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Abstract 

Arbuscular mycorrhizal fungi (AMF) are the most prevalent type of mycorrhizal fungi 

and form a  m ycorrhizal s ymbiosis w ith a w ide r ange o f v ascular pl ants i ncluding 

many important crop species. Apart f rom improved plant nutrition, AMF are reputed 

to control a number of plant diseases, especially soil-borne diseases. This is of high 

significance in the field o f sustainable agriculture, where the input o f fertilizers and 

chemical plant protectants is reduced or even absent. 

In t his work t he focus was l aid on t he r ole of A MF i n t he control o f t he s oil-borne 

fungus Fusarium oxysporum f. s p. lycopersici (Fol) in t omato. Thereby, di fferent 

tomato varieties and different intercropping partners were assessed. Additionally, root 

exudation and its role in disease development was selected as one specific area of 

interaction and investigated in greater detail. 

For the intercropping studies an i noculum consisting of six different Glomus species 

was tested against Fol with tomato (cv. Kremser Perle) intercropped with either leek, 

cucumber, basil, fennel or  tomato i tself. Arbuscular mycorrhizal r oot colonization o f 

tomato was c learly af fected by i ts i ntercropping par tner. Furthermore, bi oprotective 

effects of AMF resulting in the decrease of Fol disease severity and/or compensation 

of p lant bi omass w ere ev ident. H owever, t hese e ffects d epended on t he 

intercropping partner. Leek and basil proved to be beneficial intercropping partners of 

tomato. 

Furthermore, w ild-type, ol d and m odern t omato c ultivars al one w ere c ompared i n 

their interactions with AMF (Glomus mosseae) and Fol. The varieties differed in their 

susceptibility t o A MF and Fol. The cultivars Yellow P earshaped, Rheinlands Ruhm 

and Supersweet had the highest Fol infection rates. The same cultivar dependency 

was observed for the bioprotective effect of AMF, which were evident in Lycopersicon 

peruvianum, Kremser Perle and Marmande. 

Additionally, alterations in root exudation of tomato mediated by G. mosseae and Fol 

were i nvestigated. A MF i noculation i ncreased t he g ermination r ate of Fol in t otal 

exudates, w hereas, t he s imultaneous i noculation of AMF an d Fol decreased t he 

germination r ate o f Fol in t otal ex udates. The G C-MS anal yses revealed an A MF-

dependent i ncrease of s ugars and decrease o f or ganic ac ids, mainly g lucose and 

malate. F urthermore, an i ncrease o f c hlorogenic ac id i n r oot ex udates o f t omato 
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plants inoculated with AMF and Fol was found with HPLC analyses, an effect, which 

could be s hown f or t he first t ime. I n s ubsequent s ingle c ompound in-vitro assays 

citrate and chlorogenic acid were identified as possible candidates for the reduction 

of Fol germination r ate i n t he A MF+Fol treatment, s ince t hey pr oved i nhibition at  

concentrations naturally occurring in the rhizosphere. 
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Kurzfassung 

Die ar buskuläre M ykorrhiza ( AM) i st di e hä ufigste F orm d er M ykorrhiza und bildet 

eine s ogenannte S ymbiose mit ei ner V ielzahl an k rautigen P flanzen, unter de nen 

sich auch viele Kulturpflanzen befinden. Neben einer erhöhten Nährstoffversorgung 

sind a uch Biokontrolleffekte, b esonders i m B ezug au f bod enbürtige 

Krankheitserreger, bekannt. D iesen Eigenschaften kommt eine hohe Bedeutung im 

Bereich der nachhaltigen Landwirtschaft zu, die den Einsatz mineralischer Düngung 

und des chemischen Pflanzenschutzes ablehnt. 

In di eser A rbeit wurde der  S chwerpunkt au f die Rolle der  AM in der K ontrolle des 

bodebürtigen Pathogens Fusarium oxysporum f. sp. lycopersici (Fol) an der Tomate 

gelegt. D abei wurden unt erschiedliche T omatensorten u nd Mischkulturpartner und  

zusätzlich noch di e Wurzelexsudation und i hre s pezielle R olle in der  

Krankheitsentwicklung untersucht. 

Für di e M ischkulturuntersuchungen der T omate mit La uch, G urke, B asilikum, 

Fenchel und Tomate w urde di e Wirkung ei nes I nokulums, w elches a us s echs 

unterschiedlichen Glomus Arten b estand, g egen Fol getestet. D abei wurde 

festgestellt, d ass der  M ischkulturpartner den M ykorrhizierungsgrad der  Tomate 

deutlich beeinflusste. Zusätzlich wurden Biokontrolleffekte durch AM festgestellt, die 

zu ei ner R eduktion der  Fol Befallsstärke un d/oder ei ner Kompensation d er 

pflanzlichen B iomasse f ührten. D iese E ffekte w aren j edoch M ischkulturpartner-

spezifisch. Lauch und Basilikum erwiesen dabei sich als günstige Mischkulturpartner 

für die Tomate. 

Weiters w urden Tomatenwildtypen, alte u nd moderne T omatensorten in der en 

Interaktionen mit AM (Glomus mosseae) und Fol verglichen. Sie unterschieden sich 

in ihrer Anfälligkeit f ür AM als auch für Fol, dabei  erwiesen s ich die Sorten Yellow 

Pearshaped, R heinlands R uhm u nd Supersweet al s di e anfälligsten. A uch bei den 

beobachteten Biokontrolleffekten durch AM bei Lycoerpersicon peruvianum, Kremser 

Perle und Marmande konnte eine Sortenabhängigkeit festgestellt werden. 

Zusätzlich w urden V eränderungen i n der Wurzelexsudation der  Tomate 

hervorgerufen von G. mosseae und Fol untersucht. Durch AM Inokulation wurde die 

Sporenkeimung von Fol erhöht, während die gleichzeitige Inokulation mit AM und Fol 

zu einer Reduktion der Sporenkeimung führte. In den GC-MS Analysen konnte eine 
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AM-abhängige Zunahme an Zuckern, hauptsächlich Glucose, und eine Abnahme an 

organischen Säuren, hauptsächlich Malat, festgestellt werden. Weiters konnte mittels 

HPLC z um er sten M al ei n A nstieg an C hlorogensäure i n Wurzelexsudaten v on 

Tomatenpflanzen, di e m it A M und Fol inokuliert w urden, f estgestellt w erden. I n 

darauffolgenden in-vitro Tests m it E inzelkomponenten k onnten C itrat u nd 

Chlorogensäure al s mögliche K andidaten für di e R eduktion d er S porenkeimung i n 

der A M+Fol Variante i dentifiziert werden, da s ie auc h bei K onzentrationen, di e 

natürlich in der Rhizosphäre vorkommen, zu einer Reduktion der Fol Sporenkeimung 

führten. 
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1. Introduction 
Soil-borne pa thogens i mpose particular c hallenges on  the f ield of plant pr otection. 

Usually their propagules remain infectious in the soil for several seasons and the soil 

itself, as their environment with its numerous contributing variables still remains to be 

a “blackbox” to some extent. Furthermore, the ban on chemical soil desinfectants like 

methyl bromide and in general, the growing awareness on health and environmental 

issues and t he i ncrease o f organic pr oduction m ake i t necessary t o s earch for 

alternatives in the control of soil-borne pathogens. As for many other cases, nature 

itself offers promising mechanisms to deal with these particular challenges. 

Disease r esistance i n pl ants s till r emains t o be on e o f t he m ost ef ficient w ays t o 

control plant di seases. A part from g enetic t raits al so microorganisms c an mediate 

resistance. In this work the focus was laid on the role of arbuscular mycorrhizal fungi 

(AMF) in the control of the soil-borne fungus Fusarium oxysporum f. sp. lycopersici in 

tomato. Thereby, different tomato varieties and different intercropping partners were 

assessed. A dditionally, r oot exudation a nd i ts r ole i n disease development w as 

selected as one specific area of interaction and investigated in greater detail. 

1.1 Fusarium oxysporum f. sp. lycopersici 

1.1.1 The pathogen 
Fusarium oxysporum Schlechtend.:Fr. f.sp. lycopersici (Sacc.) W. C. Snyder & H. N. 

Hans. (Fol) is the causal agent of Fusarium wilt in tomato. This fungal agent belongs 

to t he A scomycota an d pr oduces macroconidia, m icroconidia an d c hlamydospores 

(Figure 1). Microconidia are formed on m onophialides, do no t have septations and 

are ei ther oval or  el liptical in shape (5-12 x 2.2-3.5 µm) (Huang et  al . 2012; Jones 

1991). Macroconidia are formed in sporodochia and are three- (27-46 x 3-5 µm) to 

five-septate (35-60 x 3 -5 µm). Chlamydospores are thick-walled and can stay viable 

for several years (Figure 1). To date 3 physiological races have been reported. Race 

1 was discovered at the beginning of the 20th century. Race 2 was first reported 1961 

in F lorida (Huang et  a l. 2012; Jones 1991). In 1982, another race was discovered. 

