Unravelling plant soil feedback:

Interactions between grassland species and soil-borne
fungi
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Abstract

Recent studies have shown thie positive relationship between plant diversity and
ecosystenproductivitycan be explained by plaisbil feedback. An explanation for the
increasedproductivity of plants in mixtures would be the deleterious effextspecies

specific pathogendepressimg yield in monocultures. @er studies have found positive

effects ofsoil biota on plant productivity, which they believe to be the causeakased
productivity in mixtures. However, the rhizophere contains a high number of micro
organisms making it hard to identify both the pathogens and the mutualists.

In this experiment we tried to unravel the mechanisms of plewit feedback by

investgating the interactions between two common grassland speéiathoxanthum
odoratumand Leucanthemum vulgarend several endophytiftingi. We tested both the

direct and indirect interactions of these fungi on both plant species.

For both plant species a spiesspecificfungalpathogen has been identified which could
have been responsible for the reduction of biomass in monocultures. Positive interactions
between the fungi and plant species have been found as well. These interactions were most
profound whenthe fungi and plant species were grown separately, which raised the idea of

volatiles to be responsible for the found enhancement of plant productivity.



Introduction

Anthropogenic exploitation of the environment leads to biodiversity declineiammhirment
of ecosystem functioningsuch as primary productivity, decomposition and trophic
interactions(Loreauet al. 2001;Hooperet al. 2005). Manylarge scaldiodiversity
experiments have been performed in order to determine the correlation betweerldse of
biodiversity andecosystenproductivity. The results of these experiments show that species
richness is positively correlated with the total productivity of thgsasslandecosystems
(Cardinaleet al. 2007; Tilmaret al. 2001; Hectoet al. 1999).The classic explanation for this
soOl f f SR Whas HohgbaedithRcbrypRRentarity and selgion effects (Loreau
and Hector2001). Niche @mplementarityexplains overyielding by a greater use of limited
resources by the plant specidse tospaial niche differentiationlike rooting depth
(Berendsel983) ordifferences in nitrogen preference (von Feltenal. 2009).election
effectexplains higher productivity of mixtures by the dominance of individual, highly
productive species (Roschetal. 2005. However these hypothesehave been challenged
byanWl £ § SN2 i K @SA K@ SsaitEidaSadusethe/hghetipkotuition in
mixturescompared to the monoculture yiel@van der Putteret al. 1993; Bradlet al. 2008;
Maronet al. 2011;de Kroonet al. 2012 Wardleet al. 2004). This idea is derivefiitom
agriculturewhere higher productivity is realized in intercropping systems than in
monocultures (Vandermeer 1988hd the same coriation has been found in recent
biodiversityexperiments focussing on hasoil bida affect ecosystem productivifBeveret
al. 2010; Maronet al. 2011; Schnitzest al. 2011).

Plantsoil feedback: negative effects studied

Most experiments which studietthe effects of soil biota on productivity, found aguative
feedback between plastand soibiota (van der Putten. 1993; Klironom@®02 Petermann
et al. 2008 Bever 1994 In monoculturesspecies specifipathogensmayaccumulate
leading to a reductio of biomass compared to the yield found in mixed communities.
agriculture, negative plarsoil feedback is well-knownphenomenon and often referred to
Fa GazAf & il 106 Baramonet &. FO0E) @ brder to investigate whether
the found negative correlation between plant productivity aseoilcomposition was due to

either biotic (soil biota) or abiotihutrient availability) factos, several experiments looked
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at the differences between conditioned soil (containsugcies speciipathogenyand
sterilized soil and found the negative effects to disappear once the soil Wwerta
eliminatedthrough sterilization(Petermanret al. 2008; Hendrikt al. in prep, Maronet al.
2011; Schnitzeet al. 2011).

Plantsoil feedbackpositive effects studied.

However in contrasto this negative feedbacksoil microbesnay increase the biomass
productivity of mixed plant communities (Schnitzagdral. 2011;Maron et al. 2011; Hendriks

et al. in prep; Bradleyt al. 2008).

Plantgrowth-promotionis widely studied for plant mutualists such as arbuscular mycorrhizal
fungi (AMF) (van der Heijdex al. 2008 Beveret al. 2001)and plant growth promoting
rhizobacterigd RPGR(Gray and SmitR005;Compantet al. 2005 Raaijmakerst al. 2009.
However,severalstudies concluded that different endophytic fungi, which are not AMF, are
able to promote growth as welkither directly by stimulating longer root hairs and
enhancing water absorptioar indirectly bycompeting withplant pathogens and herbivores
(Carrol1988 Latchet d. 1985;Schulzt al. 2002;Schardket al. 2004 Rodriguezt al. 2009
Malinowski and Belesk3000).

Soitborne fungi

All plantsin natural ecosystemisost ahigh number of endophytic fungi whictan positively
or negatively affect plant productivity (Brundregt al. 2006; Rodrigueet al. 2009).0One of
the main issues concernirgndophytic fungi is theihigh number of species and high
variance in functionatharacteristicsdepending on both biic and abiotic factoréke plant
composition or nutrient availabilityMany endophytic fungi are host specifious being
beneficial on one species but neutral or even pathogenic on anothgthe influenceon
plant performancdliffersaccording tahe environment in which ta plant s growing
(Barrettet al. 2009 Herschet al. 201). Furthermore,endophytic fungare known to switch
under certain conditions from beneficial to pathogenic ance versgSchultz and Boyle
2005; Kogett al. 2006). For example, moisture level can influence the extent to which
Discula quericing parasitic or mutualistic on its ho&uercus cerri@Morrica and Ragazzi
2008). Therefore it is difficuto make a clear distinction between pathogenic and beneficial

fung; the autcome of theinteractiondepends on a wide range of factors differing from



speciesspecificity to the composition of soil and plant comnityrand abiotic stress factors

(Herschet al. 2012).

In thisstudy we investigatethe positive and negativeffects of several endophytic fungi on
biomass otwo common grassland specieslommeret al. (2010)carried out a biodiversity
experimentin the Nijmegen Phytotron, which is an outdoor facility to study plant growth
under near ambient conditions$n the experiment four plant species were usetlyo forbs
(Leucanthemum vulgarand Plantagolanceolatg and two grassed~estuca rubrand
Anthoxanthum odoratum)and they were grow both in mone and mixed cultures The
experiment showed a much higher rooeibmass of theplant community as a whole in the
mixtureas compared to thaih monoculture In order tofurther unravelthe species
contribution tothis belowground overyielding, a molecular method developedloynmer

et al. (2008) was used to unravel the species abundanc¢herroot mixtures. It appeared

that thisbelowground overyielding was mainly driven by one of the four species used in the
experiment:Anthoxanthum odoratumwhich made 3 times more roots in mixtures

compased to monocultures

In an additional studyaddressinghe importance ofplant soitfeedbackin a biodiversity
experiment,the same foumplant species were used (Hendrigsal. in prep). A plansoil

feedbad approach makesse of soil conditioned by &ier a monoculture or a mixture of
certain plant species, thus influencing the composition and abundance of soil biota present
in the soil and testinghese effects on plant biomass. As a conttbe conditioned sod

were sterilized, thus eliminatintpe influences of soil biota on plant biomass.this

experiment they performed thelpnt-soil feedback experiment dmoth monocultures of the
four plant species andn mixtures that were grown in soil conditioned by single plant
species (monoculture) or 111 mixtures of those soils (soil mixturek).generalall species
produced less biomass on the nsterilized soil conditioned by its own species than on the
soil conditioned by the other three species, varying on average from 1.6 toweS less
Especially biomass production dieucanthemum vulgareas strongly inhibited on it 2 g y Q
soil type compared to the average biomass on the conditioned soil of the other three
speciesLeucanthemum vulgangroduced the most biomass, 2.5 times more than on its
W2y Q a2Af 0(eLIS>T ¢KSy Al AdthofgantmiMBddrgtun? y & 2 A f

Furthermore the experiment showed thanthoxanthum odoratunproduced more on the
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soil mixture 1.5 timesandeven 3timesas muchon the soil conditioned bizeucanthemum
vulgarecompared to thebiomassLINE RdzOG A2y 2y . AGa W24y Q az2Af
On the sterilized soil, both the production of vulgareand A. odoratumwas notaffectedon

their “own” solil type andopposite to tle nonsterilized sds, there was no overyieldirdue

to soil mixingPlant mixtures did not produce more biomass than monocultures. Overall

total biomass was significantly higher on sterilized soil compared to thestesilized soill

types, production oA. odoratumwas?20 times more on sterilized soil compared to Ron
sterilized and folL. vulgarel2 times as much.

