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Abstrakt

Predkladana prace si klade za cil porovnat komurktgraykorhiznich (EcM) hub,
které kolonizuji k#enovy systém invazni borovice vejmutovky a doméamiobice lesni.
Cilem prace bylo posoudit, jaky ma mykorhizni sybaai vliv na invazivitu borovice
vejmutovky na tUzemi Néarodniho Parkieské Svycarsko a &it jak borovice vejmutovka
pasobi na druhové sloZenicatnost EcM hub. Porovnavano bylo také mnozstviatakého
uhliku do nadzemnich a podzemnich ektomykorhizatalktur, jehléi ve forne opadu a do
jemnych kdinka obou druli borovic. Mefena byla i produkce extramatrikalniho (EMM)
mycelia v experimentalnich nylonovychéséch, pomoci stanoveni obsahu ergosterolu -
specifické slozky houbovych membran. Jednotlivénpekperimenty probihalyéhem dvou
let na lokalithch, kde se monodominantvyskytovaly jednotlivé druhy borovic. Oproti
ocekavani, byla druhova bohatost EcM hub naekech borovice vejmutovky paime
vysokd, jelikoz byla srovnatelnd s druhovou bohatpgvodni borovice lesni. Vysledky
prokazaly vyznamny rozdil v produkci ectomykorh@&niplodnic. Oproti plocham, kde se
vyskytuje nefivodni borovice vejmutovka, byl zaznamenan o 100%sinvyskyt EcM
plodnic, ve srovnani s plochami obyvanymi boroves$ni. Piikazre nizSi byl i obsah
ergosterolu ve vzorcich pochazejicich ze statiam$azni borovice vejmutovky. Borovice
lesni oproti tomu produkuje vetSi mnozstvitik@i, ale naopak ménopadu jehlic. Z
vysledki téZ vyplynulo, Ze borovice vejmutovka diepr¢ vybird EcM druhy hub jinych
explora&nich tymi a je mozné, Ze uspené karbohydraty vyuzZije pro §vvlastni fist a

invazni potencial.

Kli¢ova slova

Mykorhiza, borovice vejmutovka, druhové sloZzenichdtost ektomykorhiznich hub, invazni
druh, kolokh uhliku



Abstract

This study aimed to compare the mycorrhizal fungainmunities inhabiting the
roots of invasivePinus strobud.. and nativePinus sylvestrid.. We also compared carbon
allocation into ectomycorrhizal fungal (EcMf) anther structures of the two pine species.
The aim was to assess the influence of mycorrhizthe invasive potential &?. strobusin
the protected areas of National Park Bohemian &wérd. The two field experiments were
conducted on three locations of each species. WWaatsd the EcM extramatrical mycelium
(EMM) production by measuring the ergosterol cohtersterile sand filled mesh-bags. Next
measured variables were: biomass of ectomycorrhizdisaprotrophic sporocarps, fine roots
biomass and leaf litter biomass to compare the s@ason production of each measured
variables. The results revealed a major differendecM sporocarps production, whereas on
theP. sylvestrissites was the production 100% higher. Same resaitte from the fine roots
measurements. sylvestrishad a higher fine roots production, which may o aelated
with the production of EMM, which was about 60% leg as well. The EcMf species
richness on theP. strobusroot-tips was as high as the native pine, but $pecies
composition was different. Thie. strobusprefers EcMf species with different exploration
types, when compared to the native pine. And thghtrbe the clue to the mechanism of the
P. strobusinvasion - we hypothesise, that it allocates lphstosynthates into EcMf

structures and uses them for its own intensive gpewth.

Key words

Mycorrhiza, Pinus strobus species richness and assemblage of EcMf, invagpesies,
carbon cycle



1. Introduction

Mycorrhizal symbiosis is a ubiquitous phenomenothe plant world and if studying
plant ecology, it needs to be taken into accoumt tuits importance and influence on the
plant individuals and communities. Mycorrhizal furgglonize the plant root systems and
help to gain nutrients, water, increase the haabtplimmunity against pathogens etc. The
amount of fungi in the forest soil was estimatedta®00 kg/ha (Wallandest al, 2001).
Such amount of fungal mycelia in the soil is nolycen major global carbon sink, but also a
nutrition and maybe informational highway connegtimany individual plants together
(Simardet al, 2012). Next variable in this study are invasiafsalien species into novel
ecosystems, which cause ecological damage wheporop#ting the native species and thus
decreasing the diversity. The damage caused bylibe plants is not just biological, but
also financial. Eradication of alien species cagsisstantial portion of national budgets. If the
alien plant is mycorrhizal, it is necessary to asséthere is any influence of mycorrhiza on
the process of invasion.

The presented study aimed to reveal the signifieari mycorrhizal symbiosis in the
case ofPinus strobud.. invasion into native forests in National Park Bolen Switzerland,
inhabited by indigenouBinus sylvestri. It continues with the study (Kohoat al, 2011b)
which aimed to determine the interaction betweeocaeeous understorey shrubs and the
diversity and abundance of ectomycorrhizal fungiNI) associated with the invasive.
strobusand nativeP. sylvestris The experiment was conducted in mesocosmic sgstem
revealed the possible influenceRfstrobuson the EcMf community. This study was a field
experiment, which aimed to compare the EcMf speatidmess and assemblage of both Pine
species. In addition, we compared the fine rootsdyction, carbon allocation into the
soilborne EcMf mycelium, abundance of fungal sparps in the tree undergrowth and

biomass of leaf litter.



2. Literature review

2.1 Mycorrhizal symbiosis

Mycorrhizal symbiosis is a key factor not only fangal but plant physiology,
ecology and evolution (Rea al, 2004; Smith & Read, 2008). This intimate relatisrat
least 460 million years old (Redecketr al, 2000) and according to some authors is the
cooperation of plants and fungi the one essentigluéonary step for plant terrestrialization
(Selosse & Le Tacon, 1998). Recent findings shovg.(RB) that more than 80% of
angiosperm plant species and over 300 gymnospeetiespassociate with some kind of
mycorrhizal fungi (Brundrett, 2009). Mycorrhiza wasmmon feature to all higher plants,
but some of them during the evolution lost theigbib associate with the mycorrhizal fungi
(Wang & Qiu, 2006). The fact, that in the wholerml&ingdom are only few plant families
which do not create mycorrhizae shows, how mudhésmycorrhiza linked together with
plants. The most common or important families oh-meycorrhizal representatives are
Brassicaceae, Caryophyllaceae, Cyperaceae, Pratcate. (Testest al, 1987).

The basic principle of mycorrhizal symbiosis istrient exchange between
photosyntheticaly active plant and its symbiotiagu Mycorrhizal fungi are able to reach
with their extramatrical mycelium (EMM) into distamareas of the soil and obtain the
inaccessible mineral nutrients or water and prowider its host plants (Marschner & Dell,
1994). The main nutrients that mycorrhizal fungingport into the plant roots are P and N.
The P in the soil is usually hardly accessibletlfar plants, because it is bound into insoluble
or very hardly soluble substances. Mycorrhizal fumaye the ability to harvest and provide
it to the plants. The nutrient support is even flssn cases when the P concentration is
below the reachable level for the non-colonizechp(mith & Read, 2008). In return the
plant rewards its symbiotic fungi with carbohydetariginating from the photosynthesis
process. The mycorrhizal fungal EMM production dihg correlates with the host plant C
allocation into its roots and gradually transferiatb mycorrhizal structures as root-tips,
mycelia and rhizomorphs. Carbon donation from tla@tps dependent on various factors as
mineral nutrients availability (Balat al, 2013), precipitation, biotic factors, etc.

Mycorrhizas are traditionally divided into threasic anatomo-morphological groups

- (Fig. 1) endomycorrhizae, ectomycorrhizae (EcMid aect-endomycorrhizae (EeM).



Ericoid mycorrhiza (ErM), Orchid mycorrhiza rM) and he most frequent Arbuscul
mycorrhiza (AM) béng in the endomycorrhizal groupypical feature of endomycorrhiz
is thefungal hyphae penetratichrough the primary cortex ohizodermal cll walls (Genre
et al, 2005)and creation c typical intracellular structureas arbuscules in case of A
hyphal coils in case of Er and pelotons in case of OrM. Eedttuctures, both intercellul:
and intracellular can | found in Arbutoid and Monotropoithycorrhiza plants. EcM fungi
do not penetrate the plant cell w and create an intercellulstructure and hyphal sheet on
the outer surface of the plant roc(Petersoret al, 2004).The involved symbiotic fungi ar
in most cases from the Basidiomycota, Acsomycoth @lomeromycota phyl(Smith &
Read, 2008).
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Figure 1 Types of mycorrhiza, endomycorrhizas: AM, ErM, Ordttomycorrhizas: EcM, ectendomycorrhi

EeM, author: T. LukeSov)



2.2 Plant - fungus nutrient exchange

The way how the EcMf obtain nutritious substaneases between the saprotrophic
feeding on organic matter and obtaining the photths@tized C from the mycorrhizal host
plants (Zelleret al, 2007). High diversity of fungal species with difént degrees of trophic
level can be found especially in temperate foressgstems (Tederscat al, 2010a). The
EcMf are able to decompose some organic matter ftben soil, but the amount of
saprotrophicaly gained carbon is almost neglig(Blalbotet al, 2008). Due to an inability
to process sacharosis are EcMf almost fully depeinde their host plants which provide
them glucose and fructose exchanging it for glugseand other nutrients (Nehds al,
2010). In the study (Wallandet al, 2001) the stable isotope probing (SIP) experimexd
performed and the results showed, that carbon pacated in the EcMf cell bodies
originated mainly from the host trees. The EcME isotopic trace was compared to the
saprotrophic fungal trace, host plants trace ansl significantly closer to the green plants
autotrophic nutrition level.