Race 3 overcame resistance genes introgressed in tomato cultivars and had a better 

overseasoning ability than race 1 and 2 (Huang et al. 2012), consequently, imposing 

new challenges to disease control. 
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Figure 1. Chlamydospores (A) and microconidia (B) of Fol. 

 

1.1.2 Epidemiology and symptoms 
Fusarium wilt i s a warm-weather di sease and thrives opt imally at  a t emperature o f 

28°C (min 20°C, max 34°C). The pathogen prefers sandy, acidic soils. Additionally, 

factors l ike s oil moisture ap proaching field capacity, s hort d ay l ength and  l ow l ight 

intensity ar e c onducive for F usarium w ilt d evelopment (Huang e t al . 20 12; J ones 

1991). Low  ni trogen a nd p hosphorus and high pot assium c ontent i n f ertilizers c an 

increase the susceptibility of plants to Fusarium wilt (Huang et al. 2012; Jones 1991). 

Fol either di rectly penet rates r oot t ips or  en ters t he r oots v ia wounds or  openi ngs 

formed by  l ateral r oot dev elopment (Huang et  al . 2012) . A fter pene tration t he 

mycelium enters the vessel system and moves upwards to the crown. In the vessels 

microconidia g ermination occurs a nd c auses c logging of  the v essels. A s a direct 

consequence water t ransport can be i nterrupted leading to wilting or  even death of 

the plant (Huang et al. 2012). 

The typical symptoms of Fusarium wilt include stunting of young seedlings, yellowing 

of older leaves and brownish discoloration of the vessel system (Figure 2) (Huang et 
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al. 2012; Jones 1991). Once infection of the roots has occurred root rot is apparent 

(Huang et  al . 2 012). Early s ymptoms on older pl ants l ike y ellowing of  l eaves o n 

typically one side o f the plant can bec ome app arent f rom bl ossoming to f ruit 

maturation. With i ncrease o f di sease s everity al so l eaves of  t he ot her s ide s tart 

yellowing. In general yellowing progresses upwards and i s accompanied by wilting, 

which becomes more severe and finally results in collapse of the plant (Huang et al. 

2012; Jones 1991). Fruit infection occasionally occurs resulting in fruit rot and drop 

(Huang et al. 2012). Fruits show vascular tissue discoloration as well (Jones 1991). 

 

Figure 2. Vessel discoloration caused by Fusarium oxysporum f.sp. lycopersici. 

Dissemination can occur v ia seed, tomato stakes, soil, transplants, farm machinery 

(Huang et  al . 201 2; J ones 19 91) and i nfected pl ants on t he f ield v ia aer ial 

dissemination (Huang et al. 2012). 

1.1.3 Control 
The bes t way to control Fusarium wilt i s t he use o f resistant cultivars. Currently, 3 

resistance g enes, I, I2 and I3, ar e av ailable ag ainst r ace 1,  r ace 2 and r ace 3,  

respectively (Huang et  al . 20 12). H owever, s ingle-point m utations m ay r esult i n a  

breakdown of  resistance against race 3 (Takken and Rep 2010). This will probably 

lead to the emergence of race 4 (Huang et al. 2012). 

Apart from r esistant cultivars c ultural c ontrol c an al so be i nvolved i n s trategies 

against Fol. T his c an i nclude t he r aise o f t he s oil pH  t o 6. 5-7.0 (Jones 19 91). 

Furthermore, the use of nitrate nitrogen in fertilizers is better for controlling Fusarium 

wilt t han ammonium nitrogen. Soil solarization, however, only app licable in warmer 

areas, and a 5- to 7-year crop rotation can reduce losses greatly (Huang et al. 2012; 

Jones 1991). 
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Soil fumigation with methyl bromide has been used for a long time but is phased out 

since s everal y ears. S tricter l aws and t he demand for more or ganically pr oduced 

tomatoes promote biological control against Fol. Until now fungal as well as bacterial 

antagonists are available. This includes fungi and bacteria such as non-pathogenic F. 

oxysporum, F. solani, Gliocladium virens, Trichoderma harzianum, Bacillus subtilis, 

Burkholderia cepacia and Pseudomonas fluorescens (Larkin and F ravel 1998 ; 

Larena et al. 2002; Shishido et al. 2005; Ramamoorthy et al. 2002). 

1.2 Arbuscular mycorrhizal fungi 

1.2.1 Biology 
The arbuscular mycorrhizal (AM) association w ith pl ants developed more than 430 

million y ears ag o s imultaneously w ith t he first c olonization of t he t errestrial 

environment by plants (Smith and Read 2008; Stürmer 2012). Arbuscular mycorrhzial 

fungi form a mutualistic symbiosis with 80 %  of all vascular plants (Smith and Read 

2008) and probably were involved in the colonization of land by plants, when no true 

roots ha d b een developed y et. A  “ mutualistic s ymbiosis” i mplies bene fits for bo th 

partners. With regard t o the A M–plant i nteraction t his i s mainly c haracterized by  a  

bidirectional nutrient t ransfer (Smith and Read 2008). The fungus provides the host 

plant with minerals like phosphorus, nitrogen, copper and zinc and in return receives 

plant-derived C (i.e. hexoses) (Smith and Read 2008). Apart from nutritional benefits 

AMF also offer bio-protective effects (Azcón-Aguilar et al. 2002; Singh et al. 2000; St-

Arnaud and Vujanovic 2007; Whipps 2004; Xavier and Boyetchko 2004). 

Since 20 01 A MF no l onger bel ong t o t he Zygomycota and are c lassified i nto their 

own phylum, the Glomeromycota, based on a combination of genetic and phenotypic 

characters a nd fossil r ecord (Stürmer 2 012; S chüßler et  al . 2001). T he te rm 

“arbuscular” der ives f rom t he t ree-like hi ghly br anched s tructures, t he ar buscules 

(Figure 3 and Figure 4), which are formed within the plant cell while invaginating the 

plasma membrane. At this plant–fungal interface nutrient transfer of mainly minerals 

takes pl ace, w hereas the hi ghest s ugar ex change t akes pl ace a t the hy phal–plant 

interface (Smith and Read 2008). 

AMF enter the roots via appressoria and the intraradical mycelium colonizes the root 

cortex. S pores, i nfected r oot fragments an d hy phae s erve as  i noculum s ources. 

Arbuscules c an be formed w ithin 2 day s f rom pe netration on . D epending on t he 
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environmental conditions t hick-walled s torage uni ts ( i.e. vesicles) containing m ainly 

lipids can be formed within the roots as well (Figure 3). They play a crucial role in root 

fragments serving as inoculum (Smith and Read 2008). 

 

 

Figure 3. Schematic illustration of a root cross-section colonized by AMF. A=spores, 
B=extraradical hyphae, C=intraradical hyphae, D=vesicle, E=arbuscule. 
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Figure 4. Fennel roots colonized by AMF. A=arbuscule, B=intraradical hyphae. 

 

Different A M s pecies and s trains hav e i n g eneral a w ide hos t r ange, how ever,  

certain colonization preferences and host specificity (Smith and Read 2008), which 

are regulated by a s ophisticated cross-talk between fungus and host plant (Kiers et 

al. 2011; Vierheilig 2004), are evident. Consequently, the composition of AM fungal 

communities has an impact on pl ant community s tructures and diversity by al tering 

inter- or i ntra-specific c ompetitive s ituations (Schroeder-Moreno and J anos 20 08; 

Smith and R ead 2008; v an der  H eijden et  al . 200 3). I n r eturn fungal c ommunity 

structures are influenced by their host plants (Bever 2002; Smith and Read 2008). As 

a consequence, highly dynamic feedback situations are created. 

1.2.2 Arbuscular mycorrhiza and the control of soil-borne diseases 
AMF c olonize m any crop s pecies apart from members o f t he Brassicaceae a nd 

Chenopodiaceae family (Smith an d R ead 2 008). In a ddition t o n utritional be nefits 

AMF c an al so c ontrol s oil-borne di seases (Azcón-Aguilar et  al . 2 002; Singh et  al . 

2000; St-Arnaud and Vujanovic 2007; Whipps 2004; Xavier and Boyetchko 2004). As 
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reviewed by  Whipps (2004) the f ollowing modes o f action are involved i n di sease 

control by AMF: 

(i) Direct competition or inhibition 

This includes competition for carbon sources such as assimilates and root 

exudates; furthermore, competition for infection sites or space on roots can 

occur. Exudates of roots and AMF can be involved in pathogen inhibition 

as well.  

(ii) Enhanced or altered plant growth, nutrition and morphology 

This c ategory includes m echanisms l ike i ncreased nut rient upt ake, 

alleviation o f abiotic s tress, al teration i n r oot morphology, h ormonal 

changes and compensation of damaged plant tissue. 