In accordance tdoth Maron 011) and Schnitzer (2011plant-soil feedbackeither positive

or negativcould be the main driverfahis belovground overyieldingqMommeret al, 2010;

Hendrikset al, in prep.

To determine the effects of plarsoil feedback, severflingi were isolated from surface
sterilizedroots of all four plant species grown in monocultykempin and Reijers 2010;
Deurhof 2011 In this study presented hereegen of the additional9 fungal isolates were
investigated for theireffects on plant growth.The following endphytic fungi were used in
thisresearchproject Chaetomium udagawad’araphoma chrysanthemicqla
Gaaimannomyces incrustans, Gaeannomyces cyclindrosporlusarium oxysporumand
Plectosphaerella cucumerina

Some of these fungi aknown to have negative effects on the growth of some plant
species. For example the gendaaimannomycess known to bgathogenic on grass
species (Landschoot and Jackson 19%8&nbyet al. 1977 andParaphoma

chrysanthemicol@n chrysanths, same family Bsvulgare

The twomain hypotheses of this thesis vee

-Negative effectsPlant production is reduced monoculturescompared to mixtures
through the accumulation of spedeapecific pathogenslhese speciespecific pathogens
will reducegrowth through direct contadby infecting the hostTherefore we expedhat

somefungal isolateswill negativelybut differentially influencethe biomass oplant species

- Positive effectsPlantbiomass productivityn mixtures ison average higher than expected

from their yield in monoculturesNe expect this increase in biomass to be causgd



positive feedback beteen the plant species and soil biota. We expect that some fungal
isolates will be able to positiveliput differentially, influence growth oplant speciesThe
positive interactions can be either directly (enhancing nutrient/water uptake) or indirectly

by releasing volatileas has been shown for bactegyuet al. 2003).



Materials and Methods

1. Materials: Plants, fungi and conditioned soils.
1.1 Plant species
In this thesis project, two plant species were used; a grashhoxanthum odoratun.. and a
forb, Leucanthemum vulgarke. These two species appeared important players in the
preceding biodiversity studies of Mommet al. (2010; Hendrikset al. subm. The seeds
were provided by Cruydthoekh& Netherlands (batcNovember 2011).
Seedf Leucanthemum vulgareere sterilized for 6 hours in an exicator containing two
beakers 060 ml Sodiumhypochlorite and3.ml HCI eackAnthoxanthum odoratunseeds
were sterilizedn eppendorf tubes containing 0.8 ml 96% ethanol ar&irl household
chlorine bleach for 15 minutes. After the 15 minutes the solution was removed and the
seeds were washed three times with 96% ethanol and six times with stefile After
sterilization the seeds were kept insanall petridish(g 66nm) on a sterile filtergper with

0.8 ml sterile HO in the dark at 4°C for a minimum of four days.

1.2 Fungal species

In ealier student projects (Deurhd?011; Kempin and Reijers 2037 different soil fungal
species were isolated from the surface sterilised roots of foanfpeciesAnthoxanthum
odoratumL.,Leucanthemum vulgari.., Plantago lanceolath. andFestuca rubrd.., usedn
the biodiversity experiment dflommeret al (2010). Based on the pilot studies with these
17 fungal pecies, seven of these Tiingal spe@s were selected fdiurther testson the two

plant species(Table 1.

Table 1: Names of the seven species selected for the bioassays. The code responds with all the other

figures in this report. The last column shows the host species of whidifférent fungi were

isolated.

Species Code Host

Chaetomium udagawae F1 L. vulgare
Paraphoma chrysanthemicola F2 L. vulgare
Gaaimannomyces incrustans F9 F. rubra




Gaaimannomyces cyclindrosporus F10 F. rubra
Fusarium oxysporum F13 F. rubra
Pyrenochaeta inflorescentiae F21 A. odoratum
Plectosphaerella cucumerina F26 P. lanceolata
1.3 Soil types

In this project, | also userbnditioned soil of monoculturesf A. odoratumandL. vulgare
This soil was originally obtained from the phytotron experiment (Momesteal. 2010). Far
years after the start of the phytotron experiment several soitesfrom the four
monocultures were takernThese trained soilwere used to inoculate sterile sadn which
the plants were planted agaifter two months lalf of this soil was sterilised (R&ray
gammaradiaibn; Isotron, Ede), to remowvie soil biota, and half not. In my experiments
thus usedconditioned soils ok. vulgareand A. odoratumand sterile soil of these two

different plant species.

2 Experimental setups: Plate assays, soil assays & ethylene measurements

2.1 Soil assay

The direct effects of the fungi on the growth Af odoratumandL. vulgaren the soil were

tested at Nijmegen Umersity. The sterilized seed$looth species were placed on5OMS

medium without sucroséor germination Small pots (5. cm) were filled with autoclaved

riverine sandOn the bottom of each pofilter paper was placednd a small plastic lga

servedasd@ &l dzOSNE G2 LINBGSyid lye O2yidl O o0SGoSSy
The seedlings were planted in the small pots and randomly placed in the climate room

(day/night regime: 16 hrs lia/8 hrs dark, temp 23/19°C; 219 Y 2 f*se¥).

The first four days a plastic shegas placed on top of the plants to redei the evaporation
Watering of the plants occurred every othéay. Nutrition was added once a weglay 8,
14 and 20); 10 ml of 0,5 grarit Kristalon (Yara) containing: NOL11.9%, Nk 7.1%, BOs:
6%, KO: 20%MgO: 3%, SH7.5%, B: 0.025%, Cu: 0.01%, Fe: 0.07%, Mn: 0.04%, Mo:
0.004%, Zn: 025%.
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Two sets of plants were inoculated with the fungi at different times; either one day or seven
days after transplantationWe expected thdungaleffectsto be dependat on seedling

stage. Half oftte plants were inoculated one day after planting the seedlings (t=1). Soil was
removed and a fungal plug (5mm) was placed on the root of the plaBtlcm below the

soil surface The other half of the plants was inoculatezl/en days after planting the

seedlings (t=)

The number of replicas per treatment fAr odoratumwas 10 and foL. vulgarel5s.

The plants were harvesteZB days after they were transferred to the soil (32 days after
germination). The roots were wash&wbm the soil and both the roots en shoots were dried

for 48 hours at 70 °C and weighed.

2.2 Agar plate assays

In this project several different bio assays have been executed with plants growing on agar
plates with or without fungi. Generallyplantswere grown on round or squareefridishes

of @ 145mm or 100 x 10@espectively, filled with 50 ml agar each. The plant agar consisted
of 0.5 MS medium containing 2g [* MurashigeSkoog salts + vitamins (pH: 5,8) and 12 g
L* Plant Agar. Waneverfungi were supposed to direct interawiith the plants, sucrose was

added (5 g 1); otherwise no sucrose was added to the agar medium.

The fungi were kept in stock at 18 °C on 1/5 PDA plates (92 x }6These plates contained
4.8 g [ Potao dextrose(pH 65) and 15 g£1,5% Technical AgawWhenever the fungi were

grown with plants, they were trasferred (plugs of 5 mm) to ®MS with sucrose.