The physiology of plants and their mycorrhizal duns linked together. As an
example of such connection can be taken the resiltsvo following studies. Carbon
donated by a plant into its fungal symbionts catiheup to 20% of the total amount of net
primary production (Hobbie, 2006) and in laboratoexperiment was shown, that
mycorrhiza increases the net assimilation ratéhefhost plant (Loewet al, 2000). When
performing tree girdling experiments, which is thea cruel method that practically kills the
tree by cutting the phloem and xylem around the trank and stops the C flow into the
underground. Those experiments showed evidence FitMdf are a substantial part of the
woody plants soil C sinks. Without the host plaatbon donation are the EcMf not able to
continue growing and fruiting. After one month, thevas a 41% decrease of microbial
carbon content in the soil and 45% decrease obldisd organic carbon abundance in the
soil on the plots where the girdling was executddgberg & Hogberg, 2002). The fluxes of
mineral nutrients and carbohydrates between thet @ad fungal partners have a great
influence on pedosphere dynamics as soil respirafimgal growth (Hogbergt al, 2001)

and plant communities in the aboveground as walh @er Heijden & Horton, 2009).
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2.3 Types of mycorrhiza

EcM
(4.5%)

Ericoid (1.2%)
Orchid (0.7%) &

NM

(18.4%) (73.3%)

facultative -AM
(1.9%)

Figure 2 - Abundance of various types of mycorrbizanong plant species, picture taken from the study
(Brundrett, 2009) - literature review from 128 puahtions includes ca 8000 plant species, AM — seblar

mycorrhiza, ECM — ectomycorrhiza, NM — nonmycorghj£ricoid — ErM, Orchid — OrM.

2.3.1 Arbuscular mycorrhiza

The most common and abundant mycorrhiza is AM Wwhielongs into the
endomycorrhizas and inter alia associates withapmprately 74% of all Angiosperm plant
species, number of Gymnosperm species and some&ogaypic species (Brundrett, 2009).
AM is formed only by one obligatory mycorrhizal fyed phylum called Glomeromycota.
AMf are generalists and they form mycorrhizal syosis with various plants species.
Glomeromycota are vitally dependent on their aofgiic hosts since the earliest time of
plant evolution. Some authors enforce a theoryt tha AM was the symbiosis, which
allowed the plants to leave the water environmerd gradually colonize the dry land
(Selosse & Le Tacon, 1998).

The colonization of plant root cells by AM fungtags with an attraction by
strigolactone molecules released by the plant r@@¢sserert al, 2006) and afterwards
continues with a cascade of signals which are ieduxy the fungal hyphae and gradually
leads to penetration of the cortical plant cell l&vgDldroyd et al, 2005). The plasmatic

membrane of penetrated root cells remains untouahddtovers the whole surface of fungal
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hyphae which gradually forms a typical tree likeusture called arbuscule. The branched
structure of arbuscule builds a highly multipliedrface between the fungal and plant
phospolipid membranes, which gives formation ofcgpaalled interfacial matrix where the

nutrients exchanging processes are held (Peterddassicotte, 2004).

2.3.2 Orchid mycorrhiza

OrM is a unique symbiosis between fungi from Bemsid/cota and Ascomycota
(Zelmeret al, 1996) and plants originating from the family Gdgaceae. OrMf same as
AMf colonize the intercellular space of the plaoot cells. Unlike AMf form the OrMf in
the cortical cells a specialized coiled structwaited pelotons which represent and build the
interfacial matrix (Peterson & Massicotte, 2004heTrelation between orchids and OrMf is
an example of highly evolved symbiosis where bo#mibers of the association are highly
dependent on each other. Most of the orchids diedapendent on their symbiotic fungi in
the seed germination stadium. The dust seeds ofspleom Orchideaceae family are utterly
lacking of an endosperm and are fully reliant oa ttutrients provided by its symbiotic
fungus in the earliest stages of germination (AirditGhani, 2000). This stage of orchid life
cycle is called protocorm and the plant is pratyicaprotrophic until it is able to create its
own chloroplasts and photosynthetise the vital @ajmirates. A number of Orchid species
remain in mixotrophic or mycoheterotrophic nutnitistate (Roet al, 2009), when partially
acquiring carbon from its OrMf and partially photothetizing its own carbohydrates
(Selosse & Roy, 2009). It happens commonly, thatgllotons are eventually digested by
the host plant. The orchid nutrition acquirementighly dependent on its OrMf. Some
orchid species root systems are highly reducedi@nfiinction is to provide a refuge for
OrM fungi and the fungal hyphae emanating fromrtba& system explores the surrounding
soil and provides collected nutrients and pradicedplaces the function of the plant root
system (Smith & Read, 2008).

2.3.3 Ericoid mycorrhiza

ErM is a symbiotic relation between Ericaceousnf@aand Ascomycota or
Basidiomycota. ErM can be found from the arctic dmoreal to the Mediterranean,
subtropical and tropical ecosystems. ErM plantstbame with the same success in wet and

acidic soils of marshes and wetlands and as wehendry and nutrient poor Mediterranean
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soils which contain high amount of hardly accessiinerals. The main effect of ErM is
that the ErMf are able to provide the mineral rautts to their plant hosts in even very
unfavourable soil conditions such as low pH, drdudieavy metal contamination etc.
(Cairney & Meharg, 2003). The ErM fungi producepectrum of hydrolytic and oxidative

enzymes, which helps to mobilize and acquire theenails from the soil complexes (Burke
& Cairney, 2002). This process helps to close #mban cycle very efficiently by digesting

the dead plant material by the ErMf and transferthre nutrients back to the host plant.

2.3.4 Mycoheterotrophy

Photosynthesis is a crucial process of fixing apmeric CO2 and incorporating the
derived carbon into the plant tissues and graduatty the soil organic matter. The organic
matter from autotrophic plants becomes a sour@adfon for decomposers and then the rest
of food chain members. Except autotrophs and hietgrios exists another group of
organisms. For example, plants that evolved fromh@eaceae and Ericaceae family are
organisms with marginal portion or without any cblaasts and their carbon requirements
are fully supported by the mycorrhizal fungus anel @alled mycoheterotrophs and plants
with partial dependence on the mycorrhiza are daftexotrophs (Leake, 1994; Taylor &
Bruns, 1999; Selosse & Roy, 2009). Mycoheterotrogaieson the way between autotrophy
and heterotrophy. The name resembles ability o$eh@on-photosynthetic plants to gain
carbon not only from mycorrhizal fungi, which aagucarbon from other host plants, but
also from catabolic processes, which are perforimgdhe saprotrophic fungi. It natural
conditions can easily happen, that symbiotic fusfghe mycoheterotrophic plant associates
with other plant species that are photosynthetiealve. If those fungi provide the derived
carbon to the mycoheterotroph it turns the platd aepiparasite. Epiparasite is thus a non-
green plant, which thrives on carbohydrates phaiibstized by other green plants
(Bidartondo, 2005).

An odd case of plant nutrition are mycoheterotroplants associating with
saprotrophic fungi. The principle is similar to thmycoheterotrophic and epiparasitic plants,
because the fungi are donor of carbon, but thecsoof carbon are only dead plant tissues
and other organic matter. Orchids as for exan@dstrodia confusgresented in the study
(Ogura-Tsujitaet al, 2009), are terrestrial non-photosynthetic plantdiich form a

symbiosis with saprotrophic fungi form genMycenawhich is usually characterized as a
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non-mycorrhizal fungal species. Thus Bastrodiaderives the carbon, which is acquired
from fungal decaying processes of wood or orgaratenmls.

2.3.5 Ectomycorrhiza

The typical anatomical characteristic of EcM i® tlungal intercellular structure
called Hartig net (Fig. 3) which creates a largdame area for the efficient contact between
fungal cells and the host cells, allowing to efiesly transfer the exchanged substances.
Another typical anatomical feature of ECM is hypbhaéet or mantle, which covers the outer
surface of the host plant roots (Petersbal, 2004) and creates the typical ECMf structure:
the root-tip. According to (Agerer, 1997) there &am® main types of hyphal development
within EcM mantles: pseudoparenchymatous which aeméd compactly with highly
differentiated hyphal elements, and plectenchynsatelich has loosely tangled hyphae and
their stringy form is still visible. Mycelial hypleaemanating from the mantle are able to
create more complex structures called rhizomorpisch explore the soil and are able to
reach to relatively far distances. Various EcMehlges (Tedersoet al, 2010a) create their
own typical hyphal features and are divided intplesation types. The mycelial hyphae and
rhizomorphs greatly increase the surface and radfuthe whole root and mycorrhizal
system and enables to reach further and acquire mdrients from the soil (Agerer, 2001).
The nutrients provided from the EcM fungi for itssh plants are as mentioned P and mainly

N, water and other nutritious substances.
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Figure 3 (Crossection of EcVPinussp. root, blue arrow -

Fungal hyphae, red arrc- Hartig net, author: T. Antl)

Due to the hyphal sheet characteristics, such dsopfiobic surface ai the ability to
control the flow & exchanged substances to the r(Ashford et al, 1988), is the fungus
practicaly the main or even only ay, trough the substance exchange is held. Coirsic
the possibility, that the plant roots colonizatman reach up to 100%, it means that the
plant is almostisolated from the pedosphere. This means, thatrartgents and wate
entering the roatust first pass through the fungal structures @mdesin case of leaving tl
root and EcMf therefore occupy and probably contitwé interface between the s
environment and the host plegTaylor & Alexander, 2005)This theory needs to be testec
future research, due to its o indirect evidenceEcM fung may have therefore an
irreplaceable role in boreal and temperate forestdogy and soil dynamic(Anderson &
Cairney, 2007)They colonize a major part the globapedospher(Wallanderet al, 2001)
and form mycorrhizal symbiosis with most of the wgoplants. It is known that
approximately6000 plant species which are mainly trees or sh(Brundrett, 2009) form
ectomycorrhiza with more th 20 000 species of theaBidiomycota,Ascomycota and
Zygomycota(Tedersocet al, 2010b) in the gegraphical range from tl arctic to tropical

ecosystems.
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The plant preference of its symbiotic EcMf (andeviversa) varies from species to
species and the general distinction is: if the Egeis a generalist or specialist. An example
of generalist EcM plant isPseudotsuga menziesiwhich naturally associates with
approximately 2000 EcM fungal species (Moligiaal, 1992), that is probably the widest
range of mutualists preference among the EcM @peties. EcM plant species can either
form only one type of mycorrhiza, or like some pfanbesides having a EcM fungal
symbionts are able to simultaneously associate mite types of mycorrhizal fungi or other
mutualistic organismg$2seudotsuga menziebiés a broad range of symbiotic and mutualistic
fungi, except EcM iassociates with, AMf (Salgado Salométmal, 2013) and various others
endophytes (Hoffet al, 2004) such as the special ecological group -Dhek Septate
Endophytes (DSE fungi). Another example of multisyotic partnership is the genus Alnus,
which representatives form a mutualistic symbiogith EcMf, AMf and Actinobacteria
(Benson & Clawson, 2000; Tedersebal, 2009).Alnusis with its narrow range of EcM
mutualists, compared tBseudotsugalocated on the other side of EcM fungal prefeeenc
spectra and is an example of a specialist. Reaatinfjs show that the 22 species of genus
Alnus associate with circa 150 EcM fungal species ansd é@stimated that the number can
reach up to 200 EcM species (Pdletal, 2013).