(iii) Biochemical changes associated with plant defence mechanisms and induced 

resistance 

This i ncludes t he formation o f s tructural de fence bar riers and t he 

production of defence-related proteins, phenolics and phytoalexins.  

(iv) Development of an antagonistic microbiota of bacteria and fungi 

 

Although bio-protective effects of AMF are evident no plant protectant on mycorrhizal 

basis is available on t he market. They are sold as  plant growth promoters instead. 

This is  d ue t o l imitations o f e fficacy of  A MF c aused by  t he i ndigenous m icrobial 

community, agricultural practices, host plant specificity, regulation events of the host 

plants e tc. (Whipps 2 004; X avier and B oyetchko 2 004). F urthermore, l arge s cale 

production i s c omplicated du e t o t he obl igate bi otrophicity o f AMF (Xavier an d 

Boyetchko 20 04). All these c hallenges make t he r egistration pr ocess for A MF a s 

plant pr otectants difficult. H owever, A MF always need  t o b e s een i n a br oader 

context, al so c onsidering i nteractions w ith r hizosphere or ganisms a nd t heir h ost 

plants as suggested by Sikora (1997) to exploit their whole potential. 

1.3 Root exudates and rhizosphere interactions 

1.3.1 The rhizosphere 
According t o B ais et  al . (2006) the r hizosphere i s de fined as  “ the s oil z one t hat 

surrounds an d i s i nfluenced by t he r oots o f plants”. The r hizosphere i s a  v ery 

dynamic area where root growth, exudate production and community development of 
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macrobiota and microbiota occurs (Bertin et al. 2003). Furthermore, root-insect, root-

root and root-microbe interactions take place causing dynamic feedback s ituations. 

This also includes interactions between soil-borne pathogens and their host plants. 

Important el icitors for these interactions are root exudates (Bais et al. 2006; Nelson 

1990). 

1.3.2 Root exudates 
Root exudates contain a di verse array of  di fferent compounds such as ions, water, 

enzymes, mucilage, primary and secondary metabolites (Bais et al. 2006), which can 

be s oluble or  v olatile (Nelson 199 0). A ccording t o t heir m olecular w eight r oot 

exudates can be separated in low-molecular and high-molecular weight compounds. 

The first g roup c omprises s ugars and s imple p olysaccharides ( such as  ar abinose, 

fructose, g lucose, m altose, mannose, ol igosaccharides), a mino ac ids ( such a s 

arginine, asparagine, aspartic, cysteine, cystine, g lutamine), organic ac ids (such as 

acetic, as corbic, b enzoic, ferulic, malic ac id), phe nolic c ompounds, al cohols an d 

aldehydes (Bais et al. 2006; Bertin et al. 2003; Nelson 1990). At the same time these 

low-molecular weight compounds contribute to much of the diversity of root exudates 

(Bais et al. 2006) and particularly the phenols have a special influence on growth and 

development of surrounding plants and soil microorganisms (Bertin et al. 2003). On 

the c ontrary hi gh-molecular w eight c ompounds s uch as flavonoids, enz ymes, f atty 

acids, g rowth r egulators, nuc leotides, tannins, c arbohydrates, s teroids, t erpenoids, 

alkaloids, polyacetylenes and v itamins are less diverse but  of ten compose a l arger 

proportion o f the r oot ex udates b y mass (Bais et  al . 2006; Bertin et  al . 2003). 

However, root exudation is a very dynamic process and, consequently, root exudate 

composition i s i nfluenced by  f actors s uch a s pl ant s pecies, age and physiological 

state o f t he plant, s oil pH , s oil moisture, t emperature and  presence of 

microorganisms (Bais et al. 2006; Bertin et al. 2003; Nelson 1990; Jones 1998). 

Root ex udates are r eleased by  l iving r oot h airs and actively gr owing pr imary and  

secondary r oots. T here w ere 3 m ajor w ays pr oposed how  t he event of r elease 

actually takes place (Bertin et al. 2003): 

(i) Diffusion 

Low-molecular w eight or ganic c ompounds such as  amino ac ids, s ugars, 

carboxylic ac ids and phenols ar e r eleased v ia a pas sive pr ocess al ong 

steep c oncentration g radients b etween t he cytoplasm o f root c ells (m M) 
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and t he soil (µM). M embrane per meability depends m ainly on the 

physiological s tate o f the pl ant and the pol arity of  t he c ompounds t o b e 

exuded. 

(ii) Anion channel 

Under s pecific s tress c onditions l ike nut ritional d eficiency or  A l t oxicity 

diffusion t hrough membranes i s not  possible. I n s uch s ituations ani on 

channels can mediate the release of specific carboxylates. 

(iii) Vesicle transport 

High-molecular w eight c ompounds ar e ex uded t hrough v esicle t ransport. 

This includes the transport of mucilage polysaccharides and ectoenzymes 

(acid phosphatase, peroxidase). Phenols and phytosiderophores a re also 

stored and released using vesicles and vesicle transport. 

1.3.3 Root exudates in the context of Fusarium oxysporum f. sp. lycopersici 
and AMF 

It has  b een s hown pr eviously t hat A MF r educed adv erse e ffects o f Fol when c o-

inoculated w ith t his pat hogen (Akköprü an d D emir 200 5; D ehne and S chönbeck 

1979). A part from i mproved pl ant nutrition m echanisms l ike c hanges i n r oot a nd 

vessel s ystem, m ycorrhizosphere e ffect a nd i nduced s ystemic r esistance ar e 

involved i n t hese e ffects (Akköprü a nd D emir 200 5; D ehne and S chönbeck 1979; 

Whipps 2004). However, to date it is not known whether AMF inoculation alters the 

root exudation in such a way that Fol propagules are affected. 

The g ermination r ate of m icroconidia o f Fol is i nfluenced by r oot ex udates. P lant 

species, pl ant ag e an d di fferent F. oxysporum strains in t he r hizosphere i nfluence 

these effects (Steinkellner et al. 2005, 2008). In recent years negative effects of root 

exudates of AM tomato plants on zoospores of Phytophthora nicotianae (Lioussanne 

et al. 2008) and Meloidogyne incognita infection (Vos et al. 2012) were reported. On 

the contrary, the germination rate of Fol is increased in root exudates of mycorrhizal 

plants compared to non-mycorrhizal ones (Scheffknecht et al. 2006; Scheffknecht et 

al. 200 7). H owever, until now  t he c ompounds c ontributing t o t hese effects o n 

germination rate of Fol are not known in detail. 
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1.4 Intercropping 

Intercropping i mplies t he s imultaneous c ultivation o f t wo or  more plant s pecies or  

varieties. Monoculture an d n arrow c rop r otation ar e us ually f actors w hich favor 

disease development. On the contrary, intercropping promotes diversity and a mong 

other benefits l ike i ncreased y ield and  q uality r educes the i mpact of  pe st and 

diseases (Sullivan 2004; Ratnadass et al. 2012; Vandermeer 1989). One mechanism 

involved i n di sease c ontrol i s al lelopathic s uppression o f s oil-borne p athogens 

mediated by  r oot ex udates (Hao e t al . 20 10; Y u 199 9; R atnadass et  al . 20 12). 

Therefore, intercropping with special stress on root exudate-mediated effects can be 

one strategy in plant protection in sustainable agriculture. 

1.5 Hypotheses 
In C hapter 2 t hree publications w ill be presented, w hich pur sue t he following 

hypotheses: 

I) Hypothesis concerning plant, AMF and disease development: 

 

a. In intercropping settings the AMF colonization rate of tomato is changed 

b. The intercropping system itself has effects on Fol disease severity 

c. AMF ap plication i n i ntercropping s ystems h as e ffects o n Fol disease 

severity 

d. Root and s hoot weights of  t omato ar e a ffected by  A MF and/ or Fol in 

different intercropping systems 

e. AMF colonization rate depends on the tomato cultivar 

f. Fol disease severity depends on the tomato cultivar. 

g. Bio-protective effects of AMF against Fol depend on the tomato cultivar 

 

II) Hypothesis concerning root exudation and its effects on Fol: 

 

a. AMF and/ or Fol inoculation c hanges r oot ex udate c omposition o f 

tomato 

b. AMF and/or Fol inoculation affects Fol development in root exudates in 

in-vitro experiments 

c. Single c ompounds i dentified i n c hromatographic anal yses ex hibit 

different effects on Fol development in in-vitro assays. 
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2. Publications 
 

Hage-Ahmed K, Krammer J, Steinkellner S (2013) The intercropping partner affects 

arbuscular mycorrhizal fungi and Fusarium oxysporum f. sp. lycopersici interactions 

in tomato. Mycorrhiza. doi:10.1007/s00572-013-0495-x 

In t his s tudy an  i noculum c onsisting o f s ix di fferent Glomus species w as t ested 

against Fusarium oxysporum f. s p. lycopersici with to mato (cv. K remser P erle) 

intercropped w ith ei ther l eek, c ucumber, b asil, fennel or t omato i tself. Arbuscular 

mycorrhizal r oot c olonization o f t omato w as c learly af fected b y its i ntercropping 

partner. Furthermore, bioprotective e ffects of AMF r esulting i n t he dec rease o f Fol 

disease severity and/or compensation of plant biomass were evident. However, these 

effects depended on the intercropping partner. 