All plate assays were placed in a growth chamber with the following condi@dn¥C day /
21 °C night temperature, light 2@Qnol m?s* at plant level, 12hdght/ dark, 70% relative
humidity. On all plant plates (round andsaye) seven seeds were place® 8m from the
top of the plate; 1.5 cm apart in a straight line. The nambf replicas per treatment wa%
7in all plate assays. All the plate assays were performed at Wageningen University,

department of Phytopathology, Bacterial Ecology & Genomics group.

All plants grown on the 8.MS plates were harvested by separatihg toots from the shoot,

after 21 days of growth. The roots from every plate were kept in an eppendorf tube and the
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shoots in a paper bag. Both were kept for 48 hours in a stove (60 °C) and weighted
afterwards. The number of plants grown on each indiviguiate was counted and used to

determine the dry weight per plant.

2.3 Ethylene production by fungi

Sterile cap flasks of 1@l were filled with 3 ml & MS medium with sucrose. Plugs (5mm) of

the fungal species were inserted on the medium in the flask, and incubated for seven days at
25 C; five replicates. Controls received a plug of 1/5 PDA plate without fungus. After the
incubation, the ethylene concgration was measured at Utrecht University, departmef

Plant Ecphysiology, with help of dr. R. Pierik usinges chromatograpfSyntech (2000) GC
955-800; flame ionization detector; column: Haye Sep 80/100). Measurements with the

fungi on MS medium ithout sugar and 1/5 PDA agar were also performed to investigate the

effect of the medium on fungal ethylene production.

In order to determine if the micr@rganisms of theonditionedsoil of A. odoratumandL.
vulgaremonoculturesproduced ethylene as well, 40l cap flasks were usexhd filledwith
approximately 20 gram of both conditioned soil types and the sateglizedsoil. The cap
flasks were incubated for seven days at 25 °C, four replicates, and measured at Utrecht

Universty using the gas chromatograph.

2.4 Ethylene dosis response curves on plants

For the ethylene growth curve seeds of both plant species were placed on 0,5 MS without
sucrose and placed in the growth chamber. After ten days the plates were transferred to
Utrecht University and placed tlosed glass containers (35 &nthat were flushed

continuously (G6 L mir) with various concentrations of ethylene (0 ppb, 60 ppb, 100 ppb,
460 ppb, 800 ppb and 200 ppb) in air, which were checked using the gas chromatograph.
Each treatment was carried out in four or five replicates. The plants were harvested after ten

days.

12



3. Details of Plate assays
3.1Direct interaction
To test the direct effects of the fungi on the plants, the plant and fungal species were grown
together on agar. Sterilized seeds ofthh@lant species were sown on30MS medium with
sucrose (square platd 00 x 100 mm)) and kept in the growth chamber. After a week four
plugs (5nmm each) of the different fungi were added per plate; as a control plugs of 1/5 PDA
were used; in between two plants, 1,0 cm from the roots of the pl&nd.(15 & 1B The

plant species and fungi were grown together for two weeks and then harvested.

3.2 Separatiorexperiment

In order to determine if the growth of botA. odoratumandL. vulgarevas influenced by
volatiles produced by the seven fungal species, plants and fungigveven on petridishes
with a separated compartments for plant afisghgus A small petridish (g 38m; i.e. fungal
compartment)was plaed in a bigger petridish (g 146m; plant compartemenk(Fig. B).
The fungal compartememnas filled with 2 ml @ MS medum with sucrose andhe plant
compartmentwith 50 ml0.5 MS medium without sucros&erilized seeds weralready
germinating orthe platesfor a week before the fungal plugs were added to the small

petridish. A a cotrol a plug of 1/5 PDA was used

Figure 1: a) design of the separatiexperiment 0 RSaA 3y 2F GKS QoA3IQ LA I GS

oo a.ATE LALFAGS Faale

The indirect effects of thesolatedfungi on thegrowth of the plant species were
investigated in theseparationexperimentHowever, in the biodiversity experiment carried
out by Mommeret al (2010) the plantsnay have been subject to a blend of volatiles
producedby manyfungal species. Thereforsgedlings on agar were subject to volatiles

produced by soils; either sterilizent non-sterilized, of the monocultures.
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The test these effects two plates with seedlinga agar and one plate containing soil were
AYyaSNI SR Ay (221¥ 341 ardjRid B). InLtkislwaySinyolatile compound
producedby the soil biota would @cumulate andhusinfluence the growth of the plants
Theplantcompartementswere filled with 40 ml & MS medium without sucrose; these

plates were stuck with agar in the upper half of the big pl&ig.(1f). On the bottom the lid

of a roundpetridish(g 92mm) was inserted, filled with approximately 35 grams of one of

the four soil types and covered with foil, in whighproximately 3Gmall holes were

punctured. The plates were moved to the growth chamber and after three weeks the plants

were harvesed.

4. Statistical analysis
Statistical analysis wag@ormed for the soil assay using univariate ANQWAth fungal
treatment, plantspeciesand timing adixed factos. Statisical analysis of the plate assays
was performed using univariate AN88/with plant species and furad treatment as fixed
factors, s OSLJG F2NJ 6KS WoA3IQ LIXFGS Faale ¢gKAOK
plant species and soil type as fixed factors. For the ethylene production of the fungi,
statistical analysis was performeising fungal species as a fixed factor and for the ethylene
growth curve univariate ANOVAs were performed with plant species and ethylene

concentration as fixed factorsllAlata wereln- or sgrttransformed prior to analysis

14
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Results

1. Soil assay

Spea@g;specificesponseonfungal treatment

A.odoratumandL. vulgardiffer significantly(Fvalue: 38.1 ***)in total rootbiomassand

an overall effect of fungal treatment on total plant biomass was found as wedl(fe: 10.7
***) (Table 2).Furthermorethe effects of fungal treatment differ between the two plant
species, which means the effects are hsgecific (Fvalugoor 10.9 *** | Fvalugnoot 16.1***)
(Table 2. Disentanglinghese interactionswithout distinguisingbetween the two different
times of inoculationit is shown thatoth root and shoot biomass &f vulgareplants
inoculated withParaphoma chrysanthemico(&2)was significantly redu@el compared to
control (P-value: 0.00). However there were no sigigént effects ofP. chrysanthemicolan
the biomass production ok. odoratumRoot homass ofA. odoratumwas significantly
reduced for the plants inoculated witBaaumannomyces incrustan(&9)(P-value 0.039, but
no effects were found fok. vulgare.

Both A. odoratumand L. vulgareshowedonly mild effectswhen inoculated with the other
fungi. For example root biomass ok. odoratumwas enhanced when inoculated with
Plectosphaerella cucumerin&26), whereas shoot biomass was reduced. However these

effects were not significant.

Effects of plant age on response to fungal treatment

The plants were inoculated on two different times (t=1, 1 day after planting; t=7, 7 days after
planting) to test whether plant age would influence the effects of fungal treattron plant
biomass. In overall timing had a significant effect on the total biomasal(f§o0:12.5 ***,
Fvalueneot16.9***) (Table 2) The interaction between the plant species and time of
inoculationhad no significant effects, which means that fhlant species did not differ in

their response to the differences in times of inoculation. However the effects of fungal
treatments on the total biomass of both plant species were different between the two times
of inoculation (Fvaluggot: 4.4***, F-valuesngor 10.9%**).

ForA. odoratumthis difference in response resal for most fungal treatments in a
reductionof biomass oni=1 (Fig. 3compared to the controlThe only significant negative

effect onA. odoratumwasG. incrustangF9). Differentiatig between the two times of
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inoculation we find this negative effect only on t=2@ugyc:0.041; Pvalugneor 0.004). On
t=2 there were no significant negative effects found, only mild effects (Fig. 2).