2.4 Common mycelial networks

The simplest CMN structure consists of one or moyeorrhizal fungi that connect
at least two plant root systems. Another possybifitwhen the fungal hyphae fuse together
and connect the root systems of their host plarte. two main types of CMNs are AM
networks, typical for grassland ecosystems andemgsystems (Helgasogt al, 1998),
which can originate from the mycorrhizal hyphaldssand EcMf - woody plants networks
which are typical for forest ecosystems (Selcatsal, 2006). An example, which supports
the fascinating theory of wood-wide-web (WWW), e tstudy (Beileret al, 2010) where
was shown, that a single tree root system mighinked with 37 other trees by the EcM
mycelial connection (Fig. 5). From this point okwi might be the whole forest a single
living system of multiple plant species nodes iodb@nected by fungal links and sharing the
mineral nutrients, carbohydrates, water and maylen enformation (Songet al, 2010;
Simard et al, 2012). Although the demonstrated studies shoat the wood-wide-web

phenomenon has a theoretic chance to exist, itldHmi approached critically and need a
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future rigorous research. For example the sustdityabf the untouched mycelial web,
which is able to connect plants and distribute aggisubstances, is questionable and needs
to be proven by more future studies. The myceliaalbfkinds of fungi is in the soil
environment severely attacked by spectrum of pahsggrazers (Crowthet al, 2012) and
suffers multiple other disturbances. It has beecaliered that adult plants create CMN by
providing mycorrhizal inoculum to their seedlingsfield and glass-house experiments with
early succesional EcNbalix reinii, which grows in volcanic rock substrates on slopges
mount Fuji, showed that seedlings grown in clostatice and with access to adult plants
mycorhizosphere had a significantly higher survirgé than the non-mycorrhizal controls.
And yet T-RFLP analysis proved, that the shared Hahbi between the seedlings and
adults were the same individual mycobionts (Naff6). From all these mentioned results
can be said, that plant communities interconnedigdCMNs might exhibit a higher

seedlings survival rate and thus incensement ofvtia@e ecosystem stability.

2.4.1 AM mycelial networks

The Glomeromycota have a coenocytic mycelium, twhatlows free mobility of
numerous nuclei in the cytoplasmatic content, withme fungal individual. In the same time,
they are able to create a conjoined cell growtHedabnastomosis. The anastomosis
development is possible even between two diffefengjal individuals (Giovannetet al,
2001). This system of anastomosis between numberdofidual fungi can indirectly link
together number of plant root systems and createnaplex net called wood-wide-web
(Helgasonet al, 1998) or common mycelial network (CMN), whichagerminus used for
EcM networks as well. The plants are able to skaater, mineral nutrients and possiliby
even carbohydrates via the CMNs. As an examplebeataken a SIP experiment which
proved a two-way transfer of P and N fr&isum sativuni. to Hordeum vulgard. via the
CMN (Johansen & Jensen, 1996). This system of wariplants linked by mycorrhizal
mycelial and root systems takes up other varioustrak pathogenic and or mutualist
symbiotic organisms and increases the local and glabal ecosystem fitness (Bonfante &
Anca, 2009).
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2.4.2 EcM mycelial networks and exploration types

The CMNSs can develop within the EcM plant and fureganmunities as well. The process
of interconnecting the plant root systems is naotly the same as in the AM networks.
The principle is that one EcMf can associate witlo fplant hosts. The amount of EcM
fungal biomass in the boreal forest soil is estedab around 900 kg ha-1 (Wallandral,
2001). Considering this quantity of fungal mycehathe soll, it is easily possible that the
whole forest ecosystem might be interconnected byuragal web called common
mycorrhizal network (CMN) (Peter, 2006; Lekbetgal, 2010).

An indirect evidence of WWW might be co called riyaiings (Fig. 4). When the
EcM mycobiont remains untouched during several@eaghan the fruiting sporocarps grow
in the same time in a circle pattern (Peter, 20B6M plants support this way its seedlings
by providing them already established mycorrhizéhm soil and facilitate the development
of mycorrhiza in the seedling root systems. Thigr@menon is called Nurse effect and
increases the number of successfully developed gy@@edlings with a higher chance to
survive (Nara, 2006). The supportive transportufiants from the fully grown trees to their
seedlings can cause an competition advantage \ahat\entually lead to domination in the
local ecosystem (McGuire, 2007).

The hyphae emanating from the EcMf root-tip mahtale a unique morphology and
ecophysiological importance. According to (Ager2f01) there are several exploration
types of the emanating hyphae. Some types are srapoth and their contact surface is
distinctively small and maybe even isolated from $bil environment due to its hydrophobic
surface. Other types are very rich in hyphae enramaither few millimetres or centimetres
from the root-tip and some create a thicker threztled rhizomorphs, which can reach even
decimeters and meters from the root-tip. The Assithizopogon lineage cerates so called
tuberculate structures, that look like a bulk dyeulike structures. Every EcMf community
on the host tree has its unique exploration tygserablage and thus have a different carbon
demands, enzimatic activity, soil exploration dapiland many other important ecological
and physiological implications (Kjgller, 2006; Hobb% Agerer, 2010; Peagt al, 2011;
Tedersoeet al, 2012).
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Figure 4 (photography of Eci@antharellussp. fiary ring, source:

http://novicemushroomer.blogspot.cz/2013/07/chafigfairy-ring.html)

There is some evidence, that plants are ableaxestutrients or water via the CMNs
with plants from different species. For example thedulating and EcM Australian
Casuarina cunninghamian@ansferred its labeled N into the mycorrhizalistures and thus
indirectly into theEucalyptusroots connected to the hyphal network. The amotiht from
Casuarinatransferred via the CMN made whole 30% of totalnNthe testedEucalyptus
seedlings (Het al, 2005). Not only mineral nutrients can be shangdhle plants connected
to the CMNs. There is some evidence, that in tmdrolled conditions, the plants are able to
share photosytheticaly produced carbohydrates. rfatdmy experiments using SIP method
showed, that a significant amount of labeled C wassferred via EcM mycelial network
between Pseudotsuga menziesand Betula papyrifera seedlings. The transfer was
bidirectional but in total th®seudotsuga menzies@ceived higher amount of C specifically
2-3% of the net C gain (Philigt al, 2010). The future research need to prove, wedltieee

is a possibility of carbohydrates sharing amongtslan the nature, which might have a great
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ecological impact. Another laboratory experimerscdivered a transfer of very small amount
deuterium-labelled water via the mycelia hyphaenfrihe EcMArctostaphylos viscid&o

Pseudotsuga menziesiedlings (Plamboeak al, 2007). The proportion of thus transferred
water was very small (0.01-0.04% of the total vatuof water in the tested seedlings),

which implies that the ecological importance of tthhenomenon might be probably

ecologically negligible.

Figure. 5 from the study (Beilet al, 2010), the genets of EcMf from the genus Rhizapoand Douglas firs
(Pseudotsuga menziesilirb.) the study site view from above, the bladksrepresent the places of EcCM roots
extraction,Rhizopogon vesiculos#sH. Sm. is colored blue ar@hizopogon vinicoloA.H. Sm. is pink, the
lines represent the connections of trees by the EgMelia, the arrow shows the most linked treeechlfhe

Hub tree, this tree is possibly connected with Bieotrees by 8 genets Bhizopogon vesiculosus
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2.5 Terminology of invasion issues

Before focusing on the invasion issues it is uessary to elucidate the terminology.
The scientific literature dealing with the biologicinvasions is often not uniform in its
terminology. In many cases there are used dupliGtalogic, multiple-meaning words,
which can cause ambiguity and misunderstandingt i all, it is needed to explain the
terminus native, to explain all the other names.

Using the terminology according to (Pysekal, 2004), thenative (syn. indigenous)
plants are those plants that have originated ifvengarea without human involvement or
that have arrived there without intentional or weirtional intervention of humans from an
area in which they are native.

Alien plants (syn. exotic, introduced, non-native, non-indigesjoare those plants
species in a given area whose presence there isodiméentional or unintentional human
involvement, or which have arrived there withow telp of people from an area in which
they are alien.

Naturalized plants (syn. established) are plants that sustain spl&oing
populations for at least 10 years without direterimention by people (or in spite of human
intervention) by recruitment from seed or rametbe(s, tubers, bulbs, fragments, etc.)
capable of independent growth.

