then, the
Simpson index points out that the fungal communities of Germany and Switzerland
are significantly more diverse than the fungal communities of Poland, when rare
species are weighted less than the abundant. The detailed explanation of
differences in diversity among particular countries requires more studies about
endophyte diversity including the recognition of host phylogeny, and environmental
variables (Harrison and Griffin, 2020). However, the differences in all three
measures of fungal diversity between locations were quite small. Our study thus
shows that the fungal diversity of European beech is largely stable across tested
locations. The reason for this can be the fact that beech seeds are embedded in
the soft-spined husks most of the time (Durrant et al. 2016) and thus protected

against the influence of the environment.

Our results show a clear separation of fungal communities based on the seed

country of origin, for all three measures of community dissimilarity. The first axis of
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NMDS plots divides countries into two groups: 1) Austria and Slovakia and 2)
Germany, Switzerland and Denmark. This observation indicates higher similarity
in fungal community composition within than among these two groups. This spatial
pattern can be referred to as countries' geographic position on the European map.
This result corresponds with previous studies, in which location was also an
important driver of differences in the composition of fungal communities (Franic et
al 2020, Zimmerman and Vitousek 2012; Coince et al. 2014). Endophyte
communities associated with a particular host are shaped by abiotic and biotic
conditions. Abiotic conditions like climate and environmental variables can favour
certain fungi and thus affect community composition of tree-associated fungi
directly. Furthermore, climatic and environmental variables can influence fungal
community composition of a certain tree species by shaping the species
composition of plants in a particular habitat, which are a source of fungal inoculum
(i.e., part of fungi that can infest plants such as spores, sclerotia and fragments of
mycelium, Agrios (2005)) for other plants in the same environment. It is thus not
surprising that significant differences were observed in fungal community

composition across locations in Europe.

4.4 Conclusions and recommendations

Results of the present study show that chosen media (PDA, MEA, WA) do not
influence endophyte diversity and community composition. Furthermore, | show
that European beech seeds carry abundant and highly diverse fungi, including
potential plant pathogens that could be harmful to European beech, but also other
European tree species. The results thus confirm that new plant pathogens can be
brought to new places when seeds are moved which is indicated by differences in
community composition between locations. This result emphasizes the need to
improve the methods for detection of viable fungi such as traditional plating. Some
ideas include: 1) dilution-to-extraction cultivation (Unterseher and Schnittler, 2009)
which could help to obtain rare fungi that are difficult to grow by culturing plant
fragments and 2) addition of plant extracts to media in order to provide more
natural medium for growth. However, the overall assessment of fungal life
strategies is needed and will help to improve the methods used for fungal

detection.
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Appendix

Supplementary Table 1 — Results of generalized linear model (Endophyte

richness) and linear models (Shannon diversity index and Simpson’s index) for the

differences in endophyte diversity among three types of media and six locations.
Degrees of freedom (df), chi square (x2) and P values are shown. Significant P
values are bold (P < 0.05).

Model Response variable Factor Df X2 P
Endophyte richness ~ Endophvte richness Location 5 10.5 |0.0623
Location+Medium Phy Medium | 2 | 0.89 | 0.641
The Shannon diversity index ~ The Shannon Location 5 0.05 | 0.033
Location+Medium diversity index Medium 2 0.004 | 0.492
The Simpson's index ~ The Simpson's index Location 5 0.005 | 0.025
Location+Medium Medium | 2 |0.0008 | 0.236
Supplementary Table 2 — Results of permutational multivariate analysis of variance
using marginal tests available in adonis2 for the differences in endophyte
community composition among three types of media and six locations. Degrees of
freedom (df), R-squared (r2), and P values are shown. Significant P values are
bold (P < 0.05).
Model Response variable Factor Df r2 P
Sgrensen’s dissimilarity Serensen’s Location 5 0.534 | 0.001
index ~ Location+Medium dissimilarity index | Medium 2 0.091 | 0.190
Horn's index ~ Horn's index Location 5 0.754 | 0.001
Location+Medium Medium 2 0.059 | 0.141
Morisita-Horn index ~ Morisita-Horn index Location 5 0.926 | 0.001
Location+Medium Medium 2 0.045 | 0.002
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