No significant psitive effects were foundOn t=1 all plants which were inoculated with a
fungus had a lower total biomass compared to the control. Orr¢e2 biomass was
enhancedof the plants inoculated witl?. cucumerin@~26) however shoot biomass was
reduced compared to control (Fig). $oot biomass was enhanced on t=2 for the plants
inoculated with bothP. chrysanthemicol@2) and~ oxysporum(F13) (K. 2.

ForL. vulgardifferences in biomass between the two times of inoculation were found as
well. On t=1a clear negative effect veafound between the control and the plants inoculated
with P. chrysanthemicoléF2) (Pvalugoor: 0.000; Pvaluesygor 0.000). This strong negative
effect was less on t=2, there was still a significant negative effect on the root biomas (P
value: 0.009) bufor the shoot biomass a trend was observeev@ifue: 0.053)Pictures were
taken of the plants as well (Fig. 14). These pictures show clearly the strong negative effects
of P. chrysanthemicolan t=1and the miler negative effects on t=2.

In general met plants show an increase in biomass on t=2, compared to t=1, except for the
L. vulgareplants inoculated wittC. udugawagF1) On t=2 root biomass was significantly
reduced compared to the control {/Ralue: 0.018).

No significant positive effects wefeund. On t=1 mean total biomass of most plants
inoculated with fungi, except fd?. chrysanthemicolavas the same as the mean biomass of
the control plants. Only the biomass of the plants inoculated Witltucumering§F26) was
slightly enhancedompared to the control plant$On t=2 a mild positive effect was found on

the root biomass of the plants inoculated wih oxysporungF13).

Table 2: full model ANOVA resudfghe effects of plant species, fungal treatmen and time of
inoculationon the total biomasgroot + shoot)Analyses are performed orHiransformed dataP-
values are indicated with: * <0.05, **< 0.01, ***< 0.001, $< 0.1, N.S.> 0.1. N=10 except for F13;
N=9.

Source Df Fvalue root Fvalue shoot
Pant species 1 38.1 *** 1.1N.S.
Fungal treatment 7 10.7 *** 10.9 ¥
Time of inoculation 1 12.5 *** 16.9 ***
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PxF 7 10.9 *** 16.1 ***
PxT 1 1.8 N.S. 0.0 N.S.
FxT 7 4.4 w 10.9 ***
PXFxT 7 4.7 *x 3.7
Error (MS) 360 0.2
T=1 T=2
10,0400 - 10,0400
2 £ 0,0300 - 2 £ 0,0300 -
= _ = T
S 80,0200 - S 8 0,0200 -
o O o O
8 3 0,000 - 8 30,0100 -
e a & b labla
0,0000 - 0,0000 -
C F1 F2 FOF1CF1F21F26 C F1 F2 FOF10F13F21F26

0,0500 -
0,0400 -
0,0300 -
0,0200 -
0,0100 -
0,0000 -

Shoot biomas.
odoratum
Shoot biomas4.
odoratum

C F1 F2 F9F10F13F21F26

C F1 F2 F9 F10F13F21F26

Figure2: Mean dryweight othe roots(up)and shootgbelow) of Anthoxanthum odoratunplants
The different fungi are placed on the roots two different times (t=1€ft) and t=7 (ight)). The line
indicates the mean biomass of the plant species grown under the control sitUasitmare means +

S.E., N=1@odes are fungal treatment (tablg. Letters indicate statistical differenclestween the

treatments.
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Figure3: Mean dryweight of theoots (up) and shootslfelow) of Leucanthemum vulgare plants
The different fungi are placed on the roots on two different times ({eff); t=7(righ)).The line
indicates the mean bioass of the plant species grown under the control situatata are

means * S.E., N=160odes are fungal treatment (table Lgtters indicate statistical differences

Table 3: ANOVA results, split per plant species and time of inoculation, of the efteetgment
(fungal inoculation table 1) on the biomass of A. odoratum and L. vulgare. Data have been In
transformed prior to analysis. Df= degrees of freedowalBes are indicated with: * <0.05, **<

0.01, ***< 0.001, $< 0.1, N.S.> 0.1. N=10 excepFid; N=9.

Df Ao Root1 | Ao Shoot1l | Df LvRoot1 | Lv Shoot1
Fvalue Fvalue Fvalue Fvalue
Treatment | 7 22* 3.3* 7 13.3%** 21.6%**
Error 71 106
Df Ao Root2 | Ao Shoot 2 | Df LvRoot2 | Lv Shoot 2
Fvalue Fvalue Fvalue Fvalue
Treatment | 7 2.9* 3.8** 7 5.8 *** 4.8+
Error 72 112
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2. Plate assays
Direct interaction

The direct effects of the different fungal species on the biomass production of Aoth
odoratum(Fig. 4 andL. vulgargFig. 9 on 0.5 MS agar + sucrose were test@ceatment in
overall had a significant effect-(lalugoo: 9.1%** ; Fvalueeor 7.4***) (Table 4) The fungal
treatment had a significantly positive effect on both root and shoot biomass of Both
odoratumand L. vulgare(Tabk 5) However there wereno different effects of the fungon

the plant specie$F~valugqo: 1.4N.S; Fvaluepeor 1.5 N.9S.

ForA. odoratumthere were significant differences found between the control plants and the
ones treated withP. chrysanthemicol@2) G. incrustangF9)and G. cylindrisporu$10) For

L. vulgarethere were significant differences found between the control plants and all fungal
treatments (only a trend ({#®alue= 0.052)was observed for the shoot biomass @f.
udagawae(F1). In overalboth plants peformed better compared to the control when the
fungal plugs were rgsent. There wersome differences in the effects between the plants.
For the A. odoratumplants, the ones treated witlG. incrustangF9) showed the highest
increase (3.07 times for theoot biomass). Whereas fdr. vulgarethe treatment with G.

cylindrisporugF10) had the highest biomass compared to the control (2.75 times).

Fictures of the assay were takext the time of harvesand shown in the appendix (Fig.&5

16). ForA. odoratumthe increase in biomass is seen in the number and length of the.roots
ForL. vulgarehe effects are easier to spot since the leaves of the forb are easier to compare
between the treatments than thdeavesof the grass. However when looking at the
vulgare plants treated withP. chrysanthemicolé2), it is shown that the size of the plants
differs a lot within the treatment. Some are a lot bigger than the control plants, whereas
others remaired smallwith signs of infection like brown leaves and daobtrtips (Fig 16).

The A. odoratumplants that were treated withF. oxysporunshowed signs of infection as

well, such as brownish leaves and fragile roots with dark tips.
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Table 4full model ANOVA results of the effects of plant speciean@®yeatment (fungal treatment

F2NJ RANBOU

AYGSNI OlAazy

I Y R

& S LI NI G A anfhe ®BILISNA YSy i

biomasqroot + shoot) of all the plate assaysmalyses are performed ontransformed data P-

values are indicated with: * <0.08'< 0.01, ***< 0.001, $< 0.1, N.$0.1.

