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Abstract 
 
 

 
In the future, an increased food demand together with restrictions of pesticide use will 

require new options of disease management within agriculture. Usage of biological control 

agents (BCAs) is a feasible alternative. For example, BCAs may reduce pathogen attacks 

in plants by induced resistance. In this strategy the BCA initially elicits defence responses 

in the plant. Signalling hormones such as salicylic acid (SA) and jasmonic acid (JA) are 

synthesised and down-stream defence genes expressed. This interaction leads to faster and 

stronger defence response of the plant against later pathogen attack. 

Clonostachys rosea strain IK726 is a BCA under development. It has been reported to 

endophytically colonize the roots of cucumber and to elicit the expression of defence- 

related genes in wheat and canola. 

Induced resistance by C. rosea against grey mould, Botrytis cinerea, was studied for 

greenhouse tomato and the model plant Arabidopsis thaliana. C. rosea was found to colo- 

nize the roots of tomato and A. thaliana, both on the surface and endophytically. This in- 

teraction with the plant also triggered defence responses, in tomato SA-related defence 

gene CHI9 was induced, while in A. thaliana expression of JA-related defence gene PDF 

1.2 and camalexin biosynthesis gene PAD3 were induced. Yet, these responses were only 

weakly expressed, and when tomato and A. thaliana were later challenged with B. cinerea 

there was no visible suppression of the infection. In summary, C. rosea was able to colo- 

nize both tomato and A. thaliana endophytically and to induce defence-related gene ex- 

pression changes, but did not promote plant growth or induce systemic resistance against 

infection of B. cinerea in the leaves. 

 

 
 

Keywords: biological control agent, Clonostachys rosea, endophytic colonization, induced 

resistance 
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1 Background 
 

 
Diseases caused by plant pathogens usually result in crop losses within agriculture. 

These losses range between 11-21% for staple crops such as rice, wheat, maize 

and potatoes (Oerke 2006). However, the absence of crop protection would result 

in an even larger loss. Human population is estimated to reach nine billion people 

by 2050 (UN 2014), and in order to secure food safety production needs to in- 

crease by 100-110% (Tilman et al. 2011). The closing of yield gaps, rather than 

expansion of agricultural land, is suggested as one solution to this future demand 

(Godfray et al. 2010; Beed 2014), and the reduction of plant diseases is a way to 

achieve this (Flood 2010). In addition, Integrated Pest Management (IPM) and 

additional directives recently implemented in the EU, restrict the use of chemical 

pesticides in crop protection (Birch et al. 2011). Therefore, alternative methods to 

manage disease control are important to improve food production. 

Biological control is a complement and alternative for disease management in 

agriculture, it is described as the inhibition of a pathogen by reduction of inoculum 

or disease by other organisms (Cook & Baker 1983 cited in Alabouvette et al. 

2006). These organisms are antagonists such as bacteria or fungi that weaken or 

kill the plant pathogen. Antagonists used in biological control are called biological 

control agents (BCAs). 

The strategies used by antagonists are the results of direct or indirect interac- 

tions with the pathogen. For example, mycoparasitism, secretion of toxic secon- 

dary metabolites and competition for nutrient and space are direct interactions. On 

the other hand, induced resistance in host plants and plant-growth-promotion are 

indirect interactions (Harman et al. 2004; Gerbore et al. 2014). To inhibit a plant 

pathogen the antagonist may use one or several of these strategies. 

Mycoparasitism is a strategy described for various Trichoderma spp. 

(Druzhinina et al. 2011). It is suggested that to detect other fungi these antagonists 

secrete protease enzymes, which release oligopeptides from the cell wall of nearby 

fungi. The oligopeptides are perceived by Trichoderma, which grows towards the 
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targeted fungi and coils around and penetrates the hypha (dos Reis Almeida et al. 

2007; Druzhinina et al. 2011). Similarly, Pythium oligandrum parasites on Fusa- 

rium, and coils around the target hypha and forms a papilla-like structure to aid 

penetration (Benhamou et al. 1999). Antagonists can also parasite on sclerotia, 

which is a resting structure that can persist in the soil for several years. It is a 

source of inoculum, hence reduction of sclerotia would result in reduced germina- 

tion of the pathogen (Ikeda et al. 2012; Hu et al. 2013; Geraldine et al. 2013). 

Mycoparasitism is also closely linked to production of enzymes and secondary 

metabolites. These are often involved in degradation of the pathogen’s cell wall. 

Enzymes such as glucanases, chitanases and proteases were identified in Tricho- 

derma spp. These enzymes break down the cell wall components chitin, polysac- 

charides and β-glucans, and proteases deactivate the pathogen’s hydrolytic en- 

zymes (Howell 2003; Geraldine et al. 2013; Steindorff et al. 2014). Both chitinases 

and glucanases are produced by the mycoparasite Clonostachys rosea, which were 

confirmed to degrade the cell walls of plant pathogens Pythium and Fusarium 

(Chatterton & Punja 2009). Furthermore, secondary metabolites that are toxic to 

fungi may be secreted during antagonist-pathogen interactions as well. Toxic 

compounds such as polyketides, terpenoids (viridiol) and non-ribosomal peptides 

(NRPs) such as gliotoxin and peptaibol are described for Trichoderma (Druzhinina 

et al. 2011; Mukherjee et al. 2012). NRPs were also identified in C. rosea, where 

peptaibol metabolites were produced during interaction with the pathogen Scle- 

rotinia sclerotium (Rodríguez et al. 2011). 