Invasive plantsare those plants, that are a subset of naturailseds that produce
reproductive offspring, often in very large numbettsconsiderable distances from the parent
plants, and thus have the potential to spread @lenge area.
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2.6 Mycorrhizal invasive species

Ecosystems can be in various ways disrupted k®ngllants or fungi, which can
cause a serious damage of the ecosystems and xtectien of some species (Gilbert &
Levine, 2013). The most cases of alien fungal §seare Basidiomycota and especialy EcMf
associating with introduced plants used for timperduction, which usually do not expand
into the local native ecosystem. The alien andsiweaspecies of EcMf have a potential to
alter the local fungal community or allow to fatale an introduction or invasion of EcM
plant species (Vellingat al, 2009) and indirectly alter the native plant comityias well.
Despite the fully developed invasions of EcMf aaeer they can cause a significant changes
in native fungal species community and alter difg@nd overall fungal biomass production
as in the case of invasivenanita phaloidegn the North America (Wolfet al, 2010).

The invasions of mycorrhizal plant species havexra factor, which is primary the
mycorrhizal status and secondary its mycorrhizawgn response (Pringlet al, 2009).
There are several observed scenarios what can mapben an alien mycorrhizal plant
species is transported into a novel ecosystem.possibility is, that the alien species are not
able to associate with the local spectrum of myupal fungi and the native ecosystem
endures the invasion (Nufiez et al., 2009, Tedezsab, 2007).

If the alien plant species go through all therfetages of invasion (transport,
establishment, spread and impact) as described.aokyood et al, 2007) it becomes
invasive and starts to alter the local habitatsn&anvasive plant species inhibit the local
mycorrhizal fungal growth and this way indirectlyppress the local plant species. This
gives the invaders a competitive advantage angvaltbem to thrive. Such process occurs in
case of non-mycorrhizaAlliaria petiolata which exudes a allelopathic substance benzyl
isothio-cyanate (BITS), which is toxic for the EdMhgi associated with local EcM plants
and AM fungi (Roberts & Anderson, 2001) as well.eTanti-fungal effect of BITS was
tested and observed in field, glasshouse and lalygrexperiment. The native pine seedlings
biomass, mycorrhizal colonization and EcM root-@sindance decreased in the presence of
Alliaria petiolata (Wolfe & Rodgers, 2008). Similarly, the ali@®erberis thunbergjialters
the native local soil by exuding various enzymed #mereby decreases the local EcMf

abundance (Kourteet al, 2003). Another way for the invader to overwhelhe thew
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environment is to disrupt the carbon fluxes of libeal mycorrhizal plants as it happens in

case ofCentaurea maculosmvasion in north American AM grasslands (Caeewl, 2004).

2.7 Invasions of Pinaceae

An example of very successful EcM invasive plaasthe family Pinaceae, where 28
genuses with some invasive representatives caowwlf Therefore is the Pinaceae family
compared with other plant families considered asntiost invasive and especially the genus
Pinus which contains 21 invasive species (RichardsoRegmanek, 2004). South from the
equator, Pinusinvasions are among other invasions one of the mgsbrtant, widespread
and have the biggest influence on the local natiwzesytems. Manyinus species with
economical and ecological importance were themniignally or accidentally imported and
established. Gradually some species spread intdotted habitats and became invasive
(Richardsoret al, 1994). Some of the invasive Pines have a sigmifianpact on local EcM
fungal and plant communities. For examBlaus contortanvading the New Zealand forests
and adjoining grasslands inhabited by the ndlleéhofagus solandri var. cliffortioide3he
invasion of Pinus contortais with a high probability enhanced by the preseof its
coinvaded symbiotic EcM fungi. Despite having sfigaintly lower count of ECM mutualists
(Fig. 6) it is able to dominate the novel habitad essuppress the growth of the native

Nothofagus solandri var. cliffortioidesnd its EcMf (Dickieet al, 2010).Pinus contortain
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2.6.1 Pinaceae in Europe

On the other hand, on the Northern hemispheresaedifically in Europe are the
cases of Pinaceae invasions much fewer. One afetsons is that there is lesser scientific
attention on this topic. In the year 2009 the Eesop database DAISIE (www.europe-
aliens.org) recorded 30 alien species from the deamea family, while more than half
originates from North America and a third origireatieom Asia. Studies about invasion
subjects exclusively té’inus strobusin the Czech republic. In general, in the scientif
literature dedicated to alien plants, there areuald®0 studies about Pinaceae (Carrillo-
Gavilan & Vila, 2010), which might show its sigréint invasive potential or an artefact
caused by the scientific teams focused attentiotherPinaceae. In every way, the cases of
conifer introductions and invasions on the Nortmisphere are happening in a lesser extent
than on the South hemishpere. The explanation niighsocio-economical or ecological.
The first explanation is related to different higtal date of the introductions. Most of the
species from Pinaceae family were introduced toBheope at the 18th century. The oldest
record of alien species presence in Europe is drdhe year 1800, which refers to the

previously mentione@inus strobusn the Czech republic.

2.6.2 Pinus strobus in the Czech Republic

Pinus strobuss native to North America and in the Czech refuuisl classified as an
invasive species. It was introduced to Europe ene¢hd of the 18th century to enrich the
species diversity in the monoculture timber producplantations and enhance this way the
plantation immunity against the pests. It was alspreciated because of its rapid growth and
creation of distinctly straight stems used in catpe The first record ofP. strobus
occurrence in the Czech republic territory was 17%8®% the first timber producing
plantations were established in 1789 in the Ellmelstanes area (Naka, 1965), where the
National Park Bohemian Switzerland is located ioerg time.P. strobusis no more
component of the timber plantations nowadays amdasis without control into the native
habitats and gradually displaces the naBvesylvestrisit has ability to spread by intensive
seed dispersal into great distances (Munzbergetval, 2010) and to grow on steep
sandmountain cliffs and mountains where is unrdalehfar any kind of intervention by the

National park managemerR. strobusis thus able to spread quickly and suppress nigt on
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native tree seedlings but also the growth of Cryatos and smaller plants in the
undergrowth (Hartel & Gardens, 2007).

3. Aims of the study
Aim of this study is to reveal the influence ofasiveP. strobuson the native EcM
fungal community and carbon flows into the undeugib and aboveground structures of

EcM symbionts.
We tested:
(1) Possible unequality of carbon fluxes into itslerground EcM mycelia and aboveground

EcM sporocarps frorR. strobusn comparison to the native P. sylvestris.

(2) Different P. strobus preference of its symbidungal species in comparison to the

nativeP. sylvestris

(3) Possible inequality of energy whi¢h strobusallocates into its roots and litterfall in

comparison to the native. sylvestris
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4. Materials and Methods

4.1 Study sites

The studied sites are located in north-west ofc@zeepublic in the Bohemian
Switzerland National Park. This area is known ft& tiock cities and steep sandstone
mountains on both shores of the Elbe River. Theameannual temperature is around 8°C
and average annual precipitation is around 850 Among other Czech sandstone regions is
this the place with the widest altitudinal rangenfr110 - 726 m a.s.l. (Hartet al, 2007).
The dominant and native ecosystems are aPdryylvestrisforests at higher altitudes with
Ericaceous undergrowth, wd. sylvestrisforests at lower altitudes with Cryptogamic
undergrowth and its combinations. In all of thegpet of forests i$>. strobusable to
outcompete the nativie. sylvestris

In the year 2011 we selected three sites with aaadominant overgrowth ofP.
sylvestrisand three sites with a monodomin&atstrobusovergrowth. One of ouP. strobus
sites was in the year 2011 unexpectedly cut dowmnglwresulted in loss of data front that
site. In the year 2012 we have chosen three Rewtrobussites to avoid any similar
problems. Thd>. sylvestrisites (see supplementary) named Babylon, Hrby &k located
in the protected areas of the National park andessmt the higher altitudes ether in dry
(B,H) or partially wet conditions (I). The. strobussites (see supplementary) chosen in the
year 2011 are Rynartice, Falknstein and Tap (R)TIkeP. strobussites chosen in the year
2012 are Kaja, Tom and Zvire, all represent thetgpe of habitat and are located inside
(K,T2) and outside (Z) the National park territory.

4.2 Root tips sampling

The root tips were examined to determine the EaMél diversity within each site.
The sampling of all sites was performed within olag on the 11th of June 2011. First the
root tips were excavated by using a soil corer ¢fRin diameter) and put into separate
plastic bags. Fifteen samples were taken randomlyarh site (at least 3 meters apart)

which makes in total 90 soilcore samples and stateéffC the same day. The next step was
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cleaning the roots from the surrounding soil by teater and examining them under a
binocular microscope. The EcM root tips from each sore were determined into number
of moprhotypes by their morphological charactershsas shape, colour, surface structure
and type of emanating hyphae, following (AgerefQ20 One to five root tips representing
one morphotype were put into 0,5 ml eppendorf tudned preserved by 90% ethanol to
prevent any degradation of DNA before sequenatiortotal we isolated 1052 root tips

which gave us 590 reliable sequences.

4.3 Molecular analysis

The DNA was extracted from the root tips usingBideasy Plant Mini extraction kit
(Qiagen GmbH, Hilden, Germany) following the marmtifaer’'s instructions. DNA was
eluted in 50ul of sterile ddHO and kept at -20°C. Polymerase chain reaction [PCR
amplification of the ITS region was performed aghe study (Kohouet al, 2011a) using
the primers ITS1F (Gardes & Bruns, 1993) and IT84i(e et al, 1990). The PCR mix
included 2.5yl of 10x PCR buffer without MgCI2, 2l dNTPs mixture (200 nM), 2.5
uMgCI2 (2 mM), 0.5ulof each primer (10 mM), &l of Tag DNA polymerase (Fermentas
International Inc, Burlington, ON, Canada), 1pI&f sterile dd HO and 8ul of the template
(DNA extract diluted 1:10 in sterile water) in axdl volume of 25ul. Thermal cycling
parameters were as follows: initial denaturati@pstf 4 min at 94°C, 35 cycles consisting
of a denaturation step at 94°C for 30 s, anneatrigh°C for 30 s, extension at 72°C for 70 s
and a final extension at 72°C for 10 min. The lenghd quality/quantity of the PCR
products were checked using gel electrophoresisg@détose). Samples that yielded double-
banded PCR products were excluded from furtheryamal In the case of barely visible PCR
products, a semi-nested or nested PCR was perfansied primers ITS1 and ITS4

Each sample was separately sequenced with theepfirs1 or ITS1F in Macrogen
Inc. (Seoul, South Korea). The DNA sequences whezlked for possible machine errors
and edited in Sequence Scanner 1.0 (Applied Biesyst Forest City, CA, USA).
Preliminary identification of ECMF was achieved bynducting a nucleotide Basic Local
Alignment Search Tool (BLASTn) search of the GenBand UNITE (Abarenko\et al,
2010) public sequence databases.
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4.4 Leaf litter and fine roots biomass measurement
We compared the difference of carbon allocatiotwben the two Pine species by
measuring the amount of needles and fine rootsyoextiduring one vegetative season (June

- November).