Source | Direct interaction Separation experiment WoAIQ LI I GS
df | Fvalue Fvalue df | Fvalue Fvalue df | Fvalue | Fvalue
root shoot root shoot root shoot
P 1 32.3%** 20.1*** 1 34 3*** Q1. 7** 1 0.8 N.S. 6.5*
T 7 Q.1 *** T.4%** 7 19.9*** 19.7*** 4 2.1 N.S. 1.7 N.S.
P XT 7| 12NS. | 15NS. | 7| 09N.S. 2.6* 4 | 5.3% 4.6*
Anthoxanthum odoratum
0,005 0,008
C
- ~ || 0007 =C
=\ [ ] -~
%0,004 - $0,006 mFl
A n mF2
I 9]
20,003 mrg | £00% =Fo
2 EF10 50,004
0,002 $0,003 =0
WF13 15 T uF13
0,002
0,001 mF21 "F21
mF26 0,001
0 0 mF26

Figured: Mean dryweight of the rootfeft) and shoots (rightof the Anthoxanthum odoratunplants

grown on 0.5 MS agar with the four fungal plugs added after 7 dBlys line indicates the mean

biomass of the plant species grown under the control situabata ae means + S.AN=6 forC and
F13;N= 5for F1, F2, F9, F10, F26s4 for F21, F26 and N=3 for @, Eodes are fungal treatment

(Table 1.
Leucanthemum vulgare
0,0025 -
- mC 0,005 v
(=] —~
2 0,002 - "F1 1S 0,004 mF1
£ BF2 || o mF2
£0.0015 + mFo || £ 0,003 =F9
S 5
Doﬁ 0,001 i ®mF10 § 0,002 mF10
] BF13|| & mF13
0,0005 - mF21 0,001 mF21
mF26
0 mF26 0

Figure 5Mean dryweight othe roots(left) and shoots (rightof the Leucanthemum vulganglants

grown on 0.5 MS agar with the four fungal plugs added after 7 dBlys line indicates the mean
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biomass of the plant species grown under the control situabarta are means + SNE=6 Codes are

fungal treatment (able J).

Table 5 ANOVA results of effea$ treatment four fungal plugson the biomass dioth A.
odoratum andL.vulgare Data have been kransformed prior to analysis. Df= degrees of freedBm.

values are indicatedith: * <0.05, **< 0.01, ***< 0.001, $< 0.1, N.S.> 0.1.

Df Ao Root | Ao Shoot | Df Lv Root | Lv Shoot
Fvalue | Fvalue Fvalue | Fvalue
Treatment| 7 4.5 *** 3.6 ** 7 6.9 *** 5.4 ***
Error 33 34
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Separation assay

The indirect effects of the different fungal species on the biomass production ofAoth
odoratum(Fig. § andL. vulgargFig. 7 were testal in the separation experiment.
Treatment in overall had a significant effect@ue: 19.9***)(Table 4)In general both
plant species produced more biomass when a fungus was preseri. Bdoratunthis
resulted in an increase in root biomass of average 2.7 compared to control and in shoot
biomass varying on average from 1.5 to 2 compared to the contratplgorL. vulgarehe
increase in root biomass wasound 2.7 compared to control and the increase in shoot
biomass on average 2.2 compared to the control plants.

OnlyC.udugawae(F1) did not have a significant effeart the biomass of both speciesd
G.incrustangF9)did not have a significant effect on the biomasd.ofulgareSo the effect
of G.incrustansseems to be hosspecific.

Pictures were takenf some of the treatmets of both plant species (Fig. 17 & 18hese
pictures show a clear increase of biomass icadesBoth root and shoot biomass of both
plants were increased when the fungi were present. The treatment effast significant on

both root and shoot biomass of the two plant specf€able 5)

Anthoxanthum odoratum

0,0012 C 0,0025 e
- 0,001 =Fl || = 0,002 T mFl
= :6;/ ! T
20,0008 T om=F2 ||, "F2
g $0,0015
mF9 ’ mF9
§0,0006 il -
u [
g 5 0,001
20,0004 wF13 || 2 "F13
0,0002 F21 || 0,0005 F21
0 b b b 0 C CmufE2

Figure 6: Mean dryweight of the rootdeft) and shoots (rightof the Anthoxanthum odoratunplants
grown on 0.5 MS agar with the fungi growing separately on 0.5 MS + suglaséne indicates the
mean biomass of the plant species grown under the control situddata are means + S.E.,&N=

Codes are fungal treatmentgfble ).

22



Leucanthemum vulgare

0,0008 - uC 0,002 uC
- mFl S mF1
50,0006 - =F2 || 20,0015 wF2
0 [%]

g mF9 g mF9
20,0004 - mF10 |5 0,001 =F10
3 B
g ] =F13 | 2 mF13
0,0002 = F21 0,0005 wE21
hor2e =F26
0 - 0

Figure7 : Mean dryveight of the rootgleft) and sloots (righ) of the Leucanthemum vulgare plants
grown on 0.5 MS agar with the fungi growiegparately on 0.5 MS + sucro$ée line indicates the
mean biomass of the plant species grown under the control situdata are means + S.E., N=6 for
F1, F2, F10 and F13; N=4 for F28, &d N=3 for C, F9. Codes are fungal treatntabte 1)

Table 6 ANOVA results of effects of treatmefur{gus grown separately of plahon the bionass of
both A. odoratum and Lulgare. Data have been-tnansformedfor A. odoratum and sgrt
tranformed for L. vulgarerior to analysis. Df= degrees of freedd®values are indicated with: *

<0.05, **< 0.01, ***< 0.001, $< 0.1, N.S.> 0.1.

Df Ao Root | Ao Shoot | Df Lv Root | Lv Shoot
Fvalue | Fvalue Fvalue | Fvalue
Treatment| 7 4.5 *** 3.6 ** 7 6.9 *** 5.4 ***
Error 33 34
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The indirect effect of the conditioned soil, containing species specific soil biota, on the
IANRPGgUK 2F 020K LIXIFyd aLlSOASa sl a AyoSaaAa3aras
of A. odoraturmnor L. vulgarewvas influenced by the soil types comparecdthe control.

However there was an effect of treatment for the rootslofulgarg~value: 4.313; Ralue:

0.018) and shoots {falue: 3.612; Ralue: 0.030). This effect was found when comparing

the sterilized conditioned soil dfeucanthemum vulgarg.vst) to the norsterilized

conditioned soil (LvNS){Rlue: 0.010).

0,0025 0,0012
. 0,002 mC = 0,001 uC
= )
2 m Aost ~ 0,0008 m Aost
» 0,0015 @
2 m Lvst g 0,0006 m Lvst
,§ 0,001 m AoNS '.g 0,0004 = AoNS
- °
8 0,0005 mLVNS g 0,0002 m LVNS
o a n

0 0

Figure8: Mean dryweight of Anthoxanhum odoratum plants grown on 0.5 MS, agaarated from a
round petridish filled with the different soil types (C: no soil, Aost: conditioned soil of monocultures of
A. odoratum, sterilized using gamma radiation, Lvst: conditioned soil of monocultures of L. vulgare,
sterilized using gamma radian, AoNS: conditioned soil of monocultures of A. odoratum, not
sterilized and LVNS: conditioned soil of monocultafés vulgare, not sterilized).The line indicates

the mean biomass of the plant species grown under the control situBttda.are means $.E. N=4

0,002 - 0,0025
5
50,0015 - mC 7 0,002 e
ﬁ m Aost g 0.0015 m Aost
§ 0,001 - mlvst | S = Lst
o]
5 mAoNs ||& 0001 = AoNS
% 0,0005 + ® LVNS 0,0005 mLVNS
b b
0 - 0

Figure9: Mean dryweight of roots (a) and shoots (b) of Leucanthemum vuigarés grown on 0.5
MS agar separated from a round petridish filled with the different $gjles(codes are according to
Table ) The line indicates the mean biomass of the plant species grown under the control situation.

Data are means + S.E. N=4.
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Table 6 ANOVA results dfie indirect interactionsf treatment &oil type (Figure)7on thebiomass of

both A. odoratum and L. Vulgare. Data have beetndnsformed prior to aalysis. Df= degrees of

freedom. Pvalues are indicated with: * <0.05, **< 0.01, ***< 0.001, $< 0.1, N.S.> 0.1.