Competition for nutrients and space in the rhizosphere are also important strate- 

gies of the antagonist. For example, antagonist Trichoderma harzianium changed 

the composition of exudates produced by cucumbers, which reduced germination 

of plant  pathogen Fusarium oxysporum forma specialis (f.  sp.) cucumerinum 

(Zhang et al. 2013). Trichoderma spp. was also reported to reduce pathogen ger- 

mination by competing for seed exudates that triggered its germination (Howell 

2002). 

Moreover, the establishment of these antagonists also have indirect results. Sev- 

eral fungi promote plant growth, for example Trichoderma virens (Contreras- 

Cornejo et al. 2009), C. rosea (Ravnskov et al. 2006), arbuscular mycorrhizal 

fungi Funneliformis mosseae and Acaulospora laevis (Tanwar et al. 2013) among 

others. This growth promotion is likely to occur through the production of phyto- 

hormones and beneficial secondary metabolites. Harzianolide, a secondary me- 

tabolite was identified for T. harzianium (Vinale et al. 2008; Cai et al. 2013) and 

triptamine, an auxin hormone, was identified for P. oligandrum (Le Floch et al. 

2003a). Auxin compounds were also detected for T. virens (Contreras-Cornejo et 

al. 2009). However, similar auxin compounds found in Pythium promoted growth 
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in P. oligandrum but inhibited growth in two different Pythium species (Le Floch 

et al. 2003a). 

Likewise, induced resistance is also an indirect result of interaction with the an- 

tagonist. It is a defence response of the plant towards the antagonist, which results 

in a faster defence response towards subsequent pathogen attack. For example, 

interaction with Trichoderma spp. reduces infection from various pathogenic fungi 

and viruses in several plant species (Harman et al. 2004). This is also the case for 

genera Pythium, Fusaria, Rhizoctonia and Clonostachys, which contain non- 

pathogenic strains that induce resistance (Le Floch et al. 2003b; Fravel et al. 2003; 

Jabaji-Hare & Neate 2005; Roberti et al. 2008). 
 

 
 

1.1 Plant defence 
 

 

Plant defence against pathogens or other organisms is illustrated by the zigzag 

model of Jones and Dangl (2006). This model describes two main responses, 

PAMP-triggered immunity (PTI) and effector-trigged immunity (ETI). PTI is an 

initial immunity, whereby receptors at the cell membrane induce plant response 

when pathogen/microbial/damage-associated-molecular-patterns (PAMP, MAMP, 

DAMP) are recognized. Within fungi these are, for example, xylanases, β-glucans, 

chitin and ergostol (Nürnberger et al. 2004). In contrast, ETI is triggered from 

receptors within the cell that detect a pathogen’s effector molecules. These effec- 

tors are secreted directly into the cytoplasm and can suppress PTI signalling (de 

Jonge et al. 2010). However, PTI is also impeded if PAMP/MAMP/DAMPs are 

undetected (Bardoel et al. 2011). ETI is a stronger and faster response than PTI 

(Jones & Dangl 2006), although activation of both PTI and ETI receptors lead to a 

defence signalling cascade and a local or systemic response. 

Some of the signals produced during defence signalling are, for example, sali- 

cylic acid (SA), jasmonic acid (JA) and ethylene (ET). These phytohormones 

regulate the expression of defence genes (Bari & Jones 2009). Antagonists may 

trigger synthesis of these phytohormones in the plant and induce defence re- 

sponses (Hase et al. 2008; Salas-Marina et al. 2011; Kojima et al. 2013). 

SA is the main signalling element in systemic acquired resistance (SAR), while 

JA and ET are important for induced systemic resistance (ISR). SAR provides a 

broad spectrum protection that is trigged by synthesis of SA or its analogs 2,6- 

dichloroisicotinic (INA) and benzothiadiazole (BTH )(White 1979; Métraux et al. 

1991; Görlach et al. 1996). After SA is synthesized it interacts with transcription 

cofactor NPR1. High levels of SA result in degradation of NPR1 and induction of 

local cell death, while lower levels result in increased concentrations of NPR1 and 

expression of defence genes. These lower levels can be found in uninfected tissues 
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of the attacked plant (Fu & Dong 2013). Methyl-salicylate (MeSA), a volatile and 

inactive metabolite, is suggested as a long-distance signal for SA (Park et al. 

2007). Other mobile signals involved in acquisition of SA in uninfected tissues are 

lipid-transfer protein (DIR1; Maldonado et al. 2002) and azelaic acid (AZA) (Jung 

et al. 2009). 

Similarly, ISR also leads to faster defence response during pathogen attacks. 

