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Abstract

Heterobasidion parviporum is the most important root and butt rot pathogen of
Norway spruce (Picea abies) in Europe. In subalpine spruce stands, this fungus is a
hazard to the stability and therefore the protective function of the stands. The Federal
Research and Training Centre for Forests, Natural Hazards and Landscape BFW
conducted a project in a subalpine forest in East Tyrol, where the antagonist
Phlebiopsis gigantea was tested against Heterobasidion using two different biological
strains. The aim of the present master thesis was the evaluation of the persistence of
the antagonistic fungus P. gigantea and its influence on the fungal biodiversity on
experimental plots seven years after the application. Wood cores were taken from
spruce stumps in three different depths using an increment borer. For the
identification of the outgrowing fungi morphological and molecular detection methods
were performed. The PCR with the fungal barcode primers ITS1/ITS4 detected
P. gigantea two times, whereas H. parviporum could not be found. The cloning
approach and the Blast search (Genbank) of the sequences indicated 34 different
fungal species belonging to ascomycetes, basidiomycetes, hyphomycetes and
unidentified taxa. The treatment with the commercial strain of P. gigantea (Rotstop®)
decreased the fungal biodiversity, whereas the other strain of the fungus received
from Poland did not. The antagonistic treatments showed good results, however,

further studies with naturally occurring antagonists should be performed



Kurzfassung

Heterobasidion parviporum ist der wichtigste Wurzel- und Stammfaule- Erreger der
Fichte (Picea abies) in Europa. In subalpinen Fichtenbestanden ist dieser Pilz eine
Gefahr fur die Stabilitat und damit die Schutzfunktion des Waldes. Das
Bundesforschungs- und Ausbildungszentrum far Wald, Naturgefahren und
Landschaft (BFW) hat deswegen ein Projekt in einem subalpinen Wald in Osttirol
durchgefuhrt, wo der Antagonist Phlebiopsis gigantea gegen Heterobasidion mit zwei
verschiedenen biologischen Bekampfungsmitteln getestet wurde. Das Ziel der
vorliegenden Diplomarbeit war die Evaluierung der Persistenz von P. gigantea und
deren Einfluss auf die pilzliche Biodiversitat der Versuchsflachen sieben Jahre nach
der Anwendung. Holzkerne wurden aus Fichtenstumpfen in drei verschiedenen
Tiefen mit einem Zuwachsbohrer enthommen. Zur Identifizierung der entwachsenen
Pilze wurden morphologische und molekulare Nachweisverfahren durchgefuhrt. Die
PCR mit den pilzspezifischen Barcode Primer ITS1/ITS4 identifizierte P. gigantea
zweimal, wahrend H. parviporum nicht gefunden werden konnte. Die Klonierung und
die Genbank — BLAST Suche mit den erhaltenen Sequenzen ergab 34 verschiedene
Pilzarten, die zu den Ascomyceten, Basidiomyceten, Hyphomyceten und
unindentifizierten Taxa gehdren. Die Behandlung mit dem kommerziellen Praparat
von P. gigantea (Rotstop®) reduzierte die Pilz-Biodiversitat drastisch, wahrend das
andere Praparat aus Polen keinen Einfluss hatte. Die antagonistische Behandlung
zeigte gute Ergebnisse, jedoch sollten weitere Studien mit natlrlich vorkommenden
Antagonisten durchgefihrt werden, um eine biologische Bekampfung gegen

Heterobasidion in subalpinen Waldern zu optimieren.
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1. Introduction

1.1 Heterobasidion annosum as main cause of root and butt rot on Norway
spruce

Norway spruce, Picea abies, is economically the main important tree species in
Central Europe. In subalpine forests, this tree species plays a major role as an
avalanche- and erosion-control tool besides its ecological value (Oswald et al. 1998).
Thus, in addition to bark beetles i.e. Ips typographus, pathogens can pose risk factor

endangering the stability of forests (Altenkirch et al. 2002).

Among the pathogenic fungi, the root rot pathogen, Heterobasidion annosum s. I., is
an important damaging agent of conifers on the northern hemisphere (Woodward et
al. 1998). The economic significance of this species is reflected by the annual wood
loss for the European timber industry estimated to be about 790 million Euros per
year (Woodward et al. 1998; Asiegbu et al. 2005).

The H. annosum complex consists of various types representing intersterility groups
with different primary hosts and is distributed almost all over the world (Figure 1). In
Europe the H. annosum complex consists of three different species (Niemala and
Korhonen 1998): the European P (=Pine) group, H. annosum (Fr.: Fr.) Bref. s. str.,
prefers pine species with Scots pine, Pinus sylvestris L, as the most important host;
the F (=Fir) group, H. abietinum Niemela & Korhonen, prefers fir species (Abies ssp.)
in southern and central Europe; the S (=Spruce) group, H. parviporum Niemela &
Korhonen, prefers spruces, with the exception in north-eastern Europe, where the

fungus attacks Abies sibirica Ledeb. (Korhonen et al. 1998).

Infection by Heterobasidion causes a root and butt rot by penetrating healthy trees in
two different ways. The primary infection pathway takes place via the release of
basidiospores, which can infect fresh wounds, roots and freshly cut stumps in an

area of several kilometers (Rishbeth 1951; Kallio 1970; Korhonen).

The maximum spore discharge may occur the whole day and the highest density
during summer with up to 1550 spores m?h in subalpine forests (Gonthier et al.
2005; Wood 1996; Kallio 1970; Sinclair 1964; Schmidt and Wood 1972; Rocket and
Kramer 1974; Edmonds et al. 1984). The anamorphic stage of the fungus (conidia of

Spiniger meineckellus Stalpers) can also be relevant for the infection pathway, but
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the basidiospores continuously released by the basidiocarps provide the primary
inoculum and replace the infection by conidia (Rishbeth 1952; Kuhlmann and Hendrix
1964; Redfern and Stenlid 1998).

Figure 1: Distribution of the H. annosum complex (dark shaded areas) (K. Korhonen in Asiegbu
et al. 2005).

The fungus grows from the stump surface down into the lateral roots and there the
second pathway takes place by infection of the neighboring trees via root contact
(Redfern and Stenlid 1998).

In managed forest systems, the fungus finds an excellent habitat for spreading and
colonization as logging, damage from tree harvesting and skidding, provide wounds
for infection. Since Rishbeth (1952) recognized that freshly cut stump surfaces play a
major role in the epidemiology of H. annosum, many studies were conducted e.g.
Thor and Stenlid 2005; Redfern and Stenlid 1998.
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Figure 2: The different infection pathways of H. annosum sensu lato (dnr.wi.gov).

1.2 Heterobasidion- control by chemical and biological methods

Control of H. annosum has been practiced for many years. Since the infection
pathway follows freshly cut stumps free from rot and moves on by root contacts to
neighboring trees, the main objective is to protect healthy stumps against an infection
by airborne basidiospores. This can be achieved by spraying or painting a spore
suspension or chemical compound on the whole stump surface without

contamination of the surrounding area (Pratt et al. 1998).

The chemical stump treatment is a preventive method and is practiced in conifer
stands where H. annosum is missing (Pratt et al. 1998). Chemicals are for example:
disodium octaboratetetrahydrate, propiconazole and urea (Olivia et al. 2008; Varese
et al. 1999; Westlund and Nohrstedt 2000; Pratt et al. 1998). For example, Olivia et
al. (2008) showed that urea treatment is a reliable and persistent protection method
against H. annosum. However, chemical treatments can be a hazard for the
environment, especially when automatically application systems via built-in nozzles in
chainsaw and harvester head are used, who can’t guarantee a treatment without
contamination of the surrounding area (Pratt et al. 1998). Chemicals like borate and
urea can cause acute damage to the ground-vegetation and also change soil
chemistry or the fungal community of a forest (Westlund and Nohrstedt 2000;



Vasiliauskas et al. 2004). In order to prevent such ecological hazard, biological
control methods are the only alternative in ecologically sensitive natural forests as the

Central European Alpine spruce forests usually are.

Biological control agents like antagonists are a principal method to combat plant
pathogens (Hayek 2004) and the interaction between both can be effected in
different ways. The antagonist can (1) suppress and exclude the pathogen through
the competition for space and nutrients, (2) produce antibiotics to kill the competitor,

or (3) directly destroy the pathogen (Campbell 1989).