Df Ao Root | Ao Shoot | Df Lv Root | Lv Shoot
Fvalue | Fvalue Fvalue | Fvalue
Treatment| 4 20N.S. |22N.S. |4 43* 3.6*
Error 15 15
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3. Ethylene measurements

A large variation in ethylene production between the fungi was found, varying between
4.6*10° ppb to 2.7 ppb.Most fungi produce large amounts oéthylene. OnlyPenicillium
ochrochloronF6),Gaaumannomyces cylindrisporg10),Fusarium oxysporutfi-13),
Mortierella minutissimgF18),Chaetomium coarctatur(F19),Pyrenochaeta lycopersig¢t24)

did not differ significantly from the control concentian . The highest concentration of
ethylene (mean: 4.6*1ppb) was found withC. udugawagF1). Of the fungi used in this
project onlyG. cylindrisporug=10) (Pralue: 0.955) ané. oxysporuniF13) (Pvalue of 0.196)
did not produce ethyleneThese measurements were performed for different media{MS
sucrose and 1/5 PDA) as well. However, these measurements were not used since the
variation between the measurements was very high and no fungi were found to produce
ethylene. According to other stlies (Lynch and Harper 1976; Graham and Linderman 1980)
fungi need sugar in their medium to produce ethyleBeme of the fungi grew fast on MS
medium whereas others stayed small. However, there was no correlation between the size
of the fungus and produmn of ethylene.The conditioned soil types, both sterilized and
non-sterilized, were used to measure the concentrations of ethylene excreted by specific soil

biota. However no production of ethylene was found for any of the soil types.
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Figurel0: Mean concentration ethylene (ppb) produced by all fungal isolates grown on 0.5MS with
sucrose. As a control a plug of 1/5 PDA was uBee blue bars indicate the used species in this
repat. The line indicates the mean biomass of the plant species guader the control situation.

Data are means $.E

In order to test the response of both plant species on ethylene, the plants were grown under
exposure oflifferent concentrations of ethylene. Neithét. odoratum(Fig. 10) noL.

vulgare(Fig. 11) showe any significant effects to the ethylenerentrations Table 6)

0,004 e _ 0,006 c
= = | |
(=] o)
2 % 0,005
@ 0,003 m 60ppb o) m 60ppb
5 = 100ppb || & 0.004 100ppb
S 2 = 100pp
£ 0,002 =
S m 460ppb § 0,003 m 460ppb
x s 0,002

0,001 m 800ppb = 800ppb

0,001
82000ppb 0 @ 2000ppb
0

Figurell: Mean biomass of roots (left) and shoots (rigiftA. odoratum plants, growing under
different ethylene concentrations in ppbhe line indicates the mean biomass of the plant species
grown under the control situatioata are means S.EN=5 for 100, 800 and 2000 ppb; N=4 for C,
60 and 460 ppb.

0,003 - 0,006 -
g mC @ mC
~0,0025 - o 0,005 -
2 = 60ppb 8 = 60ppb
£ 0,002 - g 0,004 -
S = 100ppb e m 100ppb
= 0,0015 - 50,003 -
8 m 460ppb 8 H 460ppb
& 0,001 - n 0,002 -
o™ 800ppb 4% 800ppb
0,0005 - 0,001 -
; = 2000ppb 0. m 2000ppb

Figurel2: Mean biomass of roots (left) and shoots (righit L. vulgare plants, growing under different
ethylene conceamnations in ppb.The line indicates the mean biomass of the pkpdcies grown under

the control situationData are means $.EN=5 for C, 60 and60ppb; N=4 for 100, 80 and, 2000 ppb

Table 6 ANOVA results @foth the ethylene concentration measurements and the ethylene growth
curve.Dataof the ethylene concentratns per fungus have been sgransformed prior to analysis
Data of the ethylene growth curve have beesiramsformed prior to analysi®©f= degrees of
freedom.P-values are indicated with: * <0.05, **< 0.01, ***< 0.001, $< 0.1, N.S.> 0.1.
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Df | Ethylene Df | Ao Root Ao Shoot | Df | Lv Root Lv Shoot
conc. Fvalue Fvalue Fvalue Fvalue Fvalue
Treatment| 16 | 580.5*** 5 | 1.2N.S. 0.9 N.S. 5 0.3 N.S. 0.1 N.S.
Error 66 21 21
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Discussion

1. Negative feedback

In both the phytotron experiment of Mommaeat al. (2010) and the plansoil feedback
experiment of Hendrikst al. (in prep) a negative correlatiomas foundbetweenplant
productivityand plants growing either in monocultuce on soil conditioned bits own
species These results provide strong support for the pathogen niche hypothesis since
Hendrikset al. (in prep)showed the deleterious effecttisappeaed once the soil bict were

eliminatedthrough sterilization.

Speciesspecifiacesponsdo pathogenic fungi

In the soil assagyseedlings of both plant species were inoculated ve#ith ofthe seven

fungal species to test thedirect effects on plant growthiViost of these fungi only induced
mild effects, which were not significant compared to the contitdwever, wo fungi

infected the plant species argignificantlyreduced biomassomparel to the control In

overall there wasninteraction found between the effects of fungal treatment and the plant
species, indicating hosipecific effectgFvalugoo 10.9 ***, Fvaluepoot 16.1***) (Table 2.

This interaction has been confirmed for the two pathogens found in this assay. Naither
odoratumplants inoculated withP. chrysanthemicol@2) norlL. vulgareplants inoculated

with G. incrustangF9) showed anreduction in biomass compared to the control plants.
From earlier experiments we know thht vulgards strongly inhibited when grown in
monoculture or on soil conditioned by conspecificar( Ruijveret al. 2003;Mommer et al.
2010 Hendrikset al.in prep). Based on the results of the soil assay we can confirm the
pathogen hypothesis fdt. vulgareHalf of the plants, which were inoculated wifh
chrysanthemicolgdF2)one day after planting, diedBesides an significameduction of total
biomassof 2.2 was found and differentiating between the two different times of inoculation
a reduction of 4.7 was found on t=1 between the plants inoculated ®itbhrysanthemicola
(F2)andthe control plantsP. chrysanthemicol@2)was isolated from the rodips ofL.
vulgareand isthereforea prime candidate for the observed negative plaoil feedback.
Biomass oA. odoratumwas less reduced by negative plasdil feedback than biomass bf

vulgare(Hendrikset al.in prep). Biomass d&. odoratumwas the lowest when grown on soil
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of conspecifics oon the soil ofFestuca rubraanother grass species, suggesting the
involvement of grass specific pathogens (Hendeikal. in prep; Petermanret al. 2008;
Harrison and Bardgett (2010)his hypothesisas been confirmed since biomassfof
odoratumwas significantly reduced when inoculated wh incrustangF9) a fungal isolate

from F. rubra.Total biomass was reduced by 1.3 compared to the control plants.

Influence of plant age on pathogenicity

In the soil assay we differentiated between two different times of inoculatfathogens are
known to infect plant species at different life stages and the impact of the disease depends
on both the life stage of the plant that is attacked and the lifédrgs of the pathogen
(Gilbert 2002). In this experiment we found the time ofentation to be importantin

overall the biomass of both plants species that were inoculated with fungi was lower on t=1
(inoculated one day after planting) compared to t=2¢nlated one week after planting).
The pathogenicity of botP. chrysanthemicol@g2)on L. vulgargFig. 14andG. incrustans
(F9)on A. odoratumwas reduced as well. On t=1 half of thevulgareplants inoculated with
P. chrysanthemicol@2)died, whereas on t=2 only one of the 15 plants showed clear
symptoms of disease. The differences in productivity between the two different times of
inoculation can be explaimkeby several factors.hHE plants that were inoculated at t=2 were
seven days older thathe first seriesand therefore larger resulting in increasedefence
against pathogen attack. Uptalof nutrients will havéoeen easier since their root system
had expanded compared to the plants that were inoculated one day after they were
transferredto their new environment. Furthermore this transportation could have caused
stress for the young seedlings and stress may have reduced their defence medjanism
causing a high infection and mortality ratéinally, the plants of the second series were
infected one week less, which could have decreased the chance of observing growth
reduction.