Litter fall: We placed randomly 30 plastic boxes (at least &2reepart) with open
top (13 x 23 cm) on each site and collected thellesevhich naturally fell into the boxes.
The placement was done on the 11th of June 201xhemdthe boxes were exposed to the
natural litterfall during the vegetative seasone Tdontent of each box was in the 28th of
October 2011 collected and replaced into paper tagg at 25°C for 24 hours and the dry
biomass was measured with scientific scales.

Fine roots: To measure the season production of fine rootshuveed 10 soil cores
within each plot in the 11th of June 2011. The soies were made from plastic tubes (5 cm
in diameter, 25 cm length) with three cut out wiwdoin it (2 x 10 cm) so the fine roots
could grow into the soil core. When collecting @l cores, the roots were trenched by
cutting the roots along the windows. The collectwas done in the 28th of October 2011.
Content of every soil core was placed into sepgulstic bag and stored in 5°C the same
day. Next step was removing the surrounding soinfthe roots using tap water and drying
the clean roots in 50°C for 8 hours. The dry rdatsmass was measured with scientific

scales.

4.5 Mesh bags

Ingrowth triangle shape bags made of nylon mesk §6x 6 cm, 30 um) were used
for the estimation of EcM fungal underground biomaghe mesh size allows ingrowth of
fungal hyphae, but not the plant roots (Wallaneieal, 2001). The mesh bags were filled
with 20 grams of burned quartz sand originatingnfrstudy sites and sealed by plastic-glue
gun. Before filling the bags, the sand was heafetol600°C to burn out the entire content
of organic matter. This step prevents the mesh-fags the colonization of saprotrophic
organisms.

In total 60 mesh bags (10 bags x 6 locations) wergéd on theP. sylvestrissites

(B,H,l) andP. strobussites (K,T,Z). The bags were placed on each siterden the organic

28



and mineral layer of the soil. Than randomly disited (at least 5 meters apart) and
incubated for four months during the vegetativeseaarom the 23th of June till the 15th
November 2012. After excavation were the bags dtameportable cooler to prevent any
decomposition in the samples and stored at the sdayein -20°C until subsequent

processing.

4.6 Ergosterol analysis

Each mesh bag was cut open and half of its sahdneo (10 g) was transferred
separately into a plastic bag. The other half wased in -20°C for later analysis. The half
prepared for ergosterol analysis was divided imo subsets (5 and 5 g). The content of
each mesh bag was mixed thoroughly by a sterileestand then separately transferred into
a glass test tubes. The ergosterol content of salsket was measured and the results were
compared. The differences between the values @ktheo repetitions from each mesh bag
were negligible, which proved the accuracy of thethud. The means of both values were
used as the original data for statistical analysis.

Ergosterol was measured according to the prot@dglund & Wallander, 1992),
extracted with 5 ml 10% KOH in methanol and sorgdafor 15 minutes. After this step the
test tubes were placed into 70°C water bath fom@futes. After cooling down 1 ml J@
and 2 ml cyclohexane were added and the samplesmiged in a vortex apparatus for 20 s.
After 5 minute centrifugation at 900g was the safet cyclohexane phase extracted and
replaced into a new test tube and the residual anethwas extracted with a another 1.5 ml
cyclohexane. The cyclohexane was evaporated ungandlthe samples were dissolved in
methanol.

Before the HPLC quantification of ergosterol, #anples were filtered through a 0.5
um Teflon syringe filter (Millex LCR- 4; Millipore) The chromatographic system is
composed by a high-performance liquid chromatogr@fitachi model L2130, Japan), UV
detector (Hitachi model L2400, Japan) and a Cl&rsad-phase column (Chromolith,
Merck) preceded by a C18 reversed-phase guard collgiite LaChrome; Hitachi). The
extracts were eluted with methanol at a flow rédtd enl/min and absorbance measured at
282 nm.
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4.7 Fungal sporocarps biomass measurement

The EcM and saprotrophic fungal aboveground prboncwas compared by
measuring the dry weight of sporocarps Rnsylvestrissites(B,H,I) and P. strobussites
(K,T,2). Epigeous sporocarps of EcM and saprotroghingi were harvested nine times
within each plot during the peak fruiting periodir§24th, Jul 25th, Aug 8th, 30th, Sep 28th,
Oct 5th, 20th, Nov 4th, 19th, 2012). Sporocarpsewgtermined into genuses and species by
morphological features or by molecular determimatod ITS region of rDNA. The DNA
from the sporocarps was extracted using the SIGM#&aEt-N-Amp TM Plant Kit (Sigma-
Aldrich) following the manufacturer’s instructiomsid the Polymerase chain reaction (PCR)
amplification of the ITS region and sequenation wasducted the same way as described
above. The dry biomass (50°C, 8 hours) of the sops was measured. The weight of
saprotrophic and EcM fungi was separated. The weifytry sporocarps from each of the 9
collections was divided by the sum of the total gi#iof collected sporocarps. This gave us
54 numbers (6 sites x 9 collections) ranging betw@and 1 which represents a percentage

of one day collection of the total fungal weight.

4.8 Phylogenetic analysis

All high quality fungal ITS sequences recievediirMacrogen company were edited
using Finch TV 1.4.0. (Geospiza Inc.) and were ul®dtaxonomic identification and
delimitation of operational taxonomic units (OTUsased on 97% similarity. The first
identification of all OTUs was achieved by condngtia BLASTn search in the GenBank
and PlutoF (Abarenkogt al, 2010) sequence databases. Representative Thenseguvere
aligned with database sequences originating fromgdl sporocarps (retrieved from NCBI
and UNITE) by using MAFFT 6.6 (http://mafft.cbrdgtignment/server/index.html).
Phylogenetic trees were primarily obtained by nedglr joining analyses in MEGA 6
(Tamuraet al, 2013).

4.8 Statistical analysis
All statistical analyses and graphics were conguiging R 3.0.2 software (R

Foundation, Vienna, Austria).
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4.8.1 Species richness and exploration types ansiy. To calculate species
accumulation (rarefaction) curves within each siecused the EstimateS computer program,
version 9. (Colwelket al, 2012). The calculations were based on the nurobe&olates of
each OTU obtained from the soil-cores.

The data from sequenation results were put inésgarce/absence table and processed
in R program using vegan and vegdist package. Blext was the Hellinger transformation,
Bray Curtis calculation following by Adonis analysvhat represents a multivariate analysis
of variance, which allows simultaneous testing afitiple factors and covariates based on
permutation tests. As a visualization tool was utexl Non Metric Dimensional Scaling
(NMDS) in the R program.

4.8.2 Ergosterol: From the 60 HPLC analysis results 6 outlayer valuese
discarded (one within each site). The data hadchahged significantly after removing the
outlayers, especialy the median values. The datee vested for normal distribution
(Shapiro-Wilk test) after the logarithmic transfation. To test the effect of site and species
we conducted a GLM (generalised linear model) vatlGauss error distribution and its

analysis of variance (ANOVA).

4.8.3 Leaf litter and fine roots: Data from the leaf litter and fine roots collection
were tested for normal distribution (Shapiro-Wikst) and to test the effect of site and
species we conducted a GLM with a Gauss erroriloigion and its ANOVA. The only

difference is that in the leaf litter dataset waes data transformation not performed.

4.8.4 Sporocarp biomassThis data were checked for a normal distributiod dren
we performed a arcus-sinus transformation. Finayconducted a GLM (generalised linear
model) with a Gauss error distribution and its gsial of variance (ANOVA) to test the

effect of site and species.
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5. Results

5.1 List of EcMf OTU and their exploration types
The following figure shows overview of all EcMfdad in the root-tips.

Pinus strobus root-tips
Amanita fulva

Amanita spissa
Amphinema sp.
Genocaccum geophilum
Lactarius camphoratus
Lactarius helvus
Lactarius necator
Lactarius rufus
Melimomyces bicolor
Piloderma sp.

Piloderma sphaerosporum
Pseudotomentella
Rhizapagon

Russula decolorans
Russula densifolia
Russula ochroleuca
Russula paludosa
Scleraderma citrinum
Thelephora terrestris
Tomentellopsis submollis
Tylopilus felleus
Tylospora asterophora
Tylospara fibrilosa
Xerocomus hadlus
Xerocomus pruinatus

Nlineage
/amanita
Jamanita

/amphinema-tylospora

[cenococcum
[russula-lactarius
russula-lactarius
frussula-lactarius
[russula-lactarius
/meliniomyces
/piloderma
/piloderma
/pseudotomentella
/suillus-rhizopogon
[russula-lactarius
[russula-lactarius
[russula-lactarius
frussula-lactarius

/pisolithus-scleroderma
[tomentella-thelephora

[tomentellopsis
[boletus

/amphinema-tylospora
/amphinema-tylospora

[holetus
[holetus

exploration type
medium
medium
medium
short
contact
contact
contact
contact
short
short
short
short
long
contact
contact
contact
contact
long
medium
medium
long
short
short
long
long

Pinus splvestris root-tips /lineage

Amanita citrina

Amanita rubescens
Amanita sp.