Such a competition between pathogen and antagonist has been used to control the
infection of H. annosum in forests since Rishbeth (1950) provided first evidence of its
effectiveness in the UK. Examples for fungi tested for competition against
H. annosum are Phlebiopsis gigantea (Fr.: Fr.) S.S. Rattan et al., Trichoderma
harzianum Rifai, Hypholoma fasciculare (Huds.: Fr.) P. Kumm., Verticillium
bulbillosum W. Gams & Malla and others (Rishbeth 1963; Nicolotti and Varese 1996;
Varese et al. 1999, 2003; Nicolotti et al. 1999; Roy et al. 2003). All showed good
results to control the pathogen. However, P. gigantea is the most widely used
antagonist and was also the first biological control agent to combat Heterobasidion
(Hayek 2004). The ability of P. gigantea to colonize rapidly fresh wood surfaces and
its strong antagonistic reactions against Heterobasidion were the main reasons for
choosing it as nearly unique biological control agent against Heterobasidion
(Drenkhan et al. 2008).

1.3 Phlebiopsis gigantea as antagonist

P. gigantea occurs as a white rot fungus colonizing dead wood and the rhizosphere
of conifer forests (Asiegbu et al. 1996).The fungus grows in a flat manner on the
surface with a pinkish-buff or marble grey color and forms large fruiting bodies on
stumps, fallen trunks and log piles (Cram 2014; Holdenrieder and Greig 1998).
Fructification with flat basidiocarps takes place within one year after infection and can
continue for up to three years (Rishbeth 1963). The fruiting body produces
basidiospores which become airborne and are distributed by wind. In the asexual
lifecycle P.gigantea produces spores (oidia) that develop by segmentation of hyphae
(Holdenrieder and Greig 1998).



The hyphae of P. gigantea can change the structure of neighboring H. annosum
hyphae by penetration of cells, granulation and vacuolation of the cytoplasm and loss
of opacity of the cells (Ikedingwu et al. 1970; lkedingwu 1976). However, the most
frequently cited reason for the efficiency of P. gigantea is the competition for
resources and higher nutrition acquisition (Holdenrieder and Greig 1998; Adomas et
al. 2006 and Asiegbu et al. 2005).

1.4 Molecular identification of fungi

In natural systems like forests the fungal species composition is usually assessed by
the presence or absence of fruiting bodies in the field (Rajala et al. 2011; Renvall et
al. 1991). However, fruiting bodies are formed only under certain environmental
conditions and also identification of mycelia isolated from wood is difficult even for
trained mycologists (Johannesson and Stenlid 1999). A molecular biology technique
like sequencing of a particular gene-locus, which is assumed to be species specific,
is an efficient alternative to identify fungal diversity in forests (Khaund and Joshi
2014). This method is called DNA barcoding (Schoch et al. 2012) and is commonly
practiced nowadays. The two frequently used barcodes for the identification process

of species are:

(1) The region of the mitochondrial gene encoding the cytochrome ¢ oxidase subunit
| (COIl) as a universally used barcode for animals or plants also appropriate for
some fungi (Seifert et al. 2007; Hebert et. al 2003).

(2) The internal transcribed spacer region ITS, containing two variable non-coding
regions, which offer several advantages like high information content and ease of

amplification, was designed as a barcode for fungi (Schoch et al. 2012)

Bergerow et al. (2010) pronounced that the COI region will never be a useful fungal
primer posing problems in primer design. Thus the authors suggest the ITS region as

the most useful barcode primer for the identification of fungi.
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2. Aims of the Thesis

This master thesis was designed to evaluate the persistence of Phlebiopsis gigantea
in a subalpine forest on an experimental plot established by the Federal Research
and Training Centre for Forests, Natural Hazards and Landscape (BFW), Department
of Forest Protection. There freshly cut stumps had been treated against

Heterobasidion parviporum with two biological control agents i.e. P. gigantea in 2006.

Three questions were posed:

How long is the persistence of P. gigantea after a root rot treatment in subalpine

forests?

To answer these question wood cores were taken and morphological as well as

molecular techniques were conducted to identify the fungus present in the cores.

What are the follow-up-colonizers in the wood stumps after P. gigantea application?

Besides morphological identification of the fungal isolates, DNA extraction from
mycelia and wood was performed and PCR amplicons of the samples were

sequenced to determine the different fungal species via DNA barcoding.

Can H. parviporum and its antagonist P. gigantea be detected in lower parts of the

stump?

Cores were taken from different levels of the stump to include the role of the roots as

infection source via molecular identification.
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3. Material and Methods

3.1  Experimental Site and Preceding Antagonist Treatment by BFW

The study area was the Defereggen valley near to St. Veit in East Tyrol, Austria. The
basic experiment by the Federal Research and Training Centre for Forests, Natural
Hazards and Landscape (BFW), Department of Forest Protection was conducted in a
protection forest with a stand age of 170-200 years and a tree distribution of 90%
spruce and 10% larch. From the geological background the area is part of the East
Alpine crystalline. Paragneiss and mica schist dominate as bedrock covered by a
semi podsolic soil. The occurrence of Heterobasidion annosum was screened by
cutting wood discs, which were incubated in the lab for production of the anamorphic
stage Spiniger meineckellus and by an initial assessment of the presence of H.
fruiting bodies on the site. The identification of the intersterility group of the H.
annosum complex was performed by Prof. Paolo Gonthier (University of Turin) who
confirmed the presence of the S-type (H. parviporum), and Phlebiopsis gigantea was

chosen and tested as antagonist (Cech and Steyrer 2006).

On four different sample plots at an altitude between 1680m and 1950m a.s.l.
applications of the antagonist were performed after a thinning event in 2006. The
spruce stumps were treated with the commercial P. gigantea Rotstop® (Verdera) and
another formulation of P. gigantea from Poland (Dr. Lakomy, University of Posznan).
The suspension of Rotstop® was prepared according to the manual instructions, 1 1/1
g of powder. P. gigantea was applied by using 200g of the fungus-sawdust mixture
and 5 | water. After the treatment the stumps were covered with soil and humus
(Cech and Steyrer 2006).

3.2 Sample Collection and Culturing

Seven years later, in 2013, in total 215 wood cores were collected from all four
experimental plots by using an increment borer (Table 1). In order to prevent
contamination, the borer was cleaned in 70% ethanol before switching to a new

stump surface. The samples were taken in three different depths of the spruce stump
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(20 cm, 50 cm and 100 cm) and placed in a polythene bag. The cores had a length of
up to 20 cm and a diameter of 5 mm. After collection, each sample was labeled and

stored in a freezer at 4°C.

Table 1 Number of wood cores from three different layers of the stump.

Rotstop® 44 22 10
P.gigantea Poland | 43 27 11
Control 40 17 4

In the lab the wood cores were plated on malt extract agar (20 g/l malt extract, 15 g/l
agar) 230 mg/l containing Thiabendazol in 1ml conc. lactic acid added after
autoclaving (Holdenrieder et al. 1994). Every 14 days over a time period of 70 days
the petri dishes were checked for mycelial growth. From the growing mycelia were
isolated for producing a pure cultures grown were gained by transplanting them onto

2% malt extract agar.

3.3 Morphological identification of fungi

The morphological identification was concentrated on the detection of the two
species H. parviporum and P. gigantea. The first step of the identification process
was the classification of the color of mycelia. The pure cultures containing white
mycelia were checked under a microscope considering the following different culture
features: H. parviporum grows on malt extract agar first with white mycelium which
later turns to a brown color. After a few days the fungus starts with the production of
the characteristic asexual spores. These spores develop on club-shaped
conidiophores with many characteristic sterigmata and pointed-oval blastospores
(Holdenrieder 1982). P. gigantea also produces asexual spores (oidiospores, Figure

3) that develop from segmentation of the hyphae (Holdenrieder and Greig 1998).




Figure 3: Oidiospores of Phlebiopsis gigantea.

3.4 Molecular identification of fungi

3.4.1 DNA extraction

Fungal DNA from wood cores and mycelia were extracted using the DNeasy® Plant
Mini Kit (Qiagen). The wood cores were grinded by using liquid nitrogen and placed
in a 2ml Eppendorf tube. A 5mm steel bead was added and in 3x 1 min steps, the
samples were homogenized with a ball mill (MM2000, Retsch GmbH). 400 ul lysis
solution and 4 pyl RNase were added and incubated overnight at 400rpm at 55°C. For
mycelia the homogenization step was only 2 x 1min using steel beads and the
mixture was incubated for 10 min at 65°C. After incubation 130 ul neutralization
buffer was added and some centrifugation steps were performed following the
manufactory’s protocol. The DNA in the remaining spin column was eluted with
100 pl elution solution and stored at 4°C.