However in the fieldt is likely that the infection propagules of the fungi gnesent in the
soil and might already start inféng the plant at seed germinatioffhe highest rates of
diseaserelated mortality of plants in natural ecosystems are usually due to seed and

seedling diseases (Gilbert@).

Conclusion
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The results of the biodiversity experiment of Momneral. (2010) and the plansoil
feedback experimet of Hendrikset al. (in prep) are consistenwith the results found in this
study. For both plant specieslifferentpathogenc fungi havebeen identified which could
have caused the reductioof biomass foundh the respectivenonocultures The found
pathogenic effects oP. chrysanthemicol@2)on L. vulgarevere stronger than the effects
of G. incrustangF9)on A.odoratum This correlates with the previous studies (Hendaks
al.in prep, Mommeret al.2010) where the reduction of bioma®f monocultures compared
to mixtures was most profound in vulgare.

However in this experiment we only looked #te direct interaction between onplant
species and one fungal species. In the fielthdmodiversity experiments the reduction is
caused by negative feedback of the soil, containing a blend of different fungi, bacteria and
nematodes. For future work it wouldherefore be interesting to quantify the abundancé
the identified pathogenic fungn preconditioned soiind rootsof the monoculturesand
mixtures. lfthe observedegative plantsoil feedback ismdeedcaused by an accumulation
of speciesspecificpathogens in monocultures itould mean that the abundance of the

pathogen should béigher in monocultures compared to the abuartte in mixtures.

2. Positive feedback

The phytotron experiment of Mommeat al. (2010) showed that overyieldiraf A.
odoratumin particularoccurred when the four plant species were grown in mixtuheghe
plant-soil feedback experiment of Hendrigsal. (in prep)A. odoratumwas found to
overproduce the rootsvhen grown on soil conditioned Ry vulgarg3 times more than on
AGa W2layuparevas fofind & produc® times moreon soil conditioned b.
odoratumthan2 y A ( & . BhidlgdyoGhe &@léh Ahht overyielding could partly baused
by positive planisoil feedback.

Direct interaction

In the soil assaypsne positive effects of the fungi on biomasfsboth plant species were
indeed observed (Fig. 2 & 3Blthough none of thespositive plantfungal interactions were
significant it is an indication that fungi are able to positively influence productivity afitpla

species. Furthermore it appearddat these positive interactions are specigsecific and
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depended of the time of inoculation. Root biomassfAofodoratumplants inoculated on t=2

with P. cucumeringF26)was enhancedalthough not significantly, while only popositive
effects ofP. cucumeringF26)on L. vulgareare foundwith the plants iroculated on t=1 (Fig.

2 & 3).

Shoot biomass ofA. odoratumon t=2 was highest with the plants inoculated wirh
chrysanthemicolgF2), a fungus isolated from the monocultureLofvulgareThis positive
interaction might be the first clue to understandjrthe positive influence of the soil biota of
conditioned soil ot.. vulgareon the biomass production &. odoratum.

However, the soil assay was carried out in a short period of (Redayspnd the positive
interactions might have become more profouatter a longer time period.

The direct interaction assay on agar plates (Fig. 4 & 5) gave completely different results than
the direct interaction investigated in the soil assay (Fig. 2 & 3). On the plates, total biomass
of both plant species were alwaggnificantly increased when the fungiso the specific
pathogens, were present compared to the biomass of the control plants.

The positive effects on agar posed questions on how the fungi enhanced growth of the plant

species. Waiit through direcor indirectinteraction viaproducing volatiles?

Indirect interaction

When the fungi were in a compartmeséparatefrom the plants growth promotion was
observed for theA. odoratumplants in combination with all fungi exce@dt udugawadF1)
and for theL. vulgareplants with all fungi except bot@. udugawadgF1) andG. incrustans
(F9). Therefore we can conclude that the fuagg able to indirectly influencplant growth
by excretingcertainvolatiles, which stimulatehe plants to growbetter.

A strikng observation is the effects @. incrustangF9)on A. odoratum In the soil assay it
was identified to be pathogenic oh. odoratum (Fig. 2. However in the separation ass@y
incrustang(F9) is found tdne, especially for the shoot biomass, ondloé most growth
promoting fungus orA. odoratum Same results wertound forL. vulgareandP.

chrysanthemicolgF2)

Volatiles
In the separation assay it was shown that fungi can release volatiles that influence plant

growth. Some bacteria (especialBseudomonafiuorescensare well known to produce
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plant growthpromoting volatiles (Ryat al.2003; Schulz and Dikschat 2007). The effects of
these compounds have been tested using compartmental petri dish assays with plants on
one side and bacteria aie other side, and found to both promote and reduce the growth
of the plants(Kaiet al2009; Blomnet al.2011). Fungi are known to produce a wide range of
volatile compounds as well but their effects on plant growth are still to be further
investigated (Wenkeet al. 2011). Some endophytic fungi were found to promote plant
performance indirectly by producing a wide range of antimicrobial volatiles of which many
were lethal to both pathogenic bacteria and fungi (Stroétedl. 2001; Ezrat al. 2004).
Otherfungi are found to directly influence plant growth by either releasing general
compounds as planthormones, such as ethylene (Spligadb 2009) or species specific
compounds (Menottaet al. 2004).

From the results of the separation assay it appedtet most fungi had a positive effect on
plant growth; total biomass was increased (on average 2 times) and their phenotype was
altered resulting in more lateral roots, more and longer root hairs and bigger, darker green
leaves. These observations raigkd idea that it could be a general volatile rather than a
very specific volatile or different volatiles with the same effect. Based on the phenotypical
traits of the plants in the separation assay; ethylene was thought to be a prime candidate.
Ethylene isa plant hormone which can stimulate plant growth in low concentration, but is
deleterious in higher concentrations (Pieekal. 2006).

However a few results contradict the idea of a general volatile. FitstydugawaéF1)was

the only fungus, of theeven used in this thesis, that did not have significant effects on both
plant species in the separation assay. If the volatiles the fungi are excreting would be
something general, the effects of the fungal treatments would be the same for every fungus
on both plant species. A possible explanation for this effect could be that all fungi do not
excrete the same volatile so the effects would be fungal specific. Or the quantity of the
excreted volatile differs between the fungal species, leading to a diffee=mponse of the
plant species to fungal treatment.

Secondlythe effects ofG. incrustangF9) on plant productivity differ between the two plant
species. Both root and shoot biomass of theodoratumplants is significantly increased,
compared to thecontrol plants, wherG. incrustangF9)is present (Rralue: 0.000 for both

root and shoot). Howeveneither root nor shoot biomass af. vulgarevas significantly

increased wherG. incrustangF9) wagpresent compared to the control plan{B-valugot:
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0.140; Pvaluenoot 0.758). If all the fungi would excrete the same volatile the plant species
specific response would be the same for all fungal treatragidowever in this case the plant

specific response differs for only one of the seven fungi.

Ethylene

Ethylene was a prime candidate for our research. Fungi are known to produce
phytohormones like cytokines, indeacetic acid (IAA) (Tan and Zou 2001; ROmeieal.
2002). In 1968 Llag and Curtis found a wide range of fungi to be able of producpeneth
as well. An increase in ethylene production is often observed during interaction between a
host and a pathogen (Abeles al. 199). Ethylene is associated with both the induction of
the defence system of the plant and in the development of disease symptoms (Boller 1991).
However, the highest concentration of ethylene was foundGoudugawadF1) which was
the only fungus in the gmration assay which had no significant effects on the biomass of
both plant species (Fig. 6 & 7).