However, this response is associated to JA and ET signalling instead. JA is synthe- 

sized through the oxylipin pathway, and further metabolized and transformed into 

JA-Ile (jasmonyl-isoleucine) (Fonseca et al. 2009). This compound is highly active 

and binds to the SCF
COI1 

complex, which allows degradation of JAZ, a JA signal- 

ling inhibitor (Pauwels & Goossens 2011). Following JAZ degradation, two 

branches of JA- responsive genes are activated: ERF (ethylene response factor 1), 

an ethylene dependent signalling pathway, and MYC. However, the ERF branch is 

associated with pathogen attacks and activates defence genes such as PDF1.2 

(plant defensin 1.2), while the MYC branch is associated with insect attacks, and 

activates defence gene VSP2 (vegetative storage protein 2)(Lorenzo & Chico 

2004). 

Several studies show that SA and JA signalling pathways interact with each 

other. These signalling pathways are described as antagonistic as well as synergis- 

tic (van Wees et al. 2000; De Vos et al. 2005; Mur et al. 2006). However, much is 

still unknown of how this interaction occurs. Expression of these pathways is also 

influenced by other plant hormones such as auxin, gibberellin (GA) and abscisic 

acid (ABA) (Bari & Jones 2009; Pieterse et al. 2012). 
 

 
 

1.2 Biocontrol agent Clonostachys rosea IK726 
 

 
Clonostachys rosea (Link: Fr.) Schroers, Samuels, Seifert & Gams is the asexual 

stage of teleomorph Bionectria ochroleuca (Schw.) Shroers & Samuels. It belongs 

to the family Bionectriaceae and was previously described as Gliocladium roseum 

(Schroers et al. 1999). 

C. rosea is a common soil fungus that occurs in a broad range of habitats 

(Sutton et al. 1997). It is a saprophyte and antagonist to several plant pathogens. 

For example, it decreases symptoms of Plasmodiophora brassicae in canola roots 

(Lahlali & Peng 2013), Pythium tracheiphylum in chinese cabbage (Moller et al. 

2003) and of Botrytis cinerea in several species (Sutton et al. 1997; Cota et al. 

2008; Nobre et al. 2005). The antagonistic strategies used by C. rosea are myco- 

parasitism, production of chitanase and glucanase enzymes as well as production 

of secondary metabolites (peptides) (Xue 2003; Pisi et al. 2006; Roberti et al. 
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2008; Chatterton & Punja 2009; Rodríguez et al. 2011). It is also reported to grow 

endophytically in cucumber (Chatterton et al. 2008); and to induce expression of 

defence genes in wheat and canola (Roberti et al. 2008; Lahlali & Peng 2013). 

Currently, two biocontrol products based on C. rosea are available in Europe. 

Prestop (Verdera Oy) which is based on C. rosea f. catenulata and GlioMix 

(Verdera Oy) which is a mix of Clonostachys fungi. An additional biocontrol 

product is also under development for strain IK726 of C. rosea (Jensen et al. 

2007). 
 

 
 

1.3 Defence reactions in tomato and Arabidopsis against grey 
mould infection 

 

 
Grey mould, B. cinerea, is a widely spread disease in various agricultural species. 

It is a necrotrophic fungus that causes large losses in greenhouse crops. This fun- 

gus infects fruits, leaves, stems and flower tissues, and, less often, plant tissue 

below ground (Williamson et al. 2007). 

Necrotrophic pathogens such as B. cinerea often induce JA/ET defence signal- 

ling pathway in the plant, while biotrophs or hemibiotroph fungi trigger SA de- 

fence signalling pathways (Glazebrook 2005; Stout et al. 2006). In Arabidopsis 

thaliana JA-deficient mutants showed increased susceptibility against B. cinerea 

infection (Thomma et al. 1998). Similarly, JA/ET dependent genes were up- 

regulated during interactions with this pathogen (Thomma et al. 2001; Zimmerli et 

al. 2001; Ferrari et al. 2003). Yet cross-talk with the SA signalling pathway was 

observed by Zimmerli et al. (2001). In addition, Ferrari et al. (2003) proposed that 

SA was involved in local response, while JA/ET was involved in systemic re- 

sponses against B. cinerea. When A. thaliana was pre-treated with the BCA T. 

harzianum, systemic defences were induced by the JA pathway (Korolev et al. 

2008). 

In tomato, basal defence against B. cinerea is dependent on SA  synthesis 

(Achuo et al. 2004), and infection by B. cinerea up-regulates both SA- and JA/ET- 

dependent genes (Harel et al. 2014). Tomato plants pre-treated with T. atroviride 

or T. harzianium induced expression of JA-dependent genes during B. cinerea 

infection (Tucci et al. 2011; Martínez-Medina et al. 2013). But T. harzianum also 

up-regulates SA-dependent genes (Harel et al. 2014). Similarly to A. thaliana, it is 

hypothesized that JA is a main signalling pathway during B. cinerea infection in 

tomato, and that the SA signalling pathway is also elicited but to a lesser extent. 

Additionally, a recent study reported that resistance against B. cinerea in tomato 
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may also be independent of SA and JA/ET signalling pathways (Beyers et al. 

2014). 

Further, B. cinerea also manipulates the defence response of tomato by eliciting 

the SA pathway, which in turn suppresses JA signalling (El Oirdi et al. 2011). 