14



3.4.2 PCR with general ITS primer

In order to distinguish the different fungi, the primer ITS1 and ITS4 (White et al. 1990)
were used. The reactions were set up in 20 pl volumes containing, 1x NH4 buffer,
2mM MgCl,, 100 uM dNTPs, 0,3 uM of each primer, 0,1 U Taq polymerase and 1 pl
of the template DNA. Amplification was performed in a 2720 thermal cycler (Applied
Biosystems) with denaturation at 94°C for 30 sec, annealing at 55°C for 45 sec, and
extension 1 min at 72°C with 35 cycles. An initial cycle employed a 2 min
denaturation at 94°C and a final cycle had an extension step of 72°C for 7 min.
Agarose gel electrophoresis was performed to look up if the PCR succeeded. Gels
with a 2% agarose concentration were used and DNA was visualized on a UV
transilluminator. Sequencing of PCR products were performed by Eurofins
(Ebersberg, Germany) and for the sequences of the chromatograms with single

peaks a BLAST search in the Genbank was conducted.

3.5 Cloning

To determine samples with ambiguous sequence chromatograms cloning was
performed. The working protocol is listed in appendix I. For cloning 0,8 ul of the fresh
PCR product was mixed with 0,2 pl of the vector pTZ57R (Fermentas, Lithuania)
(Figure 4), 0,3ul polyethylenglycol (PEG3350), 0,3 yl T4 buffer and 0,1 pl ligase.

Afterwards the mixture was incubated at 15°C over night.

Transformation was performed with competent JM109 Eschericha coli cells. On each
ligation-preparation, 50 pl of E. coli were pipetted, carefully vortexed and placed on
ice for 20 min. Subsequently the samples were heated for 50 sec at 42°C in a water
bath. After 2min on ice, 950 ul SOC-media were added and placed at 37°C for
60 min. The samples were centrifuged for 5 min at 4°C at 2500rpm. Supernatant was
discarded and the remaining bacteria were pipetted on an agar media containing
X-Gal, ampicillin and IPTG for Blue/White screening (Figure 5). The petri dishes were
stored at 37°C over night. On the next day plates were checked for white bacteria
colonies. These bacteria colonies were marked and transferred with a toothpick in a
small tube containing LB broth and ampicillin (Sambrook et al. 1989). A PCR was
done with M13 Primers (Appendix Il). The agarose gel electrophoresis showed those

15



bacteria containing plasmids with PCR products. Purification and first generation
sequencing was done by Eurofins.

Scal, Tall 2447,
pTZ57R/T
2886 bp
Gsul 2054
Eco3ll 203,
Eam11051 1984

Figure 4: The vector used for cloning (source: thermoscientificbio.com).

Pdil 127
Adel, Ppu2il 23

Figure 5: Cloning with blue and white colonies.
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4, Results and discussion

4.1 Number of isolates and morphological detection

From the 215 wood cores taken from in total 127 spruce stumps, only 95 (44,2%)
demonstrated mycelial growth. Holdenrieder et al. (1994) reported a similar isolation
rate and showed that this rate depends on various factors: Taking wood cores with
the increment borer produces heat which can lead to a sterilization of mycelium or
spores (Holdenrieder et al. 1994). Furthermore environmental conditions play a
crucial role in the development of fungi (Kies and Liu 2000). For example, changes
in the natural environment can modify the micro-climatic conditions, especially in sun-
exposed subalpine areas. The increased radiation in summer leads to an optimal
habitat for dry and heat associated fungi like Gloeophyllum sepiarium, whereas other
fungi would not grow, so that a shift in the fungal diversity may occur (Carlsson et al.
2014). In addition, the probability, that a spore reaches a suitable substrate is
generally low and finally the chance of development decreases drastically when the
spore is not adapted to environmental factors (Boddy et al. 2009). As an example UV
radiation can decrease the vitality of a hyaline spore to 5%, whereas a pigmented
spore can survive for a longer time and also maintains a higher vitality (Kallio 1973;
Burnett 2003).

Table 2 Total number of wood cores listed by depth and treatment (red numbers indicate the
cores with mycelial growth).

Rotstop®
P.gigantea Poland | 43/33 26/4 10/0 81/37 11
Control 40/30 17/3 4/0 61/33 15
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The stump surface of 42 samples showed only few fruiting bodies of Gloeophyllum

sepiarium and Armillaria sp. (Figure 6).

The morphological method by searching the asexual spores could not detect the
antagonist P. gigantea nor the pathogen H. parviporum. Also molecular methods

were assessed to exclude the contamination with other fungi and detect the fungal

competition in the wood.

Figure 6: stumps with fruiting bodies of Gloeophyllum sepiarium (left) and rhizomorphs of
Armillaria sp. (right).

4.2 Molecular Analysis of the isolated fungi

4.2.1 PCR with fungal specific ITS primers

The plates with mycelia growth were screened for the fungal species with molecular
methods. Therefore, the locus specific primer ITS1 and ITS 4 (White et al. 1990)

were used. DNA was directly extracted from wood and mycelia.

Figure 7: Figure 7: Agarose gel electrophoresis of the
PCR with ITS1 and ITS 4 of fungal isolates.
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From the 96 DNA extractions, 80 samples showed clear amplicons on the agarose
gel electrophoresis indicating that the ITS primers were well suited for the work
(Figure 7). The different layers of the wood showed various results. From the 20 cm
layer, 75 showed clear bands, whereas from 50 cm four, and from 100 cm only one
indicated a successful PCR amplification. Generally 16 samples (16.8 %) of the
amplifications did not work. Here DNA concentration/quality of the samples might
have been too low or other factors like annealing temperature might have been not
optimal. In addition some sequence chromatograms showed no clear peaks when the
DNA was extracted directly from the wood core (Figure 8). In this case cloning was
performed to obtain clear sequences. The chromatograms with single peaks were

analyzed for the fungal species via BLAST search in the NCBI Database.

Figure 8: Sequence chromatogram showing ambiguous
peaks.

4.2.2 Cloning

Eleven isolates of woody DNA showed ambiguous sequences (Figure 8) and thus
cloning was performed. The blue/white selection showed only for six isolates clear
colonies. Those white ones were picked and plasmids were screened for positive
inserts via M13 PCR (Figure 9).

The sequencing of the PCR products indicated good chromatograms with single
peaks. The identified species belonged to species Candida sp. (R18), Lecytophora
sp. (R18, R43), Phlebiopsis gigantea (R31), Rhodoturala sp. (R43), Scleroconidioma
sphagnicola (R60).
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Figure 9: Agarose gel electrophoresis with M13 primer.

4.3 Detection of P. gigantea

Figure 10 shows the isolation success and molecular detection of the antagonist
P. gigantea. One to two years after the stump treatment the Polish strain of the
fungus could be found in 100% of the collected wood discs (Cech and Steyrer 2006).
On the other hand, Rotstop® was detected only in 60% of the stumps after one year
and surprisingly, this rate slightly increased to 78% one year later. In 2013 a total of
two samples contained the fungus and in each treatment (Rotstop® and P. gigantea
from Poland) one single strain was found. The control contained P. gigantea in the
first three years (2006, 2007, 2008), but not anymore in 2013 (Cech and Steyrer
2006).

The studies conducted by Cech and Steyrer (2006) showed a high percentage of the
antagonist P. gigantea one to two years after treatment, a phenomenon, which was
observed by Vainio et al. (2001) as well. However, after six years, they detected the
fungus in 53% of the treated Norway spruce stumps. Terhonen et al. (2013) showed
using next generation sequencing that 13 years after a treatment P. gigantea was
absent. In our experiment, a spread of the biocontrol agent to non-treated trees was
observed only during the first years, which coincides with the assumptions by Menkis

et al. (2012): however after seven years the fungus was absent.
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Figure 10: Detection success of the antagonist from wood.