Amantta spissa
Amphinema sp.
Cenococcum geophilum
Clavulina crisfata
Entoloma

Lactarius helvus
Lactarius rufus
Meliniomyces hicolor
Piloderma sp.
Piladerma sphaerosporum
Pseudatomentalla

/amanita
/amanita
/amanita
[amanita

/amphinema-tylospora

/cenococcum
/dlavulina
/entoloma
[russula-lactarius
[russula-lactarius
/meliniomyces
/piloderma
/piloderma
/pseudotomentella

Pseudotomentella vepalidospora /pseudotomentella

Russula densifolia
Russula paludosa
Russula silvicola
Sistotrema
Sistotrema muscicola
Sphaerosporella sp
Theleophoraceae
Tylopilus felleus
Tylaspora fibrillosa
Xerocomus badius

Fig. 7 (List of ECM OTU, lineages and their expliwa types.)

frussula-lactarius
[russula-lactarius
[russula-lactarius
[cantharellus
[cantharellus
/sphaerosporella

ftomentella-thelephora

[holetus

/amphinema-tylospora

[holetus

exploration type
medium
medium
medium
medium
medium
short
short
medium
contact
contact
short
short
short
short
short
contact
contact
contact
medium
medium
short
medium
long
short
long
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5.1.1 EcM roottips fungal diversity and species richness
In total we isolated 1052 root tips which gave @€ Beliable sequences. The results fi

diversity statisticshow that the locations were undarspled and more density of samg
would be needed for the full insit. We have found a significant difference in EcM spe
assemblage between the two pine species (df =10,016, significance level < 0.05) a
between locations as well (df = 4, | 0.002, significance level < 0.0 We also tested the
difference of EcMf exploration typeP. strobusprefersthe contact exploration type aP.
sylvestrisprefersthe medium typ (df = 1, p = 0.00y/significance level < 0.0.

EcM exploration types

*1q
o
(=] contact type
S =
~3
F F Y &
o | long type 4 “5
o~ + TP.strobus .ﬁ
o 7 u
é L] & R
8 P.sylvestris
S *11 . LI 10
' 12 13
=1
;= & short =
< 14 typ
o medium type
? *5
| | | T |
06 04 0.2 0.0 0.2

Axis1

Fig. 8 (NMDS visualisabn of the EcMf exploration typ, P. sylvestris- triangle, P. strobus- circle. Each
point represent moreoil-core samples and present exploration types. [&hels of exploration types are
illustrative and have not s gstical meaning. Points legengoint number: (exploration type) -species
(appearancesn location)

1:(contact) -ST(T,F), 2:(contact, long) ST(R,T,F) /SYL(H), 3:(contact, sho) - SY(H), 4:(contact,
short, medium) ST(R) / SY(H), 5:(contact, short) ST(R,T,F /SY(l), 6:(contact, short- ST (T), 7:(long) -
STR (T, F) / SY (B, H)8:(long, short) - SY (R, T, F) / SY (B, H, 19; (long, short)- SY (B,1), 10:(short) -ST
(R, T, F)/ SY (B, H, I)]11:(medium, long) - ST (R}1.2:(short, medium, long) ST (R. T),13:( short, medium,
long) - SY (B),14:(short, mediur) - ST (R) / SY (B, I),15(medium) - ST (F) SY (B, H, I
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5.1.2 EcMf species richness on tHe sylvestris and P. strobus root-tips

Pinus sylvestris ECM root-tips
species:
Amanita citrinal, Amanita rubescens
3, Amanita sp3, Clavulina cristata2,
Entolomal, Piloderma sp2,
Pseudotomentella vepallidospdsa
Russula silvicol2, Sistotrema,

Sistotrema muscicold,
Sphaerosporella s

shared EcM root-tips species
species:
Acephala macrosclerotiorudi2
Amanita spiss&/1, Amphinema sp.
1/2, Cenococcum geophilurhy/6
Lactarius helvu®/1, Lactarius rufus
1/4, Meliniomyces bicolo8/1,
Piloderma sphaerosporubi3,
Pseudotomentelld/1, Russula
densifolial/l, Russula paludosa/s,
Tylopilus felleugt/2, Tylospora
fibrillosa 6/11, Xerocomus badius
11/4

Pinus strobus EcM root-tips
species:
Amanita fulval,
Lactarius camphoratug, Lactaris
necator2, Rhizopogor, Russula
decoloransl, Russula ochroleucé
Scleroderma citrinun2, Thelephora
terrestris1, Tomentellopsis submollig
1, Tylospora asterophora,
Xerocomus pruinatub

Fig. 9 (Numbers of EcMf species on root-tips andnbars of occurrence in the soil core

samples, shared species - 1st number: occurrene sglvestris soil cores / 2nd number:

occurrence in P. strobus soil cores)
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5.1.3 EcMf sporocarps species richness on tResylvestris and P. strobus sites

i)

Pinus strobus

i)

EcM sporocarps on thePinus

sylvestris sites:

Amanita muscari&@, Amanita
rubescens, Boletus eduli8, Boletus
chrysenteror6, Cantharellus cibarius

1, Leccinum scabrur8, Russula
decoloransl, Russula paludosé,
Russula silvicold, Russula spl,

Russulaxerampelinal, Suillus

variegatusl

shared species of EcM

Sporocarps:

Amanita albad/1, Amanita citrina
5/2, Cantharellus tubaeformi@/s,
Lactarius helvugl/5, Lactarius rufus
2/1, Ramaria pallidosaponaria/2,
Russula amethystir#5, Russula
emetica3/2, Russula ochroleucd/1,
Russula vescd/1, Scleroderma
citrinum 8/1, Suillus bovinust/1,
Tylopilus felleusl/1, Xerocomus
badius7/1

EcM sporocarps on thePinus

strobus sites:

Amanita rubral,
Lactarius camphoratus,
Russula adusta,
Russula densifolia
Russula puellarid, Russula sardonia

11

Figure 10 (EcMf sporocarps and numbers of occugémt¢he 9 samplings, shared species -

1st number: occurrence on P. sylvestris sites /maber: occurence on P. strobus sites)
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5.1.4 Comparison of aboveground EcMf sporocarps andnderground EcM root-tips on

the P. sylvestris sites

Aboveground
sporocarps

Underground
root-tips
17

EcM species sporocarps:
Amanita alba, Amanita muscaria,
Boletus edulis, Boletus chrysenteror
Cantharellus cibarius, Cantharellus

tubaeformis, Leccinus scabrum,
Rammaria pallidosaponaria, Russulg
amethystina, Russula decolorans,
Russula emetica, Russula ochroleud

1S

Russula sp., Russula vesca, Russujp

xerampelina, Scleroderma citrinum,
Suillus bovinus, Suillus variegatus

Both:

Amanita citrina, Amanita rubescens
Lactarius helvus, Lactarius rufus,
Russula paludosa, Russula silvicold
Tylopilus felleus, Xerocomus badiug

Pinus sylvestris ECM root-tips:
Acephala macrosclerociorum,
Amanita sp., Amanita spissa,
Amphinema sp., Cenococcum
geophilum, Clavulina cristata,
Entoloma, Meliniomyces bicolor,
Piloderma sphaerosporum, Piloderm
sp., Pseudotomentella,
Pseudotomentella vepallidospora,
Russula densifolia, Sistotrema sp.,
Sitotrema muscicola, Sphaerosporell
sp., Tylospora fibrillosa,

[)

Figure 11 (lllustration of above and below grourdVEE appearances dp. sylvestrisites)
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5.1.5 Comparison of aboveground EcMf sporocarps andnderground EcM root-tips on

the P. strobus sites

Aboveground
sporocarps
12

Underground
root-tips
17

T i i)

EcM species sporocarps: Both: Pinus strobus EcM root-tips:
Amanita alba, Amanita citrina, Lactarius camphoratus, Lactarius Acephala macrosclerociorum, Amanita
Amanita rubescens, Cantharellus helvus, Lactarius rufus, Russula fulva, Amanita spissa, Amphinema sp.,
tubaeformis, Ramaria densifolia, Russula orcholeuca, Cenococcum geophilum, Lactarius necatgr,
Scleroderma citrinum, Tyllopilus Meliniomyces bicolor, Pilodermg

pallidosaponaria, Russula adusta, X
. . felleus, Xerocomus badius sphaerosporum, Pseudotomentella  sp.,

Russula amethystina, Russula emetigg, .
Rhizopogon sp., Russula decolorans,

Russula puellaris, Ru§su|a Sa.rdonla Russula paludosa, Telephora terrestri
Russula vesca, Suillus bovinus Tomentellopsis ~ submollis,  Tylospotfa

asterophora, Tylospora fibrillosa
Xerocomus pruinatus

iy

Figure 12(lllustration of above and below ground EcMf apeaes orP. strobussites)
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5.1.6 Accumulation curves

The line represents the S (est) vaule computedsiiynBteS program (Colwedlt al, 2012),
which is a identical taMaoTauin earlier versions of the program. The tablesrasgnt
species accumulation curves of ectomycorrhizal (E@Mgi in study sites with increasing

sample size.