An additional defence response reported in A. thaliana is biosynthesis of 

camalexin (Contreras-Cornejo et al. 2011; Salas-Marina et al. 2011). Production of 

this phytoalexin is triggered by recognition of MAMPs or abiotic stress and con- 

tributes to a basal resistance against pathogens such as B. cinerea (Ahuja et al. 

2012). 

The aim of this study is to investigate if C. rosea can induce resistance in to- 

mato and A. thaliana against the plant pathogen B. cinerea. The following 

questions are addressed: (1) can C. rosea grow endophytically in tomato and A. 

thaliana?, (2) does C. rosea elicit defense responses in tomato and A. thaliana?, 

(3) does C. rosea induce systemic resistance in tomato and A. thaliana?, (4) which 

signalling pathway(s) are responsible for induced resistence in tomato and A. 

thaliana? 



9  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

2 Methods 
 
 
 

2.1 Plant material, fungal strains and cultivation conditions 
 

 

We used tomato seeds of variety Harzfeuer (F1 generation) from Weibulls, and A. 

thaliana seeds ecotype Columbia. The tomato seeds were sterilized with 1 ml of 

2% sodium hypochlorite (NaOCl) for 5 minutes and then rinsed three times with 1 

ml sterile water. The seeds were directly spread on petri-dishes of 1% water agar 

(WA) medium (for recipe see appendix 1) and sealed with parafilm. To induce 

germination, the seeds were left in the dark overnight at 25°C. 

A. thaliana seeds were sterilized with 500 µl of 95% ethanol for 5 minutes and 

with 500 µl bleach solution for an additional 5 minutes. The seeds were rinsed 

three times with 1 ml sterile water. To induce germination the seeds were left in 

the dark at 4
o
C for 48 hours before placing them on Murashige and Skoog (MS) 

medium (Duchefa Biochemie; Murashige & Skoog 1962). Both tomato and A. 

thaliana seeds were left to germinate in a climate chamber at 22
o
C. 

C. rosea strain IK726, Trichoderma atroviride strain IMI206040 and B. cinerea 

strain B05.10 were grown on potato dextrose agar (PDA; Sigma Aldrich) media at 

25
o
C in darkness. To induce conidiation of C. rosea, the plates where left in light 

for 30 minutes. Conidia suspensions were made by pipetting sterile water several 

times on the C. rosea plates. The concentration was determined and adjusted with 

a hemacytometer (Hausser Scientific). 
 

 
 

2.2 Endophytic colonization 
 

 

Colonization of tomato and A. thaliana by C. rosea was tested both in vitro (on 

MS plates) and in soil. Tomato and A. thaliana seedlings were transferred to MS 

plates, and inoculated with 10 µl conidia suspension (1x10
7 

conidia/mL) onto the 
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roots. C. rosea was allowed to colonize the seedlings during 4 days. A root sample 

was collected from each replicate of control and C. rosea treatment, and divided 

into four subsamples. Two of these were rinsed with distilled water and the re- 

maining two were surface sterilized with 2% NaOCl for 1 minute and subse- 

quently rinsed 2 times with distilled water (Dubey et al. 2014). All samples were 

placed on rose Bengal (Chroma Gesselschaft) selective media at 25°C for 4 days. 

This dye decreases the occurrence of fast growing bacteria and fungi at concentra- 

tions between 0.01-0.03 g/L (Vargas Gil et al. 2009). A total of 10 biological rep- 

licates were sampled for tomato and 6 biological replicates for A. thaliana. In ad- 

dition, seedlings of tomato and A. thaliana were inoculated with T. atroviride as 

positive control. 

For experiments in soil, seedlings of tomato and A. thaliana were inoculated 

with 25 µl conidia suspension (1x10
7 

conidia/mL) on each root when transferred 

into pots. The soil used was S-jord from Hasselfors Garden (see appendix 1 for 

soil composition data). It was autoclaved twice and to recover physical and chemi- 

cal properties it was left to air for 1-2 weeks. Samples from leaves, stem and roots 

were collected four weeks after inoculation. These samples were rinsed from soil 

with distilled water and surface sterilized with 2% NaOCl as described earlier. All 

samples were placed on rose Bengal media, and checked for growth of C. rosea 

after 6 days. Four biological replicates of control and C. rosea treatment were 

inoculated in soil conditions for tomato and A. thaliana. 

In addition, molecular markers were used to detect endophytic colonization in 

A. thaliana inoculated in soil. DNA was isolated from leaves, roots and stem sam- 

ples after surface sterilization. All samples were homogenized in 3% CTAB and 

left to lyse during 1.5 hour at 60°C. The lysate was extracted twice in chloroform, 

and DNA was precipitated with isopropanol for 30 min at -20°C. The pellet was 

washed with 70% ethanol and dissolved in 25-50 µl milliQ water. In the PCR am- 

plification the final concentrations used were 0.06 U/µl of DreamTaq DNA poly- 

merase, 1x of DreamTaq buffer, 1 mM of dNTPs and 0.2 pmol/µl of primers. 