This falsified the idea that ethylene weesponsible for the observed plagtowth

promotion. An additional experiment was executedwvhichan ethylene dsis response
curve was produceFig. 11 & 12).

The 5 different concentrations of ethylene had no effect on the biomassdpiction of both
plant speciesA. odoratumshowed no response, buhére were some differences observed
in the phenotypes ot. vulgre (Fig. 20 )concerning the angle and length of the leaves and
the density and length of root hairs.

Therefore we can conclude that ethylene is not responsible for the obsdwegil induced
growth promotion

As anothervolatile candidatecarbon dioxde has been brought uplore carbon dioxide will
increase plant productivityat least in the short ternfRogerst al. 1994; Hungatet al.

1997).Future work will investigate the role of fungal £@r plant growth.

Conclusion

Our data suggesthat fungi are able to positively influence plant growth, either directly or
indirectly. Howeverin these experiments we looked at the individual responses of plant

species to fungal species. In order to further investigate the mechanisms of positite pla

soil feedback, it is important to look at the interactions between the soil biota as Batih
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bacteria and fungi are known ftave antagonistic effects against plant pathogens
(Campanilest al.; Strobelet al. 2001; Ezrat al. 2004, SuareEstrellaet al. 2007). For futher
research it would be interesting to test the antagonistic effects of the soil biota on the plant
pathogens. A possible set uptiest these effects would be to grow both plant specas

the conditioned soil of the other species,dthen inoculate both plant species with the
speciesspecific pathogen. For example,vulgarevould be planted on the soil conditioned
by A. odoratumand inoculated witiP. chrysanthemicoldf the speciespecific soil biota of

A. odoratumis antagonist to pathogen attack dP. chrysanthemicoldhe reduction of
biomass would be less on the conditioned soiRobdoratumcompared to the biomass of

the inoculated plants on sterile soil.

3. Summary

As a final conclusiomy thesis results suggestat endophytic fungi can bothegatively and
positivelyinfluence plant produdtity. For bothL. vulgareand A. odoratumwe identified
two speciesspecificpathogers which maye responsibler at least in part for the reduced
plant productivity indifferent monocultures. Thelata for enhanced productivitgf plants
species found in mixtres are less clegbut suggest thafungiareable to promote plah
productivity, since this growth promotion was observed when the plant species were grown
separatelyfrom the fungi on agarThe precise volatiles responsible for threwth
promotion have not been identified yet.

We can conclude that the relta of this thesis provide monasight in the nicro-organisms
responsible for plansoil feedbackn biodiversiy studies As a first step,he interactions
between the individual plant species and endophyticgi have been studied herButure

work will scale up the complexity between fungi and plants roots in soil.
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Appendix 1.

1. Soil assay

Figure 13 Pictures taken from the soil assay of A. odoratum; control (left), G. incrustans (middle) and
C. cucumerina (right)

Figure 14 Pictures taken from the soil assayfofodoratum; control (left), P. chrysanthemicola
t=1(middle) and P. chrysanthemicola {ght)

43



2. Plate assays

Infection assay

Figurel5: Pictures taken from the infection experiment of the A. odoratum plants treated with
different fungal species.

Fz4
Figurel6:Pictures taken from the infection experiment of theulgare plants treated with different
fungal species. Codes are fungal treatment (Table 1).
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Seperation assay

Figurel?: Pictures taken from the separation experiment of the A. odoratum plants separated from
the different fungi (From left to right: Cool, F2, F10, F13, F21, F26). Codes are fungal treatment
(Table 1)

Figurel8: Pictures taken from the separation experiment of theulgareplants separated from the
different fungi (From left to right: Control, F2, F10, F13, F21, F26). Codes aigremgnent (Table
1)
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Figure20: pictures taken from the L. vulgare plagt®wn under different concentration of ethylene.
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Appendix 2.

Separation assay trial

The separation experiment was figserformed with only five of the seven fungi which were

later on chosen to be investigated in this projé€tg 20 & 21)TheresultdF N Y (K S

experiment are shown below. Due to infection (the seeda.obdoratumwere not

sufficiently sterilized) some plates had to be thrown away, other contained small

opportunistic fungi on the plates and these might have been able to infludreplant

growth as well. Still some results of this trial correlate to the results found on the final

separation experiment (Fig. 5 &6). Most fungi promote the growth of both plant species and

P. chrysanthemicols causing the highest promotion for wlgare
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Figure21: Mean biomass of the roots (left) and shoot (right) of A. odoratum pigmoiwn on 0.5 MS

agar with the fungi growing separately orbOMS + sucrose. Data are mearS.E., N3, except for C
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W5 2 dgedaratian assay

SinceFusarium oxysporuifi-13) grows very fast and in sernases the hyphagrew out of

the small petridish and infected the agar underneath on which the plants were growing, we
decided to physically separate the fungi and plants more. So in this experiment the plants
were grown on 0.5MS without sugar on a smaller petridish (28 snm) which was glued

with agar in the bigger round petridisti45 x 20 mm) together with the small petridish (35 x
10mm) containing 0.5 MS+ sucrose and a fungal plug. However the growth of especially
odoratumwas inhibited by the lack of space in thealler petridish. Furthermore kanamycin
(antibiotic) and delvocid (fungicide) were added to the medium&oodoratumand it

seemed the plants suffered from these compounds since the blades were white; nearly all
chlorophyll tad disgpeared from the leaes (Fig 24 Therefore it was decided to leave

these results out of the report.

mC 0,004 mC
0,002
=FL ||6.003 mF1
0,0015 uF2 uF2
0,001 mFg ||0.002 " F9
W F13 =F13
0 0

Figure23: Mean biomass of the roots (left) and shoot (right) of A. odoratum pigeoiwn on 0.5 MS
agar (size petridish: 92 x 16mmijth the fungi growing separately on®HMS + sucrose. Data are
means 4S.E., N&, except for F1 & F10; N=5. Codes are fungal treatmabtgT).
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Figure24: Mean biomass of the roots (left) and shoot (right) of L. vulgare ptaotgn on 0.5 MS
agar (size petridish: 92 x 16mmiith the fungi growing separately on®MS + sucrose. Data are

means + S.E., N=4, except for F13; N=3. Codes are fungal treataidatlT
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coloured white dudo the lack of chlorophyll possibly caused by delvocid.

Fungiassay

The conditioned soil of the monocultures of both odoratumandL. vulgarecontained a

diverse fungal community and its influence on plant growth would not only be directly to the
plant, but some effects could have been caused by the interaction between the fungi
(Whipps, 1987)To investigate the interactions between our fungal species on 1/5 PDA agar,
we grew them together in different combinations. Sife®xysporum(F13) is a very fast
grower, we decided to test the effects of that fungus on the other fungi (FigP25).
Chrysanthemicol@2) andP. inflorescentia¢F21) are slow growers, so we decided to test

the effects of these two fungi on the other fungi (R2¢) and as a last te€l. udugawae

(F1),G. incrustangF9),G. cylindrosporug=10) andP. cucumeringF26) were grown together
with the target fungus in the middle (Fig. 28ome of the interactions that stand out is the
effect of G. incrustangF9) orthe different fungi (Fig. 26 and Fig. 27) show a dark line where
F9 comes in contact with the other fungi and as can be seen from Fig. 27, the fungus will
grow overC. udugawagF1) andP. cucumering~26). Another striking feature is the fact

that both P. chrysanthemicol@2) andP. inflorescentia¢21) will not touch eachother

when grown together (Fig. 26).
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Figure 26 The interactions between F. oxysporum (F13) on the different fungi (from left to right: F1,

F2, F9, F10, F13, F21, F26 codes agi {Table 1))

Figure 27 The interactions between P. chrysanthemicola (F2)and P. inflorescentiae (F21) on the

different fungi (from left to right: F1, F2, F9, F10, F13, F21, F26 codes are fungi (Table 1))
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