Steinkellner S, Hage-Ahmed K, Garca-Garrido JM, Illana A, Ocampo JA, Vierheilig H 

(2012) A comparison of wild-type, old and modern tomato cultivars in the interaction 

with the arbuscular mycorrhizal f ungus Glomus mosseae and t he t omato pa thogen 

Fusarium oxysporum f. sp. lycopersici. Mycorrhiza. 2012; 22(3):189-194 

In S teinkellner et  al. ( 2012) w ild-type, ol d an d modern t omato c ultivars w ere 

compared i n their i nteractions w ith A MF a nd Fol. The v arieties di ffered i n t heir 

susceptibility to AMF and Fol, which was not linked to their cultivar age. 

Hage-Ahmed K, M oyses A , V oglgruber A , H adacek F , Steinkellner S  ( 2013) 

Alterations i n r oot ex udation of i ntercropped t omato mediated by t he ar buscular 

mycorrhizal f ungus Glomus mosseae and t he s oil-borne pat hogen Fusarium 

oxysporum f. sp. lycopersici. J Phytopathology. accepted 

In this study alterations in root exudation of tomato mediated by G. mosseae and Fol 

were investigated. AMF inoculation impacted on t he relative amounts of sugars and 

organic acids in tomato root exudates. Furthermore, an increase of chlorogenic acid 

in root exudates of tomato plants inoculated with AMF and Fol was found. In in-vitro 

assays c itrate an d c hlorogenic ac id pr oved i nhibition against Fol at c oncentrations 

naturally occurring in the rhizosphere. 
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Abstract   Arbuscular mycorrhizal fungi (AMF) and their 
bioprotective aspects are of great interest in the context of 
sustainable agriculture. Combining the benefits of AMF 
with the utilisation of plant species diversity shows great 
promise for the management of plant diseases in environ- 
mentally compatible agriculture. In the present study, AMF 
were tested against Fusarium oxysporum f. sp. lycopersici 
with tomato intercropped with either leek, cucumber, basil, 
fennel or tomato itself. Arbuscular mycorrhizal (AM) root 
colonisation of  tomato  was  c learly  affected by  its 
intercropping partners. Tomato intercropped with leek 
showed even a 20 % higher AM colonisation rate than 
tomato intercropped with tomato. Positive effects of AMF 
expressed as an increase of tomato biomass compared to the 
untreated control treatment could be observed in root as well 
as in shoot weights. A compensation of negative effects of F. 
oxysporum f. sp. lycopersici on tomato biomass by AMF 
was observed in the tomato/leek combination. The 
intercropping partners leek, cucumber, basil and tomato 
had no effect on F. oxysporum f. sp. lycopersici disease 
incidence or disease severity indicating no allelopathic sup- 
pression; however, tomato co-cultivated with tomato clearly 
showed a negative effect on one plant/pot with regard to 
biomass and  disease severity of  F.  oxysporum f.  sp. 
lycopersici. Nonetheless, bioprotective effects of AMF 
resulting in the decrease of F. oxysporum f. sp. lycopersici 
disease severity were evident in treatments with AMF and F. 
oxysporum f. sp. lycopersici co-inoculation. However, these 
bioprotective effects depended on the intercropping partner 
since these effects were only observed in the tomato/leek 
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and tomato/basil combination and for the better developed 
plant of tomato/tomato. In conclusion, the effects of the 
intercropping partner on AMF colonisation of tomato are 
of great interest for crop plant communities and for the 
influences on each other. The outcome of the bioprotective 
effects of AMF resulting in the decrease on F. oxysporum f. 
sp. lycopersici disease severity and/or compensation of plant 
biomass does not depend on the degree of AM colonisation 
but more on the intercropping partner. 
 
Keywords  AM fungi . Fusarium oxysporum f. sp. 
lycopersici . Intercropping . Solanum lycopersicum . 
Biological control 
 

 
 
Introduction 
 
Arbuscular mycorrhizal fungi (AMF) are the most prevalent 
type of mycorrhizal fungi and form a mycorrhizal symbiosis 
with a wide range of vascular plants including many impor- 
tant crop species (Smith and Read 2008). Apart from im- 
proved plant nutrition, AMF are reputed to control a number 
of plant diseases, especially soil-borne diseases (Azcón- 
Aguilar et al. 2002; Whipps 2004; Singh et al. 2000; 
Xavier and Boyetchko 2004; St-Arnaud and Vujanovic 
2007; Newsham et al. 1995). This is of high significance 
in the field of sustainable agriculture, where the input of 
fertilisers and chemical plant protectants is reduced or even 
absent. Furthermore, it is known that AMF have an impact 
on plant community structure and diversity by altering inter- 
or intraspecific competitive situations (Smith and Read 
2008; van der Heijden et al. 2003; Schroeder-Moreno and 
Janos 2008). In return, however, arbuscular mycorrhizal 
(AM) fungal community structure can be influenced by the 
host plants (Smith and Read 2008; Bever 2002). These 
effects are well described for grassland communities; for 
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crop species, only Schroeder-Moreno and Janos (2008) have 
reported similar effects. For the application of intercropping 
in combination with AMF, these feedback matters need to 
be kept in mind and need to be tested for each intercropping 
arrangement separately. Thus, further research is necessary 
for the application to crop species, especially with regard to 
intercropping arrangements with the aim of improved plant 
performance, which also implies lower infection rates 
caused by diseases. Plant species diversity could make a 
significant contribution to the reduction of plant diseases 
(Ratnadass et al. 2012). This would reduce the use of chem- 
ical pesticides and therefore reduce adverse effects on 
humans and the environment. 

Fusarium  oxysporum f. sp. lycopersici is a soil-borne 
fungus, which invades the plants through the roots and 
causes wilting in tomato which can result in severe yield 
losses. Apart from the environmental issues mentioned be- 
fore, chemical control of soil-borne pathogens is difficult to 
impossible, thus, giving a further strong reason for alterna- 
tive methods of disease control. 

It has been shown previously that AMF reduced adverse 
effects of F. oxysporum f. sp. lycopersici in tomato when co- 
inoculated with this pathogen (Dehne and Schönbeck 1979; 
Akköprü and Demir 2005). Apart from improved plant 
nutrition mechanisms like changes in root and vessel sys- 
tem, mycorrhizosphere effects and induced systemic resis- 
tance are involved in these effects (Akköprü and Demir 
20 05;  Deh ne  a nd  Schö nbec k  19 79;  W hipps  200 4). 
However, this bioprotective effect depends on the AM fun- 
gal identity (Sikes et al. 2009), making it crucial to choose 
the proper AMF isolates. Furthermore, it has been shown 
that allelopathic suppression by root exudates can occur in 
intercropping arrangements, like for tomato and Chinese 
chive against Pseudomonas solanacearum  (Yu 1999) and 
for watermelon and rice against Fusarium oxysporum f. sp. 
niv e um  (Hao  e t  al.  201 0 ) .  A  c o m bi na tio n  o f  t h e 
bioprotective effects of AMF and intercropping partners 
can be considered as a new potential strategy against soil- 
borne pathogens and would be of high significance for 
sustainable agriculture. 

In our work, we focused on tomato (Solanum lycopersicum 
L.) intercropped with leek (Allium  porrum L.) and basil 
(Ocimum basilicum L.), commonly known as stimulating 
species, and fennel (Foeniculum vulgare (L.) Mill.) and cu- 
cumber (Cucumis sativus L.), known as species with adverse 
effects on tomato, in combination with a commercially avail- 
able AMF inoculum. We hypothesised that the intercropping 
partners of tomato can have conducive, adverse or neutral 
effects on AMF and tomato wilt caused by F. oxysporum f. 
sp. lycopersici. The aim was to investigate (1) the AMF 
colonisation rate of tomato in intercropping settings, (2) the 
influence of AMF application in intercropping systems on F. 
oxysporum f. sp. lycopersici disease severity and (3) the 

effects of AMF and/or F. oxysporum f. sp. lycopersici in 
different intercropping systems on root and shoot weights of 
tomato. 
 
 
Material  and methods 
 
Plant and fungal material 
 
Tomato (S. lycopersicum L. cv. Kremser Perle), leek (A. 
porrum L. cv. Golem), fennel (F. vulgare (L.) Mill. cv. 
Fino), basil (O. basilicum L. cv. Genovese) and cucumber 
(C. sativus L. cv. Aztec F1) were used as crop plants. All 
seeds were surface-sterilised by soaking in 50 % house- 
hold bleach (‘Dan Klorix’, 3.8 % NaOCl) for 10 min and 
rinsed afterwards three times with autoclaved distilled 
water.  Seeds  w ere  t ransferred  t o  pots  f il led  w ith 
autoclaved perlite (Granuperl S 3–6, Knauf Perlite 
GmbH, Vienna, Austria) and incubated in a growth cham- 
ber (York International) with a 16-h light (light intensity 
296 μmol m−1   s−1)  and 8-h dark photoperiod at 24 °C. 
The perlite was irrigated with tap water. Seeds of leek and 
fennel were pre-cultivated 6 weeks, and seeds of tomato 
and basil 3 weeks, before transplanting. Due to the rapid 
growth, cucumber seeds were used in the below described 
plant bioassay without pre-cultivation. 