4.4 \Verification of the presence of Heterobasidion parviporum

H. parviporum could not be detected in any sample including the control. This might
lead to the assumption that the infection rate by airborne spores at a higher altitude is
very low in summer. By contrast, Nicolotti and Gonthier (2005) showed that in the
Western Alps both a high spore intensity and a high infection frequency of H.
parviporum in summer was recorded. This was explained by the environmental
conditions and the regional selective cutting practices in summer which are favoring
infection by this species (Nicolotti and Gonthier 2005). Moreover, Gonthier (2001; et
al. 2005) found that even the highest inoculum density of Heterobasidion spores
appears in summer and he concluded that H. parviporum is well adapted to the
weather conditions at high altitudes. By contrast, though Cech and Steyrer (2006)
demonstrated that H. parviporum was present in the experimental site, they found
only few fruiting bodies and isolated the asexual Spiniger meineckellus in low
frequency. This finding is likely to be a consequence of several environmental factors
as nutrition, pH-value and temperature (Johannesson and Stenlid 1999; Piri 1998;
Courtious 1972; Zweck and Huttermann 1980; Gibbs 2002). A further problem is the
mycelial competition of pathogen and antagonist. H. parviporum generally grows

faster into the wood than P. gigantea (Sun et al. 2009; Rénnberg and Cleary 2012;
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Holdenrieder and Greig 1998) expanding to lower parts of the stump and the roots,
remaining there alive for several years (Piri 1996). When both species colonize a
stump similarly, H. parviporum colonizes deeper layers of the stump quicker than
P. gigantea without being suppressed by the latter (Berglund and Ronnberg 2004).
In addition, Holdenrieder (1982) showed that Heterobasidion is generally more
competitive in deeper layers of the wood than closer to the stump surface. This
observation was the reason, why in the present experiment cores were taken from
50-100cm depth to detect the spread of the fungus there: however, neither the
pathogen nor Phlebiopsis could be found. Regarding the spread of the antagonist in
roots, Tubby et al. (2008) came to the result, that this is less effective in spruce than
in pine. For the actual experiment, the possibility that the pathogen is present in
roots, cannot be excluded, since only a few samples were taken and the isolation
success was only 15%. However, no fruiting bodies could be detected on the roots
and also no rot could be found in the deeper parts, which indicates that no

colonization of these parts had occurred.

The infection rate of Heterobasidion is strongly dependent on many factors. First of
all, climatic parameters, like high annual rainfall and high air temperature can
decrease the incidence of infection by a negative influence on the sporulation of the
fungus (Puddu et al. 2003; Redfern and Stenlid 1998). In addition to the climate,
radiation, especially at a high altitude, may influence the airborne spore infection at a
high level. Also the initial infection intensity (colony size) can influence the survival of
Heterobasidion (Morrison et al.1986; Bendz-Hellgren and Stenlid 1998). Furthermore
diameter, age of the infected tree, virulence, competition with other fungi and defense
mechanisms of the host can also affect the process of colonization by H. parviporum
(Korhonen and Stenlid 1998; Huttermann and Woodward 1998; Asiegbu et al. 2005;
Paludan 1966 and Holdenrieder and Greig 1998).
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4.5 Follow up colonizers

4.5.1 Fungal species identified by molecular methods

The fungi identified from 20 cm depth comprise 33 species differentiated into 20,5%
basidiomycetes, 8,6% ascomycetes,0,9% hyphomycetes and 4,5% unidentified fungi
(Table 2 and Figure 11)

classes of fungi in percent

| basidiomycetes
B ascomycetes
B uncultured fungi

B hymnomycetes

Figure 11: classes of identified fungi from 20cm deep wood cores.

The saprophytic fungus Gloeophyllum sepiarium was the most frequently detected
species and this could be explained by the changed climatic factors caused by the
clear-cuts. The occurrence of many wood inhabiting fungi depends on features like
micro-climate and stage of decomposition of the wood (Rayner and Boddy 1988,
Niemela et al. 1995; Renvall 1995). The dark brown hyphae of this genus are
resistant to radiation, drought and higher temperatures (Holdenrieder 1982; Carlsson
et al. 2014). Furthermore, the fungus demonstrates a strong antifungal activity
(Nakajima et al. 1976; Holdenrieder 1982).
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Table 3 different identified fungal species from 20cm deep wood.

Species Class Treatment
P.gigantea

Unspecified fungi Unknown 2

Columnocystis abietina (Pers.) Pouzar B

Entomocorticium sp.

Fomes fomentarius (L.: Fr.) J.J. Kickx

Fomitopsis pinicola (Sw.: Fr.) P. Karst.

Hyphoderma sp.

Lecythophora sp.

Lipomyces sp.

Gloeophyllum sepiarium (Wulfen: Fr.) P. Karst.

Peniophora sp.

Phialocephala fortinii

Phialocephala lagerbergii

Phlebiopsis gigantea (Fr.) Julich, Persoonia

Resinicium bicolor (Alb. & Schwein.) Parmasto

=2 NN D a0 aN

Rhinocladiella sp.

Rhodotorula sp.

Pholiota sp.

Antrodia serialis (Fr.) Donk

Penicillium sp.

Ceriporia lacerata Maek., Suhara & R. Kondo
Rhinocladiella atrovirens Nannf.

—_—

Geomyces sp.

Alternaria alternata (Fr.) Keissl.
Gymnopilus penetrans (Fr.) Murrill
Candida sp.

Schizopora flavipora (Berk. & M.A. Curtis ex Cooke)
Ryvarden

Pichia fermentans Lodder

Scleroconidiomata sphagnicola Tsuneda, Currah & H 2
Thormann

Cladosporium herbarum Link
Kuraisha sp.

Phlebia radiata Fr.
Talaromyces sp.

Total 33

B
B
B
B
A
A
B
B
A
A
B
B
Stereum sanguinolentum ( Alb. & Schwein. ) Fr. B
A
B
B
B
B
B
A
A
A
B
A
B

>

> w > >

Rotsto® C
6 2
- 3
- 1
2 1
4 1
- 1
1 -
1 -
1 2
2 -
1 -
- 1
- 1
- 1
- 1
- 1
- 1
- 1
- 1
- 1
- 2
- 1
18 24

A- ascomycetes, B- basidiomycetes, H- hyphomycetes, C-control

24



The white rot fungus Fomes fomentarius could be identified via ITS- sequencing on
the spruce stumps. This fungus normally occurs on hardwood, for example beech but
it is sometimes also found on coniferous hosts (Suvorov 1967). Furthermore, the

presence of some birches around the site could explain the presence of the fungus.

Fomitopsis pinicola and Resinicium bicolor could also be identified as wood
colonizers. Both are known to occur commonly on spruce stumps and were also
tested for antagonism against Heterobasidion (Holdenrieder and Greig 1998).
R. bicolor recently showed that it can reduce the incidence of Heterobasidion root rot
in nature, whereas F. pinicola only in vitro indicated antifungal activities (Holdenrieder
and Greig 1998; Kirby et al. 1990; Holdenrieder 1982)

Normally ascomycetes are the primary colonizers of wood followed by filamentous
basidiomycetes like Fomitopsis pinicola or Resinicium bicolor. However, yeasts,
which belong also to the basidiomyctes appear frequently after one year (Terhonen
et al 2013). Over time the yeasts disappeared and, in this study after seven years
only Candida sp. could be detected, which matches with the study of Terhonen et al.
(2013).

Ascomycetes are common colonizers of plant tissues in subalpine areas.
Phialocephala fortinii for example is an endophyte of roots in spruce with the ability to

form ectomycorrhiza (Fernando and Currah 1996; Wilcox and Wang 1987).

Some further fungi are known to be associated with bark beetles: Kuraisha capsulata
and Talaromyces ssp. are associated with Ips typographus (Giordano et al. 2012;

Leufvén and Nehls 1986), which is common in subalpine forests in Tyrol.

From the wood cores of the deeper layers only four fungi could be detected:
Diplomitoporus lindbladii (50cm) and three fungi of the genera Cladosporium sp.

(50cm), Entomocorticium sp. (100cm), and Rhinocladiella sp. (50cm).
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4.5.2 Fungal diversity per treatment

The composition of fungi in forests is an important ecological factor. The saprophytic
genera providing nutrient ressources and the decomposing effects are necessary for

an intact enviromental system.

species diversity per treatment

® Phlebiopsis Poland
® Rotstop
control

Figure 12: Fungal diversity in percent listed by the root rot treatment

Various studies described changes of the fungal community by using P. gigantea as
a biological agent against Heterobasidion (Vasiliauskas et al. 2004). On the other
hand Holdenrieder (1982) stated that the biological control with antagonists does not

affect the naturally occurring composers.