Primers CRnA and CRnB (Wang 2012) were used, which amplified a 124 bp long 

region of non-coding DNA in the C. rosea IK726 genome. The amplification con- 

ditions were set to denaturation at 95°C for 3 min followed by 35 cycles of 30 sec 

denaturation at 95°C, 20 sec annealing at 60°C and 30 sec elongation at 72°C, 

with a final elongation at 72°C for 5 min. Presence of amplification product was 

checked on a 1.2% electrophoresis gel with a positive control of C. rosea as refer- 

ence. A total of 6 biological replicates from control and 10 biological replicates 

from C. rosea treatment were tested for A. thaliana. 
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2.3 Effects of C. rosea treatment for tolerance against B. cinerea 
 

 

To test if C. rosea root colonization resulted in systemic resistance against B. cine- 

rea in tomato and A. thaliana, seedlings were inoculated on MS plates as de- 

scribed above. Tomato was inoculated with 10 µl conidia suspension (1x10
6 

co- 

niadia/mL) and A. thaliana with 2.5 µl conidia suspension (1x10
6 

coniadia/mL). 

The seedlings were transferred into autoclaved soil 3 days after inoculation and C. 

rosea was allowed to colonize for an additional 15 days. 

Before infecting with B. cinerea on the leaves, the humidity level was increased 

overnight. The plants were placed in closed plastic boxes (A. thaliana) or sealed 

with plastic film (tomato). Four replicates of tomato and A. thaliana were made. 

Their leaves were slightly damaged before placing a mycelia plug of B. cinerea. 

All plugs were of uniform size and placed on the edge of the leaves. In each repli- 

cate 8 leaves from control and C. rosea treatment were infected for tomato and 12 

leaves for A. thaliana. Before sealing the replicates the plants were sprayed with 

water. The lesion area was measured after 6 days of pathogen inoculation, using 

DeltaPix camera and software (DeltaPix, Denmark). A random root sample from 

each biological replicate was surface sterilized and placed on selective medium 

with rose Bengal. After four days the occurrence of C. rosea was checked. 

Similarly, seedlings of tomato and A. thaliana that were inoculated with C. ro- 

sea directly in soil were also tested for enhanced tolerance against B. cinerea. In- 

oculated seedlings were kept in the climate chamber during 27 days for tomato and 

20 days for A. thaliana. The area of the lesion was measured 6 days after pathogen 

infection. 
 

 
 

2.4 Analysis of plant growth promotion 
 

 

Above and below ground biomass was measured in A. thaliana to detect if treat- 

ment with C. rosea resulted in changed growth. Seedlings were germinated on MS 

plates and inoculated with 5x10
4 

spores of C. rosea when transferred into auto- 

claved soil. All plants were left to grow in a climate chamber for 21 days. Both 

fresh and dry weight was measured. The samples were dried at room temperature 

for 72h before measuring dry weight. 

In a second experiment A. thaliana seedlings were inoculated with 25 µl conidia 

suspension (1x10
7 

conidia/mL) when transplanted into the soil. After 28 days the 

fresh weight was measured, and the dry weight was measured after 96h of drying. 

The samples were dried at 70°C and dry weight was stable already after 24h. Only 

data for above ground biomass was collected. 
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2.5 Analysis of gene expression 
 

 

To assess if C. rosea elicited defence responses in tomato and A. thaliana, the 

expression levels of defence related genes were measured. In tomato these levels 

were measured 72h after inoculation and in A. thaliana 50h and 72h after inocula- 

tion. All seedlings were inoculated on MS plates with 10 µl of C. rosea conidia 

suspension (1x10
5 

conidia/mL) for tomato and 2.5 µl of C. rosea conidia suspen- 

sion (1x10
5 

conidia/mL) for A. thaliana. The collected root samples were stored at 

-70°C until RNA isolation. A total of 3 biological replicates were sampled for 

tomato, and 2 biological replicates at 50h and 5 biological replicates at 72h were 

sampled for A. thaliana. 

To isolate RNA the RNeasy Plant mini kit (QIAGEN) was used. The plant ma- 

terial was disrupted by grinding it with liquid nitrogen with a mortar and pestle 

before isolation. Both mortar and pestle were previously baked in aluminium dur- 

ing 4h at 240°C. The total RNA was diluted in 30 µl RNase free water (TOC 001), 

and the concentration was measured with Nanodrop (Thermo Scientific). All sam- 

ples were treated with DNase, and the extraction quality was checked for the first 

four extractions with Bioanalyser (Agilent Technologies). Complementary DNA 

was synthesised with iScript cDNA Synthesis Kit (BioRad) and manufactures 

protocol was followed. All samples were diluted in 180 µl dH2O and stored at -20° 

C for reverse transcription quantitative PCR (RT-qPCR). 

The genes used as markers for SA and JA/ET signalling pathway in tomato and 

A. thaliana are summarised in Table 1. An additional marker for camalexin syn- 

thesis was added for A. thaliana and Actin was used as reference gene for both 

tomato and A. thaliana. To measure the PCR amplification efficiency of these 

markers a standard curve was made. DNA was used as template, which was puri- 

fied from PCR products. A total of 75 µl PCR product for each marker was puri- 

fied with chloroform. DNA was precipitated during 2h at -20°C with 95% ethanol 

and 3M NaOAc (pH 5.2), followed by centrifugation at 4°C, 14000 rpm for 15 

min. The pellet was washed with 70% ethanol and diluted in 20 µl dH2O. For A. 

thaliana primer efficiency was already available. 