16

14

12

10

=4—|CKO

8
/ —=—-BAB
6 —h—3H

1 2 3 4 5 6 7 8 9 10 11 12 13 14

14

12

10

8 == FALK
—E—-TAP
—=RYN

0 T T T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 13 (EcMf species accumulation curM@syylvestrissites - (ICKO,BAB,3H)
P. strobussites - (FALK, TAP, RYN)
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5.2 Biomass measurements

Biomass type P. sylvestris P. strobus Significnace level
EcM sporocarps + - *
Sapro. sporocarps - + X
Leaf litter - + *kk
Fine roots + - *%
Ergosterol + - *%

Figure 14 (Comparison of all measured biomass:simbols + and - represent trends of
prevailing values. Levels of statistical ignificancodes: 0 “***’ 0.001 “**’ 0.01 *" 0.05 *.’
0.1x 1)
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5.2.1 Ergosterol
The amount of ergosterol in the mesh bag samplasdvhetween 0,0258 ug/g and 0,45

png/g (mean 0,103 ; median 0,091 pg/g). The highasies have been found on the location
Babylon which is located in the most protected asédhe NP. We found a significant
difference between the amount of ergosterdPirstrobusandP. sylvestrissamples. There
was in average nearly 60% higher values of ergolsgg/gram sample) in the. sylvestris
underground (df = 1, p = 0.002012) compare® tstrobug(see fig. 15). This indicates the
lower production of EcM fungal mycelia in tie strobusunderground samples. There was

also a marginally significant difference betwedess{(df = 5, p = 0.076340)
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P. strobus P. syivesins

Figure 15 (mean values per species, y axis = pgtena@ / gram sand, Gray column =
P.strobus White column =P.sylvestris,the lettersa, b represent statistical difference

between each data sets)
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5.2.2 EcM fungal sporocarps biomass
The greatest difference was observed while comgathee biomass of EcM fungal

sporocarps. There was almost 100% more (df = 1,0008411, significance level < 0.05)
EcM sporocarp biomass in the undergrowttPosylvestrigsee fig. 16, left)This result was
almost obvious while seeing the plots on first sigéspecially during the peak of fungal
growth season. There was also a significant diffezebetween each sites (df = 4, p =
0.02115, significance level < 0.05).

5.2.3 Saprotrophic fungal sporocarps biomass
We observed no difficulties of saprotrophic fungmbwth on in the undergrowth d?.

strobus Our measurements showed that the saprotrophiocgp production on the.
strobus sites is on the same level as Bn sylvestrissites. The amount of saprotroph
sporocarp biomass seemed subjectively higher,Hisitrésult has not reached any level of
statistical significance (df = 1, p = 0.15).

012
|

0.10
1

|1
I

0.08
|

0.08
1

EcM eporocarpe dry blomase (arceln x)
Q00 002 004 006 008 010 012 014
Sapro. eporocarpe dry blomaee (arceln x)
0.04
|
1

0.02
1

L
0.00
L

P_ sylvestris P strobus P sylvestnis P._ strobus

Figure 16 (Gray column P. strobus White column =P. sylvestris)eft table - grams of dry
EcM fungal biomass, right table - grams of sajmtiic sporocarps biomagsaxis = data
after arc-sin transformation, the letters a, beepnt statistical difference between each data

sets)
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5.2.4 Leaf litter and fine roots biomass
The results from leaf litter and fine roots measgrare limited by the loss of one location

(Falknstejn). As expected the leaf litter producti® exceedingly higher in casef strobus
(df = 1, p = 2.2e-16). The leaf litter productiof . strobusis over 60% higher (fig. 17,
left), than theP.sylvestrisproduction. There was a significant differencewssn sites as
well (df = 3, p = 2.961e-14).

Contrary, the rate oP.sylvestrisfine roots production is over 200% higher (pic.right)
than the production d?. strobus(df = 1, p = 0.004533). There was a significarftedence
between sites also (df = 4, p = 1.525e-06).

b
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|
020 025
| |
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grame of dry leaf [Itter blomaee
grame of dry fine roote blomaes
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0

|
Q.00
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P sylvesins P. sirobus P.sylvesins P. strobus

Figure 17 (Gray column #.strobus White column =P.sylvestris]eft - grams of dry leaf
litter biomass, right - grams of fine roots bioma#se letters a, b represent statistical

difference between each data sets)
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6. Discussion

Even with the recent scientific methods, it is vdifficult to measure the exact amounts of
carbon allocated by the trees to their EcMf aneko#tructures in the field. In this study, the
comparison of the two pine species carbon allonaitbo EcMf and plant structures was
based on a few parameters, which are easy to ngeeasdrgive an approximate estimation of
the overall carbon balance of each species. Thergie used comparative methods and our
effort was not to quantify the exact values, butrétatively compare the measurable
variables of each species (see fig. 14). We maedtdhe abundance of EcM sporocarps,
which might be related with the amount of EMM irethnderground, respectively in the
mesh-bags. The production of EcM mycelia is linkath fine roots production (Neumann
& Matzner, 2013), which was estimated as well. V@enpared the litter fall production to
verify, weather there is any relation between theghl sporocarps abundance and the
amount of littered needles in the undergrowth. HuMf diversity on the root tips was
estimated to discover the possible preference efattenP. strobusof certain EcM fungal

species or possible lower diversity compared tanthtese P. sylvestris.

Our results showed a significantly highBr strobuslitter fall compared toP.
sylvestriswhich confirmed the first observations on the sdad results from the literature
(Scott & Binkley, 1997). The thick layer of litteteneedles shades the soil surface and
probably prevents the growth of other plant spebiesestricting them the light source and
lack of understory plant species on fhestrobussites might be related to a excessiie
strobus litter fall (Ferrari, 1999). It is known, that thHe. strobusseedlings are able to
germinate and grow in restricted light conditionsd ahe shade actually promotes their
germination and emergence (Hetral, 1999), which explains why the seedlings are #ble

evade this problem.

Preliminary observation of the studied sites iathd possible inequality in EcM
sporocarps production in the undergrowth of eadtisg and the following measurements
proved the highly significant difference. The proton of EcM sporocarps was distinctly
higher on theP. sylvestrissites. There was also a weakly significant diffeeeamong each

sites. Effect of the sites probably originates framequal microclimate, altitude, different
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plant species in the trees undergrowht and posaibty different fungal species assemblage,
whereas each fungal species has an unique myeekikkporocarp productivity (Gardes &
Bruns, 1996; Baldriaet al, 2013). When compared to the precipitation dadanfiCzech
Hydrometeorological Institute (see Suplementaty®, abundance of sporocarps showed no
correlation. The timing of sporocarp growth (De \arga et al, 2013) is much more
complex phenomenon, which would need a whole sttolyreveal. Assuming that the
abundance of EcM fungal sporocarps relies almostpbetely on the host plant donation
(Hogberget al, 2001), we take those results as an evidencevedred investment oP.
strobusinto the EcM fungal structures. It is necessargnemtion, that the results on the Fig.
12, which describe the aboveground and undergrdungdal structures, are not from the
same locations. So the comparison is just apprdei@ad for the relevant results it needs to
be done on the same sites.

We took into account the fact that there is a eaofyvariables which influence the
EcM and saprotroph fungal sporocarps abundancegefample allelopathic substances
(Javaid & Samad, 201 2iterfall production (Ferrari, 1999) and numberather biotic and
abiotic factors. For this reason, we monitored bie@mass of saprotrophic fungal species
sporocarps on each site as well. Despite the tlaigér of leaf litter, which might provide
decomposable organic matter and almost no natigkehigreen plants in the. strobus
undergrowth, were the saprotrophic fungal sporaxeagtatively abundant when compared to
the P.sylvestrisstands (see Fig. 16, right). The measured amdusarotroph sporocarp
biomass orP. strobussites was compared to tRe sylvestrissites slightly higher, but this
result had not reached any level of statisticatificance. However it is a clear evidence of
non-limited growth of saprotrophic fungal speciestioeP. strobussites.

The influence ofP. strobuson the fungal sporocarps abundance should be
investigated in the future. A suitable method ismeasure the isotopic trace of various
elements, especially C, N and P, which might beag t@ reveal some further information
about the carbon flows from the host trees intar thieMf structures (HOogbergt al, 1999).
Principle of such experiment would be the abilifysome EcMf species to partially gain
carbon by saprotrophic processes. Ti@isotopic trace indicates to the trophic levethu
individual fungus (Hogbergt al, 1999). By comparing it to the isotopic trace f host

tree, it might be possible to estimate the degifesaprotrophy or EcM nutrition of that
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individual mycobiont. If the fungal®C isotopic trace would be closer to the host tiee,
would mean that the fungus is mainly supportedHgy filant carbohydrates. On the other
hand, if the fungal isotopic trace would be distaoin the host plant, it would mean that the
fungus is more dependent on its saprotrophic gbilihe main idea is, that P. strobus
allocates less carbohydrates to its EcMf, than ftimgi start to gain the carbon more
intensively by saprotrophic processes and it waafféct its °C isotopic trace. Another
guestion to test, might be for example weathestrobuschooses its symbiotic fungi with
higher saprotrophic potential (Zellet al, 2007) and safe this way the C for itself.

We measured the EMM production on each site usmggowth mesh-bags to
compare the EcM fungal biomass in the undergrodrite method using mesh-bags is
considered as a reliable way to estimate the unoleng production of EcMf (Wallandet
al., 2013) and was chosen specifically for purposéhia study, because the aim was to
relatively compare the EMM production of EcMf inetlunderground of each Pine species
(Wallanderet al, 2001). Assurance, that the fungal hyphae in nbegls origins from the
EcMf, is based on the fact that other fungi thamEbave no effort of growing in to the
bags. The fungal mycelia contained in the mesh-safyem 80 - 90% EcM origin due to the
lack of any organic compounds in the sterile saodtent (Wallandeet al, 2010). The
abundance of EcM mycelia in the ingrowth mesh bagspectively with the amount of
measured ergosterol, follows the same pattern @a€£tM sporocarp biomass on the sites.
The results showed lower production of EcM fungatatia on the sites dominated with
strobus The lower amount of EcM mycelia in tiRe strobusunderground indicates a lower
amount of donated carbon in comparisofPisylvestris Providing that the same difference
would occur in the whole underground on the obskwsites, we might extrapolate that the
total amount of EcM mycelia would be in casdPofstrobus60% smaller. This points to the

possibility, thatP. strobushas a direct influence on the EcM fungi abundandke forest.