In this study Rotstop® treatment decreased drastically the fungal diversity to 16% of
all detected species, whilst the treatment with the other strain of Phlebiopsis had no
influence on the fungal biodiversity (Figure 12). Our results indicate that a treatment
with the commercial product Rotstop® may decrease the fungal biodiversity, which
was also confirmed by other studies (Vasiliauskas et al. 2004, 2005; Vainio et al.
2005). However, the molecular detection technique investigated in this study covers
only the tolerant fast-growing fungi, which occur in a higher DNA concentration,
whereas the slow-growing or uncultivable fungi undoubtedly break away from
detection (Hyde and Soytong 2008). Furthermore, the medium for cultivation contains
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the fungicide thiabendazol, which has no effect on basidiomycetes, but inhibit other
classes, what makes it difficult to give a clear statement about the diversity.
Furthermore, the ITS region is not species specific for some fungal groups and have
also a range of biases (Schoch et al. 2012; Crautlein et al. 2011). In the species-rich
Ascomycetes (Cladosporium, Fusarium and Penicillium) for example, the internal
transcribed spacer region often shows a variation, what makes it difficult to identify
the fungus on species level (Seifert 2009; Schubert et al. 2007; Skouboe et al. 1999;
O'Donnell and Cigelnik 1997). In addition Bellemain et al. (2010) described different
biases like length biases, taxonomic biases and primer mismatch biases which could
be introduced during PCR. She also showed that the ITS1-F primer amplifies plant
sequences after removing the fungal sequence what can lead to errors. Therefore,
high-throughput sequencing like 454-pyrosequencing direct from the wood is a new
alternative to cover the whole diversity. Terhonen et al. (2013) investigated this new
technique and detected a total of 53.117 fungal sequences, whereas in this project
only 75 sequences could be obtained by sequencing and cloning. However, to detect
the whole diversity a mix of molecular and morphological techniques has to be

combined.
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5. Conclusions

In the present study Heterobasidion parviporum could not be detected seven years
after root rot treatment indicating that the antagonistic fungus Phlebiopsis gigantea is
a good control agent in subalpine spruce forests. However, the persistence of the
antagonist and the competition success against saprotrophic fungi was relatively low
and the persistence decreased drastically even during the first three years after the
treatment. For deeper layers of the spruce stump, a competition between pathogen
and antagonist could not be detected. Nevertheless for this crucial infection pathway
more experiments have to be carried out and more concentration has been given on

the pathogen spread via root contact.

Several studies indicated that P. gigantea is a better competitor in pine stumps than
in Norway spruce (Holdenrieder 1982). Therefore, experimental plots should be
established to track other naturally occurring competitors against Heterobasidion in
subalpine spruce forests in Austria. The Basidiomycetes of subalpine spruce forests
like Fomitopsis pinicola or Resinicium bicolor, which have been described also as
antagonists against H. annosum as well as Gloeophyllum sepiarium or some species

of Trichoderma could be alternative biological control agents.

The fungal diversity is another factor in the system of natural competition. The root
rot treatment with the commercial strain of P. gigantea Rotstop® showed a decrease
in the biodiversity of the other fungal species, whereas the P. gigantea agent from
Poland had no influence. However, the introduction of a non-natural occurring agent
isolated from a foreign region has to be considered as critical. Therefore, the
production of an Austrian strain of P. gigantea isolated from spruce seems to be the

best alternative as biocontrol agent.

28



6. References

Adomas, A.; Eklund, M.; Johansson, M. and Asiegbu, F.O. (2006) Identification
and analysis of differentially expressed cDNAs during nonself-competitive
interaction between Phlebiopsis gigantea and Heterobasidion parviporum.
FEMS Microbiology Ecology 57, 26-39.

Altenkirch, W.; Majunke, C. and Ohnesorge, B. (2002) Waldschutz: Auf
Okologischer Grundlage. 434 Seiten, Verlag Eugen Ulmer.

Asiegbu, F.O.; Daniel, G. and Johannson, M. (1996) Cellular interaction between
the saprotroph Phlebiopsis gigantea and non-suberized roots of Picea abies
Mycological Research 100, 409-417.

Asiegbu, F.O.; Adomas, A. and Stenlid, J. (2005) Conifer root and butt rot caused
by Heterobasidion annosum (Fr.) Bref. s. I.. Molecular Plant Pathology 6,
395-409.

Begerow, D.; Nilsson, H.; Unterseher, M. and Maier, W. (2010) Current state and
perspectives of fungal DNA barcoding and rapid identification procedures.

Applied Microbiology Biotechnology 87, 99-108.

Bellemain, E.; Carlsen, T.; Brochmann, C.; Coissac, E.; Taberlet, P. and
Kauserud, H. (2010) ITS as an environmental DNA barcode for fungi: an in

silico approach reveals potential PCR biases. BMC Microbiology 10, 187-189.
Bendz-Hellgren, M. and Stenlid, J. (1998) Effects of clear-cutting, thinning, and

wood moisture content on the susceptibility of Norway spruce stumps to

Heterobasidion annosum. Canadian Journal of Forest Research 28, 759-765.

Berglund, M. and Rénnberg, J. (2004) Effectiveness of treatment of Norway spruce

stumps with Phlebiopsis gigantea at different rates of coverage for the control of
Heterobasidion. Forest Pathology 34, 233-243.

Boddy, L.; Hynes, J.; Bebber, D.P. and Fricker, M.D. (2009) Saprotrophic cord

systems: dispersal mechanisms in space and time. Mycoscience 50, 9—19.

Burnett, J. (2003) Fungal populations and species. Oxford University Press, Oxford.

29



Campbell, R. (1989) Biological Control of Microbial Plant Pathogens. Cambridge,
Cambridge University Press. In: Hajek, A. (2004) Natural Enemies: An
Introduction to Biological Control. New York: Cambridge University Press. 378
pp.

Carlsson, F., Edman, M., Holm, S. and Jonsson, B. (2014) Effect of heat on
interspecific competition in saprotrophic wood fungi. Fungal Ecology 11, 100-
106.

Cech, T and Steyrer, G. (2006) Bekampfung von Heterobasidion annosum in
alpinen Fichtenwaldern -Testung biologischer Praparate. Projekt Osttirol 2005 —
2006. Federal Research and Training Centre for Forests, Natural Hazards and
Landscape (BFW).

Courtois, H. (1972) Das Keimverhalten der Konidiosporen von Fomes annosus (Fr.)
Cooke. bei Einwirkung verschiedener Standortfaktoren. European Journal of
Forest Pathology 2, 152-171.

Crautlein, M.; Korpelainen, H.; Pietilainen, M. and Rikkinen, J. (2011) DNA
barcoding: a tool for improved taxon identification and detection of species

diversity. Biodiversity Conservation 20, 373-389.
Drenkhan, T., Hanso, S. and Hanso, M. (2008) Effect of the Stump Treatment with

Phlebiopsis gigantea against Heterobasidion Root Rot in Estonia. Baltic
Forestry 14, 16-25.

Edmonds, R.L.; Hinshaw, R.W.; and Leslie, K.B. (1984) A 24-hour deposition
sampler of spores of Heterobasidion annosum. Phytopathology 74, 1032-1034
In: Heterobasidion annosum: Biology, Ecology, Impact and Control. Woodward,
S., Stenlid, J., Karjalainen, R. and Hutterman, A., pp. 107, London: CAB

International.

Fernando, A.A., and Currah, R.S. (1995) Leptodontidiutn orchidicola (Mycelium
radicis atrovirens complex): aspects of its conidiogenesis and ecology.
Mycotaxon 54, 287-294.

Gibbs, J.N.; Greig, B.J.W. and Pratt, J.E. (2002) Fomes root rot in Thetford Forest,
East Anglia: past, present and future. Forestry 75, 191-202.

30



Giordano, L.; Garbelotto, M.; Nicolotti, G. and Gonthier, P. (2012)
Characterization of fungal communities associated with the bark beetle Ips
typographus varies depending on detection method, location, and beetle
population levels. Mycological Progress 12, pp. 127-140.