Transcript levels were quantified by RT-qPCR in an iQ5 qPCR System (Bio- 

Rad, Hercules, CA). The master mix consisted in 1x EvaGreen mix (Bio-Rad, 

Hercules, CA), 0.1875 pmol/µl primer for tomato or 0.2 pmol/µl primers for A. 

thaliana and dH2O. Each reaction contained of 15 µl mastermix and 5 µl diluted 

cDNA. The amplification conditions were set to an initial denaturation at 98°C for 

2 min, followed by 40 cycles of denaturation at 98°C for 5 sec and annealing and 

elongation at 60°C for 10 sec. A melt curve analysis was also run to check for 

amplification of primer dimers or nonspecific products. The melting curve was set 

to 61 cycles at 65°C - 95°C for 10 sec. After each cycle the temperature was in- 
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creased with 0.5°C. Three technical replicates were amplified for each sample. 

The CT values were collected and relative expression of each gene was calculated 

with the Pfaffl method (Pfaffl 2001). 

In addition, the effect of C. rosea on gene expression was also crosschecked 

through a standard PCR that was visually checked for products on a 2% electro- 

phoresis gel. 
 

 
 

2.6 Statistical analysis 
 

 

Students t-test was used to assess if differences observed between control and C. 

rosea treatment were significant. A two-tailed t-test was performed in excel with 

variance set as equal. This test was applied for observed effects of C. rosea treat- 

ment on growth in A. thaliana; as well as for tolerance against B. cinerea and dif- 

ferences in gene expression in tomato and A. thaliana. Gene expression data was 

log-transformed before statistical analysis. 
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3 Results 
 
 
 

3.1 Endophytic colonization by C. rosea 
 

 

When seedlings were inoculated on MS medium C. rosea successfully colonized 

the roots of both tomato and A. thaliana. After four days on selective media C. 

rosea covered the water-washed and surface sterilized root samples of both species 

completely (Fig. 1 and 2). The recovery frequency was close to 100% (Table 2). 

There was also bacterial growth in the control samples of tomato roots and con- 

tamination of Aspergillus-like fungi in the control and C. rosea treated samples of 

A. thaliana. 

On the other hand, endophytic colonization by C. rosea when inoculated in soil 

conditions was unclear. C. rosea was recovered once from selective media of a 

surface sterilized stem sample in tomato, while three times in water washed root 

samples (Table 3). Similarly, C. rosea was present in one surface sterilized stem 

sample in A. thaliana and in three water washed root samples. It was also present 

in one water washed stem sample and in all four water washed leave samples (Ta- 

ble 3). However, C. rosea was also identified in one leaf sample from a control 

replicate, both in water washed and surface sterilized treatment. All petri-dishes 

contained bacterial and other fungal growth. 

From the PCR identification, the presence of C. rosea was confirmed in 6 of 10 

inoculated biological replicates of A. thaliana. It was detected in above ground 

(leaf and stem) samples. In control samples no C. rosea was detected. DNA isola- 

tion of the root samples was unsuccessful, hence no data could be collected for 

these. 
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3.2 Effects of C. rosea treatment on systemic resistance against B. 
cinerea 

 

 

To test if root-inoculation with C. rosea induced systemic resistance in leaves 

against B. cinerea, the lesion area was used as measurement. The average lesion 

area in tomato was 32261 ± 12833 (mean ± standard deviation) mm
2 

for control 

and 25098 ± 10856 mm
2 

for C. rosea treatment, when inoculated in soil condi- 

tions. In A. thaliana the average lesion area was 4698 ± 1052 mm
2 

for control and 

5820 ± 1198 mm
2 
for C. rosea treatment when inoculated in soil conditions. These 

lesion areas were not significantly different between treatment and control (Fig. 3 

A, B). The P-values of these were P = 0.42 for tomato and P = 0.21 for A. thaliana 

inoculated in soil conditions. 
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In addition, the lesion area in tomato when inoculated on MS medium was – 

35286 ± 9136 mm
2 

for control and 32992 ± 8186 mm
2 

for C. rosea. Neither of 

these results showed significant differences between lesion areas (P = 0.72) (Fig. 3 

C). C. rosea was recovered on selective media for all surface sterilised root sam- 
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ples of tomato. Although this was not quantified, C. rosea appears scarcely on root 

samples (Fig. 4). Several seedlings of A. thaliana (68%) inoculated on MS me- 

dium did not survive when transferred into soil. Hence, this experiment was ex- 

cluded. 
 