F.  oxysporum f. sp. lycopersici (F.  oxysporum f. sp. 
lycopersici007) was cultivated for 2 weeks at 24 °C in 
darkness on Czapek Dox Agar (Duchefa Biochemie, 
Haarlem, The Netherlands). For plant inoculation, a 
microconidial suspension was prepared by flooding the F. 
oxysporum f. sp. lycopersici colonies with sterile, distilled 
water and gently rubbing with a Drigalski spatula. 
Thereafter, the conidial suspension was filtered through 
three layers of cheese cloth (fleece filters, 20–150 μm pore 
diameter, Laporte, Wels, Austria) and adjusted to a final 
concentration of 105  microconidia ml−1. 

For AMF plant inoculation, a commercially available 
inoculum (Symbivit®, Zivojin Rilakovic, Guntramsdorf, 
Austria) was used. This inoculum contains at least 80,000 
spores l−1  and comprises six Glomus species (Glomus 
etunicatum, Glomus microagregatum, Glomus intraradices, 
Glo m us  claroidium ,  Glomus mosseae  and  Glomus 
geosporum). 
 
Plant bioassay 
 
Pre-cultivated plantlets of tomato, basil, leek and fennel and 
c u c u mb er  se ed s  w ere  t ran s fe rre d  to  p o ts  (v olu m e 
1,183 cm−3) filled with an autoclaved (20 min at 121 °C) 
mixture of sand, soil and expanded clay (1:1:1, v/v/v). The 
plants were cultivated as a dual culture system with the 
following plant combinations: tomato/tomato, tomato/basil, 
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tomato/cucumber, tomato/fennel and tomato/leek. The ex- 
perimental set-up included four different treatments for each 
dual culture: (1) F. oxysporum f. sp. lycopersici, (2) AMF, 
(3) F.  oxysporum f. sp. lycopersici and AMF and (4) a 
control without F. oxysporum f. sp. lycopersici and without 
AMF. For each treatment three replicates comprising 6 pots 
each were used, giving 72 pots per plant combination and a 
total of 360 pots. 

For the AMF treatment, 4 ml of the AMF inoculum were 
added to the planting hole at the potting procedure. F. 
oxysporum f. sp. lycopersici was applied to the plant roots 
by dipping the roots for 5 min in a microconidial suspension 
(105  microconidia ml−1) before plants were transferred to 
the pots. For the AMF + F. oxysporum f. sp. lycopersici 
treatment, both inocula were added as mentioned above. 

The plants were grown in a random design in a green- 
house for 11 weeks and were irrigated according to their 
moisture requirements with a nutrient solution (Steinkellner 
et al. 2005). 

After 11 weeks, the plants were gently removed from the 
substrate und washed thoroughly under tap water. Root and 
shoot fresh weights were determined. Plants of the 
tomato/tomato combination were separated into two groups 
per pot according to their root weights to assess intraspecific 
effects. 

Disease incidence was calculated according to the following 
formula: 

Number of infected plants 

Statistical analyses 
 
AM colonisation rate was rank-transformed and analysed by 
using one-way ANOVA and Bonferroni’s test. Data of dis- 
ease severity were analysed by Kruskal–Wallis and Mann– 
Whitney U test. Since neither root nor shoot weights met the 
homogeneity assumption of variance, even after transforma- 
tion, a two-way ANOVA could not be applied. Therefore, 
data were analysed by one-way ANOVA (cross-checked 
with Welch’s ANOVA) and Tamhane’s test. Correlation 
analyses were based on Spearman’s rho. All statistical anal- 
yses were performed using PASW Statistics 18. 
 
 
Results 
 
AM colonisation 
 
The  intercropping  partner  significantly  influenced  the 
AM colonisation levels of tomato plants (F8,151 = 18.761, 
P < 0.0001) (Fig. 1). Tomato plants intercropped with leek 
showed a 20 % higher colonisation level of the roots than 
tomato co-cultivated with tomato, whereas, tomato 
intercropped with fennel showed a 13 % lower AM coloni- 
sation level. Tomato intercropped with cucumber and basil, 
respectively, did not reveal any differences in the AM col- 
onisation level compared to the tomato/tomato (TT) combi- 
nation. Within the TT combination, tomato plants grown in 

Disease incidence  Total number of plants   x 100 one pot did not show any differences in their AM colonisa- 
tion levels. Tomato and basil plants in the tomato/basil (TB) 

F. oxysporum f. sp. lycopersici disease severity was de- 
termined by measuring the amount of vessel discolouration 
of the stem in relation to the total stem length (length of 
infected stem [cm]/total length of stem [cm]). Leaf symp- 
toms were not evident at this plant stage and were therefore 
not considered for disease severity assessment. For confir- 
mation of F. oxysporum f. sp. lycopersici infection, seg- 
ments of 2-cm length starting upwards the shoot basis 
were dipped in 70 % ethanol, flamed and put into Petri 
dishes containing potato dextrose agar amended with anti- 
biotics to prevent bacterial growth according to Steinkellner 
et al. (2011). The determination of F.  oxysporum f. sp. 
lycopersici was done according to Nelson et al. (1983) by 
visual and microscopic analyses. 

Defined root segments of 1-cm length, starting 2 cm 
down the shoot, were used for determining the degree of 
mycorrhization. The root segments were cleared by boiling 
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for 4 min (tomato, cucumber, leek and fennel) and 5 min 
(basil), respectively, in 10 % KOH and afterwards rinsed 
three times with tap water. Roots were stained by boiling for 
3 min in a 5 % ink–vinegar solution (Vierheilig et al. 1998). 
The  percentage of  root colonisation was  determined 
according to the method of McGonigle et al. (1990). 

Fig. 1  AM colonisation rate (%) of different plant species in different 
intercropping combinations (mean ± standard error). T = tomato, L = 
leek, C = cucumber, B = basil, F = fennel; empty bars represent the 
tomato plants and grey bars the corresponding intercropping partner. 
Plants were only inoculated with AMF. Different letters indicate sig- 
nificant difference according to ANOVA and Bonferroni’s  test (P < 
0.05). * excluded from statistical analysis 
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(4) 

(4) 

 
combination did not show any significant differences in 
their AM colonisation rates, whereas for tomato and cucum- 
ber in the tomato/cucumber (TC) combination, cucumber 
had a 2.3-fold higher AM colonisation level than tomato. 
Furthermore, fennel in the tomato/fennel (TF) combination 
had a 2.7-fold higher colonisation level than the tomato 
plants. The AM colonisation level of leek (55.11 ± 6.0) in 
the tomato/leek (TL) combination was not considered for 
ANOVA due to its high variance caused by the small root 
system of the leek plants. However, AM colonisation level 
was similar to the one of tomato in the TL combination. AM 
colonisation levels are only shown for the AMF treatment 
since F. oxysporum f. sp. lycopersici did not show an influ- 
ence on the AM colonisation levels compared to the AMF 

In the other dual cultures, AMF + F.  oxysporum f. sp. 
lycopersici also showed lower disease incidences than the 
F. oxysporum f. sp. lycopersici treatment alone. The plant 
combinations had no impact on F. oxysporum f. sp. lycopersici 
disease incidence. With regards to root weights of the tomato 
plants of one pot, disease incidence in the TT combination 
of T_1 was reduced in the AMF + F. oxysporum f. sp. 
lycopersici treatment (37.5 %) and, consequently, showed 
almost  50  %  l ess  d isease  i n c i d e n c e   t h a n   i n   t h e 
F.  oxysporum f. sp. lycopersici treatment (72.2 %). 

Disease severity within the F. oxysporum f. sp. lycopersici 
treatment ranged between 14.0 and 16.2 % and between 4.4 
and 14.32 % within the AMF + F. oxysporum f. sp. lycopersici 
treatment. The plant combinations had neither in the 

treatment alone. Plants of the control and F. oxysporum f. sp. F. oxysporum f. sp. lycopersici (χ2
 =0.412, P=0.981) nor 

lycopersici treatment were also checked for AM colonisa- 
tion but did not show any presence of AMF. 