Gonthier, P. (2001) Studi sull’epidemiologia di Heterobasidion annosum nelle Alpi
Nord-occidentalie indagini di lotta biologica e chimica [Studies on the
epidemiology of Heterobasidion annosum in the North Western Alps and on

biological and chemical control]. PhD Dissertation, University of Torino.

Gonthier, P.; Garbelotto, M. M. and Nicolotti, G. (2005) Seasonal Patterns of
Spore Deposition of Heterobasidion Species in Four Forests of the Western
Alps Phytopathology 95, 759-767.

Hajek, A. (2004) Natural Enemies: An Introduction to Biological Control. New York:
Cambridge University Press. 378 pp.

Hebert, P. D. N., Cywinska, A, Ball, S.L, deWaard, J.R (2003) Biological
identifications through DNA barcodes. Proceedings of the Royal Society of
London 270, 313-321.

Holdenrieder, O. (1982) Untersuchungen zur biologischen Bekampfung von
Heterobasidion annosum (Fr.) Bref. (Fomes annosus P. Karst.) an Fichte (Picea

abies H. Karst.) mit antagonistischen Pilzen. Dissertation, 239 Seiten.

Holdenrieder, O.; Baumann, E. and Schmid-Haas, P. (1994) Isolation of decay
fungi from increment cores: Frustrating experience from Switzerland.
Proceedings of the 8th IUFRO International Root and Butt Rot Conference
Uppsala and Porvoo, Aug. 8-16, 1993, 577-581.

Holdenrieder, O. and Greig, B.J.W. (1998): Biological methods of control. In:
Heterobasidion annosum: Biology, Ecology, Impact and Control. Woodward, S.;
Stenlid, J.; Karjalainen, R. and Hutterman, A., pp. 235-258. London: CAB
International.

Huttermann, A. and Woodward, S. (1998) Historical Aspects. In: Heterobasidion
annosum: Biology, Ecology, Impact and Control. Woodward, S.; Stenlid, J.;
Karjalainen, R. and Hutterman, A, pp. 1-25. London: CAB International.

Hyde, K.D. and Soytong, K. (2008) The fungal endophyte dilemma. Fungal Diversity
33, 163-173.

31



lkedingwu, F.E.O. (1976) The interface in hyphal interference by Peniophora
gigantea against Heterobasidion annosum. Transactions of the British
Mycological Society 66, 291-296.

lkedingwu, F.E.O, Dennis, C. and Webster, J. (1970) Hyphal interference by
Peniophora gigantea against Heterobasidion annosum. Transactions of the
British Mycological Society 54, 307-309.

Johannesson, H. and Stenlid, J. (1999) Molecular identification of wood-inhabiting
fungi in an unmanaged Picea abies forest in Sweden. Forest Ecology and
Management 115, 203-211.

Kallio, T. (1970) Aerial distribution of the root-rot fungus Fomes annosus (Fr.) Cooke
in Finnland. Acta Forestalia Fennica 78, 21 pp. In: Heterobasidion annosum:
Biology, Ecology, Impact and Control. Woodward, S., Stenlid, J., Karjalainen, R.
and Hatterman, A., p. 107. London: CAB International.

Kallio, T. (1973) Influence of ultraviolet radiation on the colony formation of Fomes
annosus diaspores suspended in water. Karstenia 14, 5-8.

Khaund, P. and Joshi, S.R. (2014) DNA barcoding of wild edible mushrooms
consumed by the ethnic tribes of india. Gene 550, 123-130.

Kirby, J.J.H.; Stenlid, J. and Holdenrieder, O. (1990) Population structure and
responses to disturbance of the basidiomycete Resinicium bicolor. Oecologia
85, 178-184.

Korhonen, K.; Capretti, P.; Karjalainen, R. and Stenlid, J. (1998) Distribution of
Heterobasidion annosum intersterility groups in Europe. In: Heterobasidion
annosum: Biology, Ecology, Impact and Control. Woodward, S., Stenlid, J.,

Karjalainen, R. and Hutterman, A., pp. 93—105. London: CAB International.

Korhonen, K. and Stenlid, J. (1998) Biology of Heterobasidion annosum. In:
Heterobasidion annosum: Biology, Ecology, Impact and Control. Woodward, S.,
Stenlid, J., Karjalainen, R. and Hutterman, A., pp. 43-70. London: CAB

International.

Kies, U. and Liu, Y. (2000) Fruiting body production in basidiomycetes. Applied
Microbiology and Biotechnology 54, 141-152.

32



Kuhlman, E.G. and Hendrix, F. F. Jr. (1964) Infection, growth rate and competitive
ability of Fomes annosus in inoculated Pinus echinata stumps. Phytopatholgy
54, 556-561.

Leufvén, A.; Nehls, L. (1986) Quantification of different yeasts associated with the
bark beetle, Ips typographus, during its attack on a spruce tree. Microbial
Ecology 12, 237-243.

Menkis, A.; Burokiene, D.; Gaitnieks, T.; Uotila, A.; Johannesson, H.; Rosling,
A.; Finlay, R.D.; Stenlid, J. and Vasaiti, R. (2012). Occurrence and impact of
the root-rot biocontrol agent Phlebiopsis gigantea on soil fungal communities in
Picea abies forests of northern Europe. FEMS Microbiology Ecology 81, 438—
445

Morrison, D. J.; Larock, M. D.; Waters, A. J. (1986) Stump Infection by Fomes
annosus in Spaced Stands in the Prince Rupert Forest Region of British
Columbia. Victoria, BC: Canadian Forest Service, Pacific Forestry Centre,
Information Report BC-X-285, 12 pp.

Nakajima, S.; Kawai, K.; Yamada, S. and Sawai, Y. (1976) Isolation of
Oospolactone as Antifungal Principle of Gloeophyllum sepiarium. Hoshi College

of Pharmacy, Ebara 2-4-41, Shinagawa-ku, Tokyo.

Nicolotti, G. and Varese, G.C (1996) Screening of antagonistic fungi against air-
borne infection by Heterobasidion annosum on Norway spruce. Forest Ecology
and Management 88, 249-257.

Nicolotti, G.; Gonthier, P. and Varese, G.C. (1999) Effectiveness of some
biocontrol and chemical treatments against Heterobasidion annosum on

Norway spruce stumps. European Journal of Forest Pathology 29, 339-346.

Nicolotti, G. and Gonthier, P. (2005) Stump treatment against Heterobasidion with
Phlebiopsis gigantea and some chemicals in Picea abies stands in the western
Alps. Forest Pathology 35, 365-374.

Niemala, T. and Korhonen, K. (1998) Taxonomy of the Genus Heterobasidion. In:
Heterobasidion annosum: Biology, Ecology, Impact and Control. Woodward, S.,
Stenlid, J., Karjalainen, R. and Hutterman, A., pp. 27-41. London: CAB

International.

33



Niemala, T.; Renvall, P. and Penttila, R. (1995) Interactions of fungi at late stages

of wood decomposition. Annales Botanici Fennici 32, 141-152.

O’ Donnell, K. and Cigelnik, E. (1997) Two divergent intragenomic rDNA ITS2 types
within a monophyletic lineage of the fungus Fusarium are nonorthologous.
Molecular Phylogenetics and Evolution 7, 103-116.

Olivia, J., Samilis, N., Johansson, U., Bendz-Hellgren, M. and Stenlid, J. (2008)
Urea treatment reduced Heterobasidion annosum s. I. root rot in Picea abies
after 15 years. Forest Ecology and Management 255, 2876-2882.

Oswald, H.; Ozenda, P.; Souchier, P. (1998) The evolution of subalpine forest
ecosystems: the case of stone pine (Pinus cembra) forests. Ecologie 29,
239-246.

Paludan, F. (1966) Infection by Fomes annosus and its spread in young Norway

Spruce. Forstlige Forsoksvaesen i Danmark 30, 19-47.

Pettersson, M., Ronnberg, J., Vollbrecht, G. and Gemmel, P. (2003) Effect of
Thinning and Phlebiopsis gigantea Stump Treatment on the Growth of

Heterobasidion parviporum Inoculated in Picea abies. Scandinavian Journal of
Forest Research 18, 362-367.

Piri, T. (1996) The spreading of the S-type of Heterobasidion annosum from spruce
stumps to the subsequent tree stand. European Journal of Forest Pathology 26,
193-204.

Piri, T. (1998) Effects of vitality fertilization on the growth of Heterobasidion annosum
in Norway spruce roots. European Journal of Forest Pathology 28, 391-397.