Out of the 1059 sequenced root-tips 462 remaimetktected probably due to the
degraded DNA in necrotic root-tips am situ contamination by parasitic or saprotrophic
fungi resulting in multiple bands or eventual irdpito detect some fungal species by ITS1,
ITS1F and ITS4 primers. Our data revealed relatimalrrow insight into the EcMf and other
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symbiotic fungi on the root-tips. The major hangicd# our root-tips sampling was the fact
that the sampling on all sites was made in one dénych gives us a limited view on the
fungal community inhabiting the pine root-tips. Eclghow a large variation in their
belowground and aboveground abundance. Most cdfikeies are rare or low in abundance.
In the study (Gardes & Bruns, 1996) where the comiioM species divided into a few
groups: with (a) balanced presence of root-tips gparocarps, for example some members
of genusRussula Other groups of species are those, which aré&€guent on the root-tips
and rare when producing sporocarps. Some spe@dg)acommon fruitbodies and rare as a
root-tips below ground. And finally there are (d)cNH species which create the
ectomycorrhizae on the root-tips and do not hayesgorocarps in its known lifecycle, such
as Cenococcum geophiluniPigott, 1982) or they create subterranean spgoecafor
example Tuber (Smith & Read, 2008)r resupinate fruitbodies as does for example
Sistotrema (MUnzenberger & Schneider, 2012). In this study wade the similar
observations (see fig. 11 and 12), because theithdils of Russulagenus were found in
most cases when collecting the sporocarps andeorotit-tips were frequent as well (a). On
the other handSuillus sp. was rare on the root-tips and rich in spomggc) in the
mentioned study and our results as well. It is irtgpd to mention, that those partitions are
just an estimation and the real distinction is acspum of all those groups combined. The
sporocarp production is dependent not only on tingdl species, but also on the succession
stage of the ecosystem (Vétial, 2005). The community of EcM and other symbiotindi

is a highly dynamic system which changes underovariabiotic and biotic influences and
many other factors as for example season periodéfson & Cairney, 2007). According to
our results, the future study that would reveal dlcual whole fungal community on the
sites, would need a extensively larger samplinggthend a multiple replications within one
year and several years as well (Lindehlal, 2013). Such a large scale experiment might
uncover the whole extent of EcMf community and dals®most influential factors.

In our study, the diversity of EcMf was in the easf P. strobushigher than
expected. This expectation originated from the olz®n of lower EcM sporocarps
occurrence. We found 25 OTUs with affinities to HeBpecies on the root tips Bf strobus
compared to 25 OTUs on tlre sylvestrigoots. Thirteen ECMF species were shared by both

pine species (fig 9). This indicates that strobushas an ability to form mycorrhizal
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symbiosis naturally with the local fungal specied ats competitive advantage is not
depending on the exceptional cooperation with aomargroup of EcCM symbionts. Our
results showed, that the EcMf community of eaclestigatedPine species differs in some
features (fig. 7,8,9,10). Compared to the nafesylvestriswas the invasivd®. strobus
symbiotic fungal species richness on the same .ldévekeeds to be taken in consideration,
that the locations were undersampled (see figah8)for the relevant results would need a
thorough sampling design. Besides the EcMf spagm$ound in the root-tips a amount of
root-endophytes from the order Helotiales and DBBErK septate endophytes) fungi. DSE
fungi are root-endophytes, which live associatetth wiycorrhizal fungi. Effect of DSE fungi
on host plant is mostly neutral, but there are &0 cases of positive or negative effects
(Jumpponen, 2001). One species from the DSE emalbgroup known for its ability to
create EcM structures and positive effect on thehsAcephala macrosclerotiorurfiom
the Helotiales (LukeSova, 2013). The importance effiect of DSE and other endophytes
associations with EcMf and plants are still unresdl

It seems thal. strobuss easily able to associate with the whole rarfdeaal fungi
and shows no signs of narrowed EcM fungal richaessome other invasive Pines (fig. 6). A
possible explanation might be the effect of theidkic region from which the invasive plant
originates. Some studies imply that if the invasspecies originates from the same plant
kingdom as is the novel invaded ecosystem, thdrastless problem to associate with the
local fungi (Kohoutet al, 2011a). For examplB. sylvestris which invades the Northern
Iranian forests dominated by native broadleaf wotdgs form Fagaceae family, associates
with more than 80% of the local EcMf (Bahramnal, 2013). On the other hand, if the alien
plant species invades a area of the differentdlicrregion, than is mostly dependent on own
co-invaded EcMf symbionts (Diet al, 2001; Dickieet al, 2010; Jairugt al, 2011). If the
alien species fail to associate with the local Ectléin is not able to establish in the novel
ecosystem and has no chance to become invasivke(Pan01; Nufiezt al, 2009). This
theory deserves attention and might be investigatedhe future research. The idea
originates from the fact, that plants within ealdri$tic region are relatively closely related
as well as the EcMf. Thus the alien plant specsseHtess barriers when trying to associate
with the local fungal species, while invading tlene region of their own origin and vice

versa. Our data showed, that the EcMf species ddage of P. strobusroot-tips is
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significantly different from the locaP. sylvestris.We discovered a significant difference
between the preference of each Pines on their Egpédcies considering the mycelial
exploration typesP. strobusprefers EcCMf species with contact exploration typleis might
indicate theP. strobuspreference of less carbon demanding fungal speméspossible
connection with its invasive potential. This idezed to be investigated in future research.
Abundance of the root-tips, EcM fungal mycelia apdrocarps is dependent on the
host tree fine roots production (Neumann & Matz2€éx13). This statement is based on fact,
that the more fine roots the host tree producesntbre niches to colonize for the EcMf it
offers. Our results agree with this statement, evile P. strobusfine roots production is
compared to th®. sylvestrissignificantly lower. Is the lower production ohé roots really
linked to the lower production of EcM mycelia in shebags? Recent studies show a relation
of fine roots growth and EMM production (Ekblad al, 2013). In this study was the
unequal fine roots production of each Pine spetieasured only in the first 30 cm of soil.
Weather this phenomenon occurs in the other lefaisot system might be another question
for future research. Our results show only indireadence and a future rigorous field and

laboratory experiments need to prove that idea.

The major question is, weathd?. strobusallocates the photosynthates into the fine
roots to a lesser extent comparedPtosylvestrifVanninen & Makeld, 1999; Makkonen &
Helmisaari, 2001; Peichl & Arain, 2007)? If yexduld mean, that the saved carbohydrates
might be used for intense apex growth during thdyestages of the trees development,
leading to competitional advantage in ecosysternalited byP. sylvestris This question
should be tested in future research by compariegdbt production of each species in the
laboratory or field experiments.

The exact mechanism @&. strobusinvasion into theP. sylvestrisforests is not
known and it raises several questions. Is it péssthat theP. strobusgains an inadequate
portion of energy by receiving the full supportrfoEcM fungal symbionts and saving the
carbon substances by allocating them less intartieorrhizal structures? Is the invasive
potential given just by natural growing patternsl grhysiologic properties of each Pine
species? Results from the study (Booth, 2004) sHasearly a positive influence of CMNs

on theP. strobusseedling survival and growth and (Hetral, 1999) proved the positive
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effect of shading on the. strobusseedlings emergence and germination. These higtst m
explain, why isP. strobusin the National Park Bohemian Switzerland and gahein the
Czech republic more efficient and is able to outpeta the nativ®. sylvestris

But how to distinguish the causality - is the alied invasive and growth potential
linked with mycorrhizal symbiosis or is it just atarally higher growing properties &f.
strobus?t seems thal. sylvestrihas surprisingly higher growing properties tiRarstrobus
when cultivated in the same controlled conditiortar(zélyova, 1998; Grotkoppt al,
2002). But when growing in natural conditions assagnted in this study, it is completely
opposite andP. strobusoutgrows the locdP. sylvestrisThis might the clue, which points to
the possibleP. strobusability to cheat the mycorrhizal network. It seems tRatstrobus
gains the full mineral nutrient and water suppaootif its EcMf living in the root system and
allocates less amount of carbon into the rootskaidf, which results in low sporocarp and
EMM abundance. Could there be a similarity with tase of invasiv€entaurea maculosa
in the North American AM grassland community (Cae¢wl, 2004)? This theory should be
tested in the future experiments. Either in lamsatvhen trying to distinguish the effect of
mycorrhiza on both species in separated and mixedigg experiments. Or even in the
field by measuring the net photosynthesis of th&t li@es and allocation of carbon into its

mycorrhizal symbionts at the same time.

49



7. Suplementary materia:

Precipitation and measured growth of EcM and SAPf orocarps

precipiati
1
arcsin Saprotroph f. sporocarps
arcsin Ectomycorrhizal 1. sporocarps

T T T T
45 1 2 3 4 5 6 7 8 9 1 2 3 4 5 B 7 8 9

25 30 3B 40 5 5
collection collection

week number (2012)

(Precipitation and masured biomass dcM and SAP sporocar within each collection,

blue points - precipitson in mm/week, red points - SAPf, greesinds EcMf, )
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Study sites

Name code) GPS< Sampling Year d
sampling
Babylon B) N5052,19C rool-tips, sporocarps, leaf litter, fir| 2011, 201
E14°22,903° roots, mesh-bags
Hrby (H) N50°52,71¢ rool-tips, sporocarps, leaf litter, fir| 2011, 201
E14°22,806° roots, mesh-bags
Icko (1) N50°52,387 root-tips, sporocarps, leaf litter, fir| 2011, 201
E14°26,725 roots, mesh-bags
Rynartice R) | N50°50,481 rooi-tips, leaf litter, fine roo 2011
E14°24,145
Tap (T) N5052,431 rooi-tips, leaf litter, fine roo 2011
E14°26,158"
Falknstejn F) | N50°51,13¢ root-tips 2011
E14°24,262
Kaja (K) N50°52,283 sporocarpsmest-bag: 2012
E14°14,988°
Tom (T2) N50°5209¢ sporocarpsmest-bag: 2012
E14°15,607
Zvireci stezka | N50°49,65€ sporocarpsmest-bag: 2012
2) E14°22,544
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7.1 Phylogenetic analysis of EcM fungal lineages dhe root-tips

Figure 19. The fylogenetic trees represent each Hodhge according to (Tederseb al,
2010b) found on the root-tips &f. strobusand P. sylvestris The highlighted samples are
from the EcM root-tips and the samples with nanressaquences isolated from sporocarps.
Sequences are from UNITE (UDB... codes) and NCBigocodes) database.
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