 
Assessment of F. oxysporum f. sp. lycopersici disease 
incidence and disease severity 

 
F. oxysporum f. sp. lycopersici disease incidence and disease 
severity are presented in Table 1. For the TT combination, 
means of all plants from pots are given. Also, tomato plants of 
one pot were separated according to their root weights (see 
also Table 2) to see intraspecific effects and presented as 
Tomato_1 (T_1) and Tomato_2 (T_2). When considering all 
plants, the disease incidence of TT was 80.6 and 52.9 % in the 
F. oxysporum f. sp. lycopersici and AMF + F. oxysporum f. sp. 
lycopersici treatments, respectively, so that disease incidence 
was 35 % less in the AMF + F. oxysporum f. sp. lycopersici 
treatment than in the F. oxysporum f. sp. lycopersici treatment. 

in the AMF + F. oxysporum f. sp. lycopersici treatment (χ2      = 
0.195, P= 0.700) a significant influence on F. oxysporum f. sp. 
lycopersici disease severity. Within the TL and TB combina- 
tions, AMF + F. oxysporum f. sp. lycopersici reduced disease 
severity significantly by 70 % (P < 0.05) and 63 % (P <0.05), 
respectively. In the other plant combinations, the AMF + 
F. oxysporum f. sp. lycopersici treatment also tended to show 
lower disease severity. Within T_1, F. oxysporum f. sp. 
lycopersici showed higher disease severity than AMF + 
F. oxysporum f. sp. lycopersici (P < 0.05). Within T_2, disease 
severity was similar between F. oxysporum f. sp. lycopersici 
and AMF + F. oxysporum f. sp. lycopersici (P=0.703). Within 
the F. oxysporum f. sp. lycopersici (P < 0.05) as well as in the 
AMF + F. oxysporum f. sp. lycopersici (P < 0.05) column, T_1 
had significantly lower disease severity than T_2. There was 
no significant correlation between disease severity and AM 
colonisation rate (P=0.778, R2 =0.0008). 

 

 
 

Table 1  F. oxysporum f. sp. lycopersici disease incidence and disease severity (%) in the different plant combinations (mean ± S.E.) 
 

Dual culture Disease incidence (%)   Disease severity (%)  

 F. oxysporum 
f. sp. lycopersici 

AMF + F. oxysporum 
f. sp. lycopersici 

 F. oxysporum 
f. sp. lycopersici 

AMF + F. oxysporum 
f. sp. lycopersici 

Tomato/tomatoa 80.6 52.9  16.2 ± 2.1 A a 14.32 ± 3.8 A a 
Tomato/leek 66.7 44.4  14.3 ± 3.4 B a 4.4 ± 1.5 A a 
Tomato/cucumber 81.3 55.6  15.8 ± 3.9 A a 7.0 ± 2.2 A a 
Tomato/basil 72.2 55.6  14.2 ± 2.9 B a 5.3 ± 1.7 A a 
Tomato/fennel 66.7 55.6  14.0 ± 2.8 A a 6.9 ± 2.0 A a 

Tomato/tomato (T_1)b
 

 

72.2 
 

37.5   

11.4 ± 2.4 B x 
 

3.8 ± 1.3 A x 
Tomato/tomato (T_2)c

 88.8 66.7  21.0 ± 3.0 A y 23.7 ± 6.4 A y 

Different letters indicate significant differences, small letters among columns (Kruskal–Wallis test, P < 0.05), capital letters among rows (Mann– 
Whitney U test, P < 0.05). 
a Data were calculated for both plants/pot 
b Data were calculated for the stronger tomato plant/pot according to the root weight 
c Data were calculated for the weaker tomato plant/pot according to the root weight 
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Table 2  Root weights (in grams) of tomato plants grown in a dual culture system (mean ± S.E.) 

 

Dual culture Treatment  

 Control F. oxysporum AMF AMF + F. oxysporum  
  f. sp. lycopersici  f. sp. lycopersici  

Tomato/tomato (T_1)a 6.36 ± 0.44 (A) cd 5.76 ± 0.41 (A) c 7.11 ± 0.48 (B) bc 4.90 ± 0.36 (A) bc F(3,66) = 4.549 
     P < 0.01 
Tomato/tomato (T_2)b 3.71 ± 0.24 (B) a 2.42 ± 0.26 (A) a 4.42 ± 0.39 (B) a 2.45 ± 0.35 (A) a F(3,67) = 9.713 

     P < 0.0001 
Tomato/leek 7.03 ± 0.22 (A) d 5.87 ± 0.46 (A) c 8.47 ± 0.46 (B) d 6.06 ± 0.39 (AB) c F(3,67) = 8.947 

     P < 0.0001 
Tomato/ cucumber 5.14 ± 0.46 (B) abc 2.70 ± 0.35 (A) ab 5.42 ± 0.54 (B) ab 3.55 ± 0.47 (AB) ab F(3,66) = 7.095 

     P < 0.0001 
Tomato/basil 7.15 ± 0.36 (B) d 5.57 ± 0.40 (A) c 8.90 ± 0.27 (B) d 6.79 ± 0.73 (AB) c F(3,68) = 8.424 

     P < 0.0001 
Tomato/fennel 4.80 ± 0.15 (A) b 4.32 ± 0.41 (A) bc 6.23 ± 0.26 (B) b 5.42 ± 0.22 (AB) c F(3,68) = 9.006 

     P < 0.0001 

 F(5,101) = 16.695 
P < 0.0001 

F(5,100) = 15.735 
P < 0.0001 

F(5,101) = 17.336 
P < 0.0001 

F(5,101) = 12.823 
P < 0.0001 

 

Different letters indicate significant differences; capital letters among rows, i.e. plant combinations and letters among columns, i.e. treatments 
(ANOVA and Tamhane’s test P < 0.05) 
a Data were calculated for the stronger tomato plant/pot according to the root weight 
b Data were calculated for the weaker tomato plant/pot according to the root weight 

 
Effect of intercropping, AMF and F. oxysporum f. sp. 
lycopersici on tomato growth 

 
Plant growth of tomato in the different plant combinations 
and treatments was assessed by root and shoot weights. 

 
Root effects 

 
Root weights for the treatments with F. oxysporum f. sp. 
lycopersici and/or AMF application within the different 
plant combinations are shown in Table 2.  The factor 
‘intercropping  partner’ had in each treatment a significant 
effect on tomato root weights (for p values, see Table 2). 
Root weights of T_1 and T_2 of the TT combination in the 
control treatment differed significantly, indicating an intra- 
specific effect of tomato plants. Plants of T_2 had almost 
50 % less weight than the ones from T_1. TL and TB 
showed the highest tomato root weights, whilst TC and TF 
ranged between the lowest and the highest root weights. 
These trends were also seen in the F.  oxysporum f. sp. 
lycopersici, AMF and AMF + F. oxysporum f. sp. 
lycopersici treatments. 

The factor ‘treatment’ had in each dual culture a signif- 
icant influence on root weights (for p values, see Table 2). 
For T_2 within the TT treatment, F.  oxysporum f. sp. 
lycopersici as well as AMF + F. oxysporum f. sp. lycopersici 
significantly reduced the root weight compared to the con- 
trol treatment. For T_1, this effect could not be observed. A 

significant reduction of the root weights in the F. oxysporum 
f. sp. lycopersici treatment compared to the control could 
also be observed in TC. The AMF treatment over all plant 
combinations showed similar root weights as the corre- 
sponding control treatments, apart from TL, TF and T_1 
of TT which showed an increase in root weights. AMF + F. 
oxysporum f. sp. lycopersici over all plant combinations did 
not show a change in root weights compared to the F. 
oxysporum f. sp. lycopersici or control treatment, apart from 
AMF + F. oxysporum f. sp. lycopersici of T_2, where the 
root weight was reduced compared to the control. There was 
no significant correlation between root weight and AM 
colonisation rate (P =0.113, R2 = 0.012); however, root 
weight was negatively correlated with disease severity (P < 
0.0001, R2 = 0.233). 
 
Shoot effects 
 
Shoot weights of tomato plants from the different plant com- 
binations are shown in Table 3. The factor ‘intercropping 
partner’ had a significant effect on tomato shoot weights in 
each treatment (for p values see Table 3). Within the control 
treatment, T_2 of the TT combination showed around 40 % 
less shoot weight than T_1. The highest shoot weights were 
reached by tomato plants of the TB and TL combinations 
(increases up to 320 and 180 %, compared to T_2 and T_1, 
respectively). The shoot weights of the tomato plants of the 
TC and TF combinations ranged between 11.49 and 13. 
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06 g and were therefore higher than the shoot weights 
of T_2 (6.23 g). 