Pratt, J.E., Shaw lii, C. and Vollbrecht, G. (1998) Modelling disease development in
forest stands. In: Heterobasidion annosum: Biology, Ecology, Impact and
Control. Woodward, S., Stenlid, J., Karjalainen, R. and Hutterman, A., pp. 213—
233. London: CAB International.

Puddu, A.; Luisi, N.; Capretti, P. and Santini, A. (2003) Environmental factors
related to damage by Heterobasidion abietinum in Abies alba forests in
Southern ltaly. Forest Ecology and Management 180, 37—44.

Rajala, T., Peltoniemi, M., Hantula, J., Makipaa, R. and Pennanen, T. (2011) RNA

reveals a succession of active fungi during the decay of Norway spruce logs.
Fungal Ecology 4, 437-448.

34



Rayner, A.D.M. and Boddy, L. (1988) Fungal decomposition of wood: its biology
and ecology. Bath Press. Bath. UK.

Redfern, D.B. and Stenlid, J. (1998) Spore Dispersal and Infection. In:
Heterobasidion annosum: Biology, Ecology, Impact and Control. Woodward, S.,
Stenlid, J., Karjalainen, R. and Hutterman, A., pp. 105-141. London: CAB

International.

Renvall, P. (1995) Community structure and dynamics of wood-rotting
Basidiomycetes on decomposing conifer trunks in northern Finland. Karstenia
35, 1-51.

Renvall, P., Renvall, T., Niemela, T., (1991) Basidiomycetes at the Timberline in
Lapland: 2. An annotated checklist of the polypores of northeastern Finland.
Karstenia 31, 13-28

Rishbeth, J. (1950) Observations on the biology of Fomes annosus, with particular
reference to East Anglian pine plantations. (I) The Outbreaks of disease and

ecological status of the fungus. Annals of Botany NS 14, 365-383.

Rishbeth, J. (1951) Observations on the biology of Fomes annosus, with particular
reference to East Anglian pine plantations. (ll) Spore production, stump
infection, and saprophytic activity in stumps. Annals of Botany NS 15, 1-21.
Citied in: Heterobasidion annosum: Biology, Ecology, Impact and Control.
Woodward, S., Stenlid, J., Karjalainen, R. and Hutterman, A., p. 23. London:

CAB International.
Rishbeth, J. (1952) Control of Fomes annosus (Fr.). Forestry 25, 41-50.

Rishbeth, J. (1963) Stump protection against Fomes annosus. Annals of Applied
Biology 52, 63—-77.

Rockett, T.R. and Kramer, C.L. (1974) Periodicity and total spore production by
lignicolous basidiomycetes. Mycologia 66, 817-829.

Roénnberg, J. and Cleary, M.R. (2012) Presence of Heterobasidion infections in
Norway spruce stumps 6 years after treatment with Phlebiopsis gigantea.
Forest Pathology 42, 144-149.

Roy, G.; Laflamme, G.; Bussiéres, G. and Dessureault, M. (2003) Field tests on
biological control of Heterobasidion annosum by Phaeotheca dimorphospora in

comparison with Phlebiopsis gigantea. Forest Pathology 33, 127-140.

35



Sambrook, J.; Fritsch, E.F; Maniatis, T. (1989) Molecular cloning. A laboratory

manual. 2nd. New York, Cold Spring Harbor Laboratory Press.

Schoch, C.L.; Seifert, K.A.; Huhndorf, S.; Vincent, R.; Spouge, J.L.; Levesque,
C.A.; Chen, W. and Fungal Barcoding Consortium (2012) Nuclear ribosomal

internal transcribed spacer (ITS) region as a universal DNA barcode marker for
Fungi. PNAS 109, 6241-6246.

Schmidt, R.A and Wood, F.A (1972) Interpretation of microclimate data in relation to
basidiospore release by Fomes annosus. Phytopathology 62, 319-321.

Schubert, K. et al. (2007) Biodiversity in the Cladosporium herbarum complex
(Davidiellaceae, Capnodiales), with standardization of methods for

Cladosporium taxanomy and diagnostics. Studies in Mycology 58, 105-156.

Seifert, K.A.; Samson, R.A.; Dewaard, J.R.; Houbraken, J.; Levesque, C.A;
Moncalvo, J.M.; Louis-Seize, G. and Herbert, P.D.N. (2007) Prospects for
fungus identification using COIl DNA barcodes, with Penicillium as a test case.
PNAS 104, 3901-3906.

Seifert, K.A. (2009) Progress towards DNA barcoding of fungi. Molecular Ecology
Resources 9, 83-89.

Sinclair, W.A (1964) Root- and butt- rot of conifers caused by Fomes annosus, with
special reference to inoculum and control of the disease in New York. Memoir
No. 391, Cornell University Agriculture Experiment Station, New York State

College of Agriculture, Ithaca, New York, USA, 54pp.

Skouboe, P. et al. (1999) Phylogenetic analysis of nucleotide sequences from the
ITS region of tervertillate Penicillium species. Mycological Research 103, 873-
881

Sun, H.; Korhonen, K.; Hantula, J. and Kasanen, R. (2009) Variation in properties
of Phlebiopsis gigantea related to biocontrol against infection by Heterobasidion

spp. in Norway spruce stumps. Forest Pathology 39, 133—144.

Suvorov, P.A. (1967) Biological Characteristics of Fomes fomentarius, found on

spruce and birch. Canadian Journal of Botany 45, 1853-1857.

36



Terhonen, E.; Sun, H.; Buée, M.; Kasanen, R.; Paulin, L. and Asiegbu, F.O
(2013) Effects of the use of biocontrol agent (Phlebiopsis gigantea) on fungal
communities on the surface of Picea abies stumps. Forest Ecology
Management 310, 428-433.

Thor, M. and Stenlid, J. (2005) Heterobasidion annosum infection of Picea abies
following manual or mechanized stump treatment. Scandinavian Journal of
Forest Research 20, 154-164.

Tubby, K.V.; Scott, D. and Webber, J.F. (2008) Relationship between stump
treatment coverage using the biological control product PG Suspension, and
control of Heterobasidion annosum on Corsican pine, Pinus nigra ssp. laricio.
Forest Pathology 38, 37-46.

Vasiliauskas, R.; Lygis, V.; Thor, M. and Stenlid, J. (2004) Impact of biological
(Rotstop) and chemical (urea) treatments on fungal community structure in
freshly cut Picea abies stumps. Biological Control 31, 405—413.

Vasiliauskas, R.; Larsson, E.; Larsson, K.-H. and Stenlid, J. (2005) Persistence
and longterm impact of Rotstop biological control agent on mycodiversity in
Picea abies stumps. Biological Control 32, 295-304.

Vaino, E.J.; Lipponen, K. and Hantula, J. (2001) Persistence of a biocontrol strain
of Phlebiopsis gigantea in conifer stumps and its effects on within-species

genetic diversity. Forest Pathology 31, 285-295.
Vainio, E.J.; Hallaksela, A.-M.; Lipponen, K. and Hantula, J. (2005) Direct

analysis of ribosomal DNA in denaturing gradients: application on the effects of

Phlebiopsis gigantea treatment on fungal communities of conifer stumps.
Mycological Research 109, 103—-114.

Varese, G.C., Buffa, G., Luppi, A.M., Gonthier, P., Nicolotti, G. and Cellerino,
G.P. (1999) Effects of biological and chemical treatments against

Heterobasidion annosum on the microfungal communities of Picea abies
stumps. Mycologia 91, 747-755

Varese, G.C., Gonthier P. and Nicolotti, G. (2003) Long-term effects on other fungi
are studied in biological and chemical stump treatments in the fight against

Heterobasidion annosum coll. Mycologia 95, 379-387.

37



Westlund, A. and Nohrstedt, H.-Oe. (2000) Effects of stump treatment substances
for root-rot control on ground vegetation and soil properties in a Picea abies

forest in Sweden. Scandinavian Journal of Forest Research 15, 550-560.

White, T.J., Bruns, T., Lee, S. and Taylor, J. (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. In: PCR

Protocols: A Guide to Methods and Applications, Academic Press.

Wilcox, H.E. and Wang, C.J.K. (1987) Mycorrhizal and pathological association of
dematiaceous  fungi in roots of 7-month-old tree seedlings.
Canadian Journal of Forest Research 17, 884-899.