 
 

3.3 Effects of plant growth promotion from C. rosea treatment 
 

 

A. thaliana showed no significant difference in fresh or air-dried biomass between 

treatment and control plants. The average of above ground fresh biomass was 

0.612 ± 0.359 g for control and 0.664 ± 0.247 g for C. rosea treatment. Corre- 

sponding dry biomass was 0.056 ± 0.031 g for control and 0.060 ± 0.027 g for C. 

rosea treatment. Furthermore, the below ground biomass of fresh weight was 

0.008 ± 0.005 g for control and 0.009 ± 0.003 g for C. rosea treatment. The dry 

weight was 0.003 ± 0.002 g in control and 0.003 ± 0.001 g in C. rosea treatment 

(Table 4). The P-values for above ground were P = 0.662 in fresh biomass and P = 

0.685 in dry biomass, and for below ground the P-values were P = 0.573 in fresh 

biomass and P = 0.863 in dry biomass. 

There was neither a significant difference in fresh or oven-dried biomass be- 

tween treatment and control plants in A. thaliana. Since much of the root biomass 

was lost in the earlier experiment only the above ground biomass was measured. 

The average fresh biomass was 0.621 ± 0.231 g for control and 0.673 ± 0.297 g for 

C. rosea treatment, and dry biomass 0.069 ± 0.028 g for control and 0.076 ± 0.042 

g for C. rosea treatment (Table 4). The P- value was 0.630 for fresh biomass and 

0.651 for dry biomass. 
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3.4 Results from gene expression 
 

 

Biocontrol agents can initially induce defence responses in plants. To test if C. 

rosea activates a defence response in tomato and A. thaliana, expression of SA- 

and JA/ET-related genes were measured in root samples. To compare the expres- 

sion levels of these defence genes the relative expression ratio was estimated and 

normalized with expression of the reference gene Actin according to the Pffafl 

method. 

In order to calculate relative expression the primer efficiency (E) was estab- 

lished from a standard curve. In tomato 7 dilution points were used. These ranged 

from 300000000 to 300 copies. However, 4 dilutions (300000000 – 300000 cop- 

ies) were used for TomLoxA and 5 dilutions (300000000 – 300000 copies) for 

PINII. The R
2 

values in all standard curves were >0.950. Primer efficiency was 

calculated to 1.91 for Actin, 1.72 for PR1a, 1.71 for PR-P2, 1.87 for Chi9, 1.71 for 

TomLoxA and 1.71 for PINII. In A. thaliana the primer efficiency was previously 

calculated from 8 dilutions that ranged from 300000000 to 30 copies. Primer effi- 

ciencies were 1.85 for ACTIN8, 1.91 for PR-1a, for 1.85 PDF1.2 and 1.94 for 

PAD3. 

In tomato, mean transcript levels of SA-related defence genes PR1a, PR-P2 and 

CHI9 were higher after C. rosea treatment (Fig. 5), although only the induction of 

CHI9 was significant (P = 0.025). In contrast, mean transcript levels of the JA/ET 

defence related genes TomLoxA and PINII were lower after C. rosea treatment 

(Fig. 5), although only the repression of TomLoxA was significant (P = 0.016). The 

results in A. thaliana showed high mean transcript levels of JA/ET-related defence 

gene PDF1.2 and camalexin-related defence gene PAD3 after 50 h and 72 h of C. 
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rosea treatment (Fig. 6). Only induction of PAD3 after 72 h was significant (P = 

0.001). Yet mean transcript levels of PDF1.2 (P = 0.054) and PAD3 (P = 0.008) 

were significantly increased from 50 h to 72 h after C. rosea treatment. 

In A. thaliana, the mean transcript levels of SA-related defence gene PR-1a 

were below detection limit at both time points and treatments. Overall, CT-values 

obtained in A. thaliana were high and ranged between 29-38 for all genes. 
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4 Discussion 
 
 
 

4.1 Endophytic growth of C. rosea in tomato and Arabidopsis 
 

 

Endophytic colonization by BCAs may induce systemic resistance in plants 

(Yedidia et al. 1999; Yedidia et al. 2003; Salas-Marina et al. 2011). This resistance 

allows the BCAs to indirectly reduce pathogen infection (Shoresh et al. 2005; 

Chatterton et al. 2008; Korolev et al. 2008; Salas-Marina et al. 2011). The initial 

step to determine if C. rosea could induce resistance in tomato and A. thaliana, 

was to verify that it could grow endophytically in these plants. 

Results showed that roots of tomato and A. thaliana were widely colonized by 

C. rosea both on the surface and endophytically. These results are also consistent 

with a study by Lahlali and Peng (2013), which reported endophytic growth in 

canola roots. Similarly, Chatterton et al. (2008) described high endophytic growth 

in cucumber roots, in shoots and to a lesser extent in stems. Although C. rosea was 

recovered in surface sterilized stems when inoculated in soil conditions it is still 

only weakly supported from this study that C. rosea is able to endophytically 

colonize stems since it was only observed in one biological replicate in tomato and 

A. thaliana. 

In contrast, several biological replicates of leaves of A. thaliana were colonized 

on the surface by C. rosea. Even though C. rosea is a soil fungus, it has been pre- 

viously documented to colonize geranium foliage as well as deleafed stems of 

tomato (Sutton et al. 2002; Chatterton & Punja 2011). Yet identification of C. 

rosea in A. thaliana was only assessed visually. If a morphologically similar fun- 

gus was present, as was the case with tomato, it was not distinguished. 