The factor ‘treatment’ had a significant influence on 
shoot weights in each dual culture (for p values, see 
Table 3). In the TT combination, shoot weights of T_1 
showed a significant increase of 70–80 % in the AMF and 
AMF + F. oxysporum f. sp. lycopersici treatments, compared 
to the control and F. oxysporum f. sp. lycopersici treatment. A 
similar picture can be seen within the TL and TF combina- 
tions, where the shoot weights increased up to 200–230 % and 
170–210 %, respectively, compared to the control and F. 
oxysporum f. sp. lycopersici treatment. In T_2 of the TT 
combination, the F. oxysporum f. sp. lycopersici treatment 
reduced the shoot weights of the plants compared to the 
control and the AMF treatment. On the other hand, AMF as 
well as AMF + F. oxysporum f. sp. lycopersici increased the 
shoot weights as compared to the control and the F. 
oxysporum f. sp. lycopersici treatment in T_1 of the TT 
combination, the TL and the TF combinations. In T_2 of the 
TT combination, the TC and TB combinations, AMF in- 
creased the shoot weights compared to the F. oxysporum f. 
sp. lycopersici treatment, whereas the AMF + F. oxysporum f. 
sp. lycopersici treatment did not change the shoot weights 
compared to the F. oxysporum f. sp. lycopersici treatment. 
There was a low positive correlation between shoot weight 
and AM colonisation levels (P <0.01, R2 = 0.040); however, 
shoot weight was negatively correlated with disease severity 
(P <0.0001, R2 =0.200). 

Discussion 
 
Mycorrhizal symbiosis with its aspects of biofertilization 
and bioprotection is of special interest in the context of 
sustainable agriculture. The present work assessed the im- 
pact of AMF in an intercropping system with the main focus 
on the performance of tomato (cv. Kremser Perle). As far as 
AM root colonisation of tomato is concerned, this was 
clearly affected by the intercropping plant partners. 
Tomato intercropped with leek showed a 20 % higher col- 
onisation level than tomato intercropped with tomato. 
Fennel on the other hand decreased the colonisation level 
of tomato by 13 %. Leek had a similar colonisation level 
(55.11 %) as its intercropping partner tomato. However, the 
AM colonisation values of leek had a very high standard 
deviation, probably due to the rather small root system 
leading to a small amount of material for AM colonisation 
assessment. The well-established AM symbiosis in leek 
stimulated the colonisation of tomato, an effect that is con- 
cordant with data reported by Cavagnaro et al. (2004), and 
additionally, is in line with the frequent use of leek as nurse 
plants in experimental set-ups (Smith and Read 2008). 
However, a high AM colonisation level of the intercropping 
partner does not necessarily imply an increase in colonisa- 
tion of the other one, as can be seen in the results with 
cucumber and fennel. 

The small size of the rooting system of leek and as a 
consequence a faster colonisation of the root system and 

 
Table 3  Shoot weights (in grams) of tomato plants grown in a dual culture system (mean ± S.E.) 

 
Dual culture Treatment 

 
Control F. oxysporum 

f. sp. lycopersici 
AMF AMF + F. oxysporum 

f. sp. lycopersici 
 

Tomato/tomato (T_1)a 10.79 ± 0.83 (A) b 10.11 ± 0.70 (A) bc 19.17 ± 1.32 (B) b 16.66 ± 1.60 (B) bc F(3,66) = 15.279 
P < 0.0001 

Tomato/tomato (T_2)b  6.23 ± 0.53 (B) a 4.15 ± 0.28 (A) a 10.22 ± 1.08 (C) a 8.21 ± 1.49 (ABC) a F(3,67) = 7.398 
P < 0.0001 

Tomato/leek 18.67 ± 0.72 (B) c 14.10 ± 1.20 (A) cd 31.73 ± 1.31 (C) d 28.71 ± 2.32 (C) d F(3,67) = 30.005 
P < 0.0001 

Tomato/ cucumber 11.49 ± 0.66 (A) b 7.95 ± 1.22 (A) ab 16.72 ± 1.50 (B) b 12.62 ± 1.94 (AB) ab F(3,66) = 6.293 
P= 0.001 

Tomato/basil 19.05 ± 0.86 (A) c 16.85 ± 1.21 (A) d 27.94 ± 1.96 (B) d 21.77 ± 2.11 (AB) cd F(3,68) = 8.789 
P < 0.0001 

Tomato/fennel 13.06 ± 0.58 (A) b 11.15 ± 0.80 (A) bc 23.78 ± 1.67 (B) bc 21.96 ± 1.77 (B) c F(3,66) = 23.058 
P < 0.0001 

F(5,101) = 48.299 F(5,100) = 22.359 F(5,101) = 26.616 F(5,100) = 15.169 
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 

 
Different letters indicate significant differences; capital letters among rows, i.e. plant combinations and letters among columns, i.e. treatments 
(ANOVA and Tamhane’s test P < 0.05) 
a Data were calculated for the stronger tomato plant/pot according to the root weight 
b Data were calculated for the weaker tomato plant/pot according to the root weight 
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development of hyphal networks, which are apart from 
spores and root fragments, of high significance in AM root 
colonisation (Smith and Read 2008) might be the reason for 
the increased colonisation rates compared to intercrops like 
tomato, cucumber, basil and fennel. Furthermore, putative 
colonisation preferences could have more impact when larg- 
er root systems are available. The colonisation preference 
observed for cucumber of the AMF used in the present work 
is consistent with the findings of Kubota and Hyakumachi 
(2004), who tested cucumber as well as tomato in soils of 
different vegetation sites with native AMF species and 
found a clear colonisation preference of AMF for cucumber; 
however this is not in an intercropping setting with different 
AMF. The importance of intercropping or individual set- 
tings can be seen in the work of Cavagnaro et al. (2004), 
who reported that mycorrhizal responsiveness of the tomato 
variety 76R to Glomus coronatum depended on the presence 
or absence of a mycorrhiza-defective tomato mutant derived 
from cv. 76R (i.e. a setting with interspecific competition). It 
therefore appears probable that the outcome of an AMF– 
plant interaction in intercropping settings cannot be predict- 
ed from individual settings. The significance of the 
intercropping partner for AM colonisation levels is clearly 
shown in the present study on tomato. 

The investigation of the influence of AMF and/or F. 
oxysporum f. sp. lycopersici on growth of intercropped tomato 
showed that the intercropping partners of tomato impacted on 
root and shoot weight. Most striking was the reduction of 50 
and 40 %, respectively, in the root and shoot weights of one 
tomato plant/pot in the TT control treatment compared to the 
other tomato plant. AMF did not change the effects of the 
intercropping partner on these growth parameters compared to 
the control treatment. Root and shoot weight increases were 
AMF-dependent and not intercropping partner-dependent. 
Schroeder-Moreno and Janos (2008) found that AMF had 
negative effects on the root as well as on the shoot weights 
of chilli, maize and zucchini grown in intraspecific density 
settings. Negative effects on tomato root or shoot weights due 
to AMF could not be observed in the present work. However, 
lowest density here was two and not three plants, as in the 
work of Schroeder-Moreno and Janos (2008). With 
regards to interspecific competition, van der Heijden et 
al. (2003) clearly showed that the AMF species can 
influence the outcome of a competitive situation be- 
tween  plants.  Working  with  Brachypodium pinnatum 
and Prunella vulgaris, these authors observed that the way 
in which the two plants coexisted depended on the Glomus 
isolate inoculated. In the present work, six different Glomus 
species were inoculated together; it would be interesting to test 
different AMF inocula separately in the same intercropping 
setting to find out more about such dynamics. 

When assessing the influence of AMF inoculation in 
intercropping systems on F. oxysporum f. sp. lycopersici 

disease severity in tomato, a bioprotective effect was ob- 
served. This bioprotective effect resulted in a reduced dis- 
ease severity in AM plants of the T_1, TL and TB 
treatments. Looking on T_1, TL and TF, AMF + F. 
oxysporum f. sp. lycopersici-treated plants produced more 
shoot  biomass compared to  the  F.  oxysporum f.  sp. 
lycopersici-treated plants. Thus, mycorrhization enhances 
the tolerance of the tomato plants to the pathogen. Positive 
effects of AMF, expressed as an increase in biomass com- 
pared to the control treatment, could be observed for root as 
well as shoot weights. For roots, these effects could be 
observed for the AMF treatment in T_1 of TL and TF, whilst 
for shoots, the positive effects on biomass could be observed 
for AMF as well as AMF + F. oxysporum f. sp. lycopersici 
treatments in T_1 of TT, TL and TF combinations. F. 
oxysporum f. sp. lycopersici clearly reduced and AMF 
cl ea rly  i n c re as ed  sh oo t  b io mas s  f o r  T _2  a n d  TL. 
Consequently, the positive effects of AMF co-inoculation 
with F. oxysporum f. sp. lycopersici on plant biomass are 
shown in shoot weights and not in reduced disease inci- 
dence. Compensation by AMF for the negative effects of F. 
oxysporum f. sp. lycopersici on plant biomass could partic- 
ularly be reached with leek as intercropping partner. Thus, a 
well-chosen intercropping partner like leek and basil can 
allow expression of a bioprotective effect of AMF, even 
when the symbiosis is not established before pathogen in- 
oculation. A different experimental set-up, like in Dehne 
and Schönbeck (1979), where AMF were applied 6 and 
9 weeks, respectively, before F. oxysporum f. sp. lycopersici 
inoculation might have led to more positive effects. 
However, a simultaneous inoculation in an intercropping 
setting appears to be more comparable to natural conditions 
where concurrent activity of AMF and F. oxysporum f. sp. 
lycopersici will not be uncommon. 