Wood, F.A (1996) Patterns of basidiospore release by Fomes annosus.
Phytopathology 56, 906-907.

Woodward, S.; Stenlid, J.; Karjalainen, R. and Huttermann, A., (1998)
Heterobasidion annosum: Biology, Ecology, Impact and Control. Wallingford,
UK and New York, USA: CAB International, pp. 589.

Zweck, S. and Huttermann, A. (1980) Induction of conidiogenesis in the white-rot
fungus Fomes annosus Fr. Cooke. In: Dimitri, L. (ed.), Proceedings of the
IUFRO Conference on Problems of Root and Butt Rot in Conifers. Germany,
August 1978, Hessische Forstliche Versuchsanstalt, Hann. Minden, Germany,
pp.380-384.

Internet References

Cram, Michelle: Phlebiopsis (=Phanerochaete, =Peniophora, =Phlebia,
=Peniophora) gigantea (Basidiomycetes: Corticiaceae), In: Biological Control: A
Guide to Natural Enemies in North America
http://www.biocontrol.entomology.cornell.edu/pathogens/phlebiopsis.php
02.02.2015

38


http://www.biocontrol.entomology.cornell.edu/pathogens/phlebiopsis.php

List of figures

Figure 1: Distribution of the H. annosum complex (dark shaded areas) (K. Korhonen
in Asiegbu et al. 2005). ..o 7

Figure 2: The different infection pathways of H. annosum sensu lato (dnr.wi.gov)..... 8

Figure 3: Oidiospores of Phlebiopsis gigantea. .............ceeviiiiiiiiiiiiiiiiiiieiiiieieeeeeeeeeeee, 14
Figure 4: The vector used for cloning (source: thermoscientificbio.com). ................. 16
Figure 5: Cloning with blue and white colonies. ... 16

Figure 6: stumps with fruiting bodies of Gloeophyllum sepiarium (left) and

rhizomorphs of Armillaria sp. (right).........ooooo 18
Figure 7: Agarose gel electrophoresis of the PCR with ITS1 and ITS 4 of fungal

1Yo =1 (=3P 18
Figure 8: Sequence chromatogram showing ambiguous peaks. ...............eeeveeeeeeeeee. 19
Figure 9: Agarose gel electrophoresis with M13 primer. ............ooovviiiiiiiiiiiiiiiieiieenee. 20
Figure 10: Detection success of the antagonist from wood. ..............coovviiiiiiiiiiinnnee. 21
Figure 11: classes of identified fungi from 20cm deep wood cores. ............cceeeeeeee. 23
Figure 12: Fungal diversity in percent listed by the root rot treatment ...................... 26

Figure 13: Fruiting body of Heterobasidion parviporum (Picture by Thomas Cech) . 43
Figure 14: Heterobasidion parviporum in pure culture (Picture by Thomas Cech) ... 43
Figure 15: Spiniger meineckellus Stalpers (Picture by Thomas Cech)..................... 44
Figure 16: Oidiospores of Phlebiopsis gigantea ...............cccceeiiiieiiiieiiiiicce e 44
Figure 17: Mycelia of Fomes fomentarius in pure culture on 2% malt extract agar. . 45

Figure 18: Sample site in the Defereggen valley (tirisMap,

https://www.tirol.gv.at/statistik-budget/tiris/)...........ceeeiiiiiii 45
List of tables
Table 1 Number of wood cores from three different layers of the stump ................. 13
Table 2 Total no of wood cores ordered by depth and treatment variant.................. 17
Table 3 different identified fungal species from 20cm deep wood .............c.eeueneeeeen.e. 24

39


file:///L:/Robert%20-%20Thesis%20Final%20Version%20CS.docx%23_Toc410744195
file:///L:/Robert%20-%20Thesis%20Final%20Version%20CS.docx%23_Toc410744195
file:///L:/Robert%20-%20Thesis%20Final%20Version%20CS.docx%23_Toc410744196

Appendix | DNA extraction (DNeasy® Plant Mini Kit, Qiagen)

e Homogenize samples with steel beads in an Eppendorf vial (1.5 ml).

e Add 400 ul buffer AP1 and 4ul RNase A. Vortex and incubate for 10 min at
65°C for mycelia and one day at 55° C. Invert the tube 2-3 times during
incubation.

e Add 130 pl Buffer P3. Mix and incubate for 5 min on ice

e Centrifuge the lysate for 5 min at 20.000 x g (14.000 rpm)

e Pipet the lysate into a QlAshredder spin column placed in a 2 ml collection
tube. Centrifuge for 2 min at 20.000 x g.

e Transfer the flow-through into a new tube without disturbing the pellet if
present. Add 1.5 volumes of Buffer AW1, and mix by pipetting.

e Transfer 650 ul of the mixture into a DNeasy Mini spin column placed in a 2 ml
collection tube. Centrifuge for 1 min at 6000 x g (8000 rpm). Discard the flow-
through. Repeat this step with the remaining sample.

e Place the spin column into a new 2 ml collection tube. Add 500 ul Buffer AW2,
and centrifuge for 1 min at 6000 x g. Discard the flow-through

e Add another 500 ul Buffer AW2. Centrifuge for 2 min at 20.000 x g.

Remove the spin column from the collection tube carefully so that the column
does not come into contact with the flow-through

e Transfer the spin column to a new 1.5 ml or 2 ml microcentrifuge tube.

e Add 50 pl Buffer AE for elution. Incubate for 5 min at room temperature (15-

25°C). Centrifuge for 1 min at 6000 x g. Repeat this step.
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Appendix Il Cloning

Day 1
e mix fresh PCR product with 1,4 yl H20, 0,1 ul ptZ57R, 0,3 pl PEG3350, 0,3ul
T4 Buffer, 0,1 pl T4 ligase
e add 0,8 ul DNA

e incubate over night

e thaw 35 pl competent cells per reaction on ice

e pre-cool ligation reaction mixtures on ice in 0.5 ml reaction tubes

e add competent cells to the ligations

e incubate on ice for 20 min

e heat shock bacterial suspensions in a 42 °C hot water bath for 50 sec

e put reactions back on ice for 1-2 min immediately

e add 300 pl of SOC medium were added to each tube

e incubate at 37 °C for 1-2 hrs

e prepare LB-Amp plates in the meantime: plate 40 ul X-Gal (20 mg/ml) and 40
Ml IPTG (24 mg/ml) on each plate with a Drigalski spatula

e plate transformation reactions on the plates

e incubate upside down over night at 37 °C

e transfer 0.5 ml up to 2 ml of overnight E. coli cultures into 1.5 ml reaction
tubes.

¢ tip with a sterile toothpick

e transfer into Eppendorf tubes (containing master mix for PCR) and a cap-o-
test vial containing 3 ml LB broth containing 50 pg/ml ampicillin.

e vials were incubated at 37 °C overnight under vigorous shaking
(180 — 200 rpm).
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Day 4

e transfer 0.5 ml up to 2 ml of overnight E. coli cultures into 1.5 ml reaction
tubes.

e pellet cells by centrifugation: 10.000 rpm, 4 min

e discard supernatant and re-suspend pellets in 100 ul resuspension solution

e add 1yl RNase

e incubate for 2-5 min

e add 200 pl NaOH-SDS

e vortex at 1.400 rpm

e add 150 pl ice cold Kac-solution, vortex 10 sec

e put samples 5 min onice

e centrifuge 5 min on 4°C at 15.000 rpm

e pipette supernatant in a new tube

e add 900 pl EtOH and vortex carefully

e incubate for 2 min and centrifuge for 5 min at 4°C on 15.000 rpm

e discard flow-through and dry the tube

e add cold 70% EtOH vortex carefully and centrifuge for 5 min at 4°C on
15.000 rpm

e discard ethanol and air-dry pellets for approximately 2 hours

e re-suspend pelletin 10 mM Tris

LB broth (Sambrook et al. 1989)

Bacto-tryptone 1049

Bacto-yeast Extract 5g

NaCl 10g

Agar 159

Adjust the pH to 7 with 5N NaOH and volume to 1 |
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Figure 15: Spiniger meineckellus Stalpers (Picture by Thomas Cech)

Figure 16: Oidiospores of Phlebiopsis gigantea
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Figure 18: Sample site in the Defereggen valley (tirisMap, https://www.tirol.gv.at/statistik-
budget/tiris/)
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