In addition, there is a clear variation of results between inoculation methods. 

Samples inoculated on MS media clearly showed colonization of C. rosea in both 

tomato and A. thaliana, while results from inoculation in soil were more difficult 

to interpret. These may have resulted from poor establishment of C. rosea in the 
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soil, which was mainly composed by peat and is not optimal for colonization by C. 

rosea (Chatterton & Punja 2010). 

Furthermore, C. rosea neither increased nor decreased plant growth. This may 

also reflect a poor establishment of C. rosea in the rhizosphere. However increase 

of plant growth by BCAs might only be visible in the plants under abiotic stress 

(Mastouri et al. 2010). The lack of growth promotion may also be because of op- 

timal growing conditions during the experiment. 
 

 
 

4.2 Molecular dialogue between antagonist and plant 
 

 

The interaction of the BCA with the plant could initially be perceived as patho- 

genic, and trigger expression of defence proteins in the plant (Yedidia et al. 1999, 

Yedidia et al. 2003; Salas-Marina et al. 2011; Alonso-Ramírez et al. 2014). In 

tomato, root colonization by C. rosea triggered activation of SA-related genes that 

are often related to defence against biotrophic fungi, while in A. thaliana it trig- 

gered expression of JA-related and camalexin-biosynthesis genes. The JA signal- 

ling pathway is mostly associated with necrotrophic pathogens, and the synthesis 

of camalexin with the plant’s basal defence response (Glazebrook 2005, Ahuja et 

al. 2010). Additionally, both these markers were significantly up-regulated be- 

tween 50 to 72h after inoculation. Although interactions with C. rosea activated 

different signalling pathways, a defence response was elicited in both tomato and 

A. thaliana. Similar defence responses in these plants are also triggered by interac- 

tions with Trichoderma spp. For example, BCA strains of T. harzianum elicited 

either SA- or JA-dependent genes in tomato (Tucci et al. 2011; Harel et al. 2014), 

as well as SA signalling pathway in A. thaliana (Alonso-Ramirez et al 2014). 

Which signalling pathway is activated by the BCA varies. Contreras-Cornejo et 

al. (2011) observed that the amount of inoculated conidia determined if JA or SA 

hormone was synthesized when A. thaliana was inoculated with T. virens or T. 

atroviride. Lower concentrations would trigger synthesis of SA, whereas higher 

concentration of inoculum would trigger JA accumulation. In contrast, Salas- 

Marina et al. (2011) observed that inoculation of T. atroviride in A. thaliana acti- 

vated both SA and JA/ET signalling pathways. This was also the case for T. hama- 

tum, where SA signalling in part overlapped with JA signalling (Mathys et al. 

2012). In addition, Tucci et al. (2011) observed that expression of defence genes 

elicited by SA or JA/ET synthesis varied with plant genotype. 

In tomato and A. thaliana no overlap in expression of these pathways were ob- 

served, although additional time points are needed to explore this better. Alterna- 

tively, the activation of different pathways by C. rosea might vary with amount of 

conidia inoculated or with difference of root morphology between species. 
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Moreover, BCA capacity to induce resistance against plant pathogens has been 

studied in both A. thaliana and tomato. Root colonization of A. thaliana by bio- 

control species of Trichoderma induced both local and systemic responses, and 

decreased B. cinerea infection in leaves (Korolev et al. 2008; Contreras-Cornejo et 

al. 2011; Salas-Marina et al. 2011). If C. rosea elicits similar responses during 

interaction with the plants’ roots is still unknown. Despite that C. rosea elicited 

plant defence responses, systemic acquired resistance or induce systemic resis- 

tance were not observed in tomato or A. thaliana. Leaves of plants previously in- 

oculated with C. rosea and infected with B. cinerea showed no significant reduc- 

tion of symptoms compared to leaves in untreated control plants. Yet this result 

may occur due to poor endophytic colonization of C. rosea. Recovery of C. rosea 

from plants inoculated on MS plates and subsequently transplanted into the soil 

showed a scarce endophytic colonization. In addition, C. rosea is previously de- 

scribed to induce systemic resistance in wheat and canola (Roberti et al. 2008; 

Lahlali & Peng 2013). Therefore these results might not be representative. 

In conclusion, these results show that C. rosea is able to colonize tomato and A. 

thaliana endophytically, and consequently elicit defence responses in the plant. 

However, whether systemic resistance is induced is still unclear, as well as 

whether signalling pathways are activated during induced resistance against 

pathogens. 
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Appendix 1 
 
 
 

Recipes 
 

 

Bleach solution 

20% household bleach 

0.1% Tween 20 
 

 

Water agar 1% (WA) 

10 g Bacto agar (Saveen Werner AB) 

1L distilled water 
 

 

Rose Bengal plates (0.02 g/L) 

39 g PDA (potato dextrose agar) 

1 L distilled water 

1 ml rose Bengal 
 
 
 

Soil mix 
 

 

S-jord 

45 volume % low humified sphagnum peat (h2-4) 

25 volume % high humified sphagnum peat (h6-8) 

25 volume % perlite 

5 volume % sand 