When tomato was intercropped with tomato, one 
intercropping partner turned to be the ‘stronger’ and the 
other the ‘weaker’ one, which also clearly affected the 
disease incidence and disease severity. Thus, keeping 
tomato in a competitive situation with itself has adverse 
effects on the biomass of one of the intercropping part- 
ners. The ‘weaker’ partner also showed significantly 
higher  F.  oxysporum f.  sp.  lycopersici disease  severity 
and  no  positive effects of  AMF  inoculation. Therefore, 
we conclude that the positive effects of AMF on disease 
severity are limited in competitive situations, and that the 
intercropping partner affects the positive effects of AMF 
on tomato plants with regard to F. oxysporum f. sp. 
lycopersici  disease  severity.  Results  indicate  that  leek 
and  basil  are  candidates  for  further  intercropping  set- 
ups, where further questions like fruit yield and fruit 
quality  of  tomatoes  should  be  assessed  and  also  the 
impact of pre-colonisation by AMF of intercropping part- 
ners could be investigated. 
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To summarise, tomato intercropped with different species had no effect on F. oxysporum f. sp. lycopersici disease 
incidence or disease severity indicating no allelopathic sup- pression. However, tomato intercropped with tomato clearly 
showed negative effects on one plant/pot with regard to biomass and  disease severity of  F.  oxysporum f.  sp. 
lycopersici. Furthermore, crucial effects of the intercropping partner on AMF colonisation of tomato were found, which is of 
great interest in crop plant communities and the in- fluences on each other. However, the outcome of the AMF effects on 
F. oxysporum f. sp. lycopersici disease severity and/or plant biomass did not depend on the degree of AM colonisation but 
more on the intercropping partner. 
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the arbuscular mycorrhizal fungus Glomus mosseae and the tomato pathogen 
Fusarium oxysporum f. sp. lycopersici 
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Abstract   The effect of the arbuscular mycorrhizal symbi- 
osis (AM) varies in plant cultivars. In the present study, we 
tested whether wild-type, old and modern tomato cultivars 
differ in the parameters of the AM interaction. Moreover, 
the bioprotective effect of AM against the soilborne tomato 
pathogen Fusarium oxysporum f. sp. lycopersici (Fol) was 
tested in the different cultivars. Ten tomato cultivars were 
inoculated with the arbuscular mycorrhizal fungus (AMF) 
Glomus mosseae alone or in combination with Fol. At the 
end of the experiment, AM root colonization, Fusarium 
infection, and the plant fresh weight was determined. The 
tomato cultivars differed in their susceptibility to AMF and 
Fol, but these differences were not cultivar age dependent. 
In all the cultivars affected by Fol, mycorrhization showed 
a bioprotective effect. Independent of the cultivar age, 
tomato cultivars differ in their susceptibility to AMF and 
Fol and the bioprotective effect of mycorrhization, indicat- 
ing that the cultivar age does not affect the AM parameters 
tested in this study. 
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Introduction 
 
Arbuscular mycorrhizal fungi (AMF) colonize roots of 
more than 80% of vascular plants and form a symbiotic 
association, the arbuscular mycorrhizal symbiosis (AM), 
improving the nutritional status of the host plant and 
enhancing its tolerance to biotic and abiotic stress (Smith 
and Read 2008). The effect of the AM varies in the 
interaction with their hosts and this variation can be 
observed even at the plant cultivar level (recently reviewed 
by Estaún et al. 2010). 

Most data on mycorrhizal dependence of plant cultivars 
are available with cereals (Azcón and Ocampo 1981; 
Lackie et al. 1987; Kapulnik and Kushnir 1991; Vierheilig 
and Ocampo 1991a, b; Hetrick et al. 1992, 1993; Kirk et al. 
2008; Castellanos-Morales et al. 2011). In wheat, it was 
suggested that depending on the age of the cultivar, the 
degree of AM colonization and the responsiveness varies 
(Hetrick et al. 1993). Compared to modern cultivars, old 
wheat cultivars showed higher degrees of root colonization and 
were more responsive to AM colonization; however, in a more 
recent study, this could not be confirmed (Kirk et al. 2008). 

Apart from improving the nutritional status of the host 
plant, the mycorrhizal symbiosis provides bioprotection 
against a number of soilborne fungal pathogens (St-Arnaud 
and Vujanovic 2007). Fusarium oxysporum f. sp. lycopersici 
(Fol) is the cause of a severe wilt disease and is an important 
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pathogen in tomato cultures (Jones 1991); however, data on 
the interaction of AMF with Fol are scarce. Recently, the 
germination of microconidia, which are efficient propagules 
of Fol for the infection of tomato plants, has been shown to 
be stimulated by tomato root exudates (Steinkellner et al. 
2005, 2008a, b). Interestingly root exudates of plants 
colonized by AMF have been shown to exhibit a different 
effect on microconidia germination of Fol than root exudates 
of non-mycorrhizal plants (Scheffknecht et al. 2006, 2007). 
Moreover, co-inoculation of tomato with AMF and Fol 
resulted in a certain bioprotection (Dehne and Schönbeck 
1979; Akköprü and Demir 2005). 

To our knowledge, no comparison of tomato cultivars 
has been performed yet for the AM interaction and the 
bioprotective effect of AM against Fol. In the present work, 
we tested whether in wild-type, old, and modern tomato 
cultivars, these parameters differ. 

 
 

Materials  and methods 
 

Plant and fungal materials 
 

Ten tomato cultivars (Table 1) representing heirloom (old) 
tomatoes, modern cultivars, and wild types were selected. 
Tomato seeds were surface sterilized by soaking in 50% 
household bleach (Dan Clorix, 3.8% NaOCl) for 10 min. 
After three rinses with tap water, the seeds were transferred 
to pots containing autoclaved perlite (Granuperl S 3-6, Knauf 
Perlite GmbH, Vienna, Austria) and incubated in a growth 
chamber (York International) with a 16-h light (light intensity 
296 mol m−1   s−1)  and 8-h dark photoperiod at 24°C for 
2 weeks. The plants were irrigated with tap water during this 
germination period. 

Fol isolate Fol007 (race 2) was subcultured for 2 weeks at 
24°C in darkness on Czapek Dox Agar before using it for 
plant inoculation. A suspension containing microconidia was 
obtained by flooding the colonies with sterile, distilled water; 

separating the microconidia from the mycelium using a 
trigalski spatula; and filtering the resulting suspension through 
three layers of filter paper. The concentration of the micro- 
conidia suspension was adjusted to 105  microconidia ml−1. 

For the inoculation of the plants with the AMF Glomus 
mosseae (BEG 12), a commercially available inoculum was 
purchased from BIORIZE/Agrauxine (Quimper, France). 
 
Plant bioassay 
 
After 2 weeks, the plantlets (plant growth stage 11, BBCH 
scale) were transferred into pots containing an autoclaved 
(20 min at 121°C) mixture of sand, soil, and expanded clay 
(1:1:1, v/v/v). The plants were grown in a random design in 
the greenhouse under natural conditions. The transplanted, 
inoculated plants were cultivated further for 11 weeks. 
According to their moisture requirements, they were 
watered every second day with a low concentration nutrient 
solution (Steinkellner et al. 2005). If necessary, during the 
days in between, plants were watered with tap water. 

The experimental set-up included (1) a control treatment 
without AMF and without Fol; (2) an AMF treatment; (3) a 
Fol treatment; and (4) a combined AMF–Fol treatment. 
Each treatment comprises eight plants. 

For the AMF treatment, 4 ml of the AMF inoculum were 
added directly into the planting hole, to the roots of each 
plantlet, when the plantlets were transferred to the sterile 
substrate mixture. To inoculate the plantlets with Fol,  the 
roots were dipped in a microconidial suspension for 5 min. 
Water was used for mock inoculation. For the combined 
AMF–Fol treatment, the root dip method as described above 
was used; afterwards, 4 ml of the AMF inoculum was added. 

Eleven weeks after transplanting, the plants were 
removed from the substrate, gently washed under running 
tap water to preserve the root system, and dried between 
folded paper towels. The Fusarium infection was deter- 
mined visually according to Wellman (1939). Afterwards, 
roots and shoots were separated and the fresh weights were 

 
 

Table 1  Tomato cultivars 
selected to represent various 
cultivar ages 

 
 
 
 

F1 resistance to Fol, race 1; F2 
resistance to Fol, race 2 (used in 
the present study); Arche Noah 
The Austrian Seed Savers 
Association, Schiltern, Austria; 
Austrosaat Österreichische 
Samenzucht- u. Handels- 
Aktiengesellschaft, Vienna, 
Austria 

 
Cultivar Type Cultivar age Reference source 
 
Lycopersicon hirsutum Wild type  Arche Noah 
Lycopersicon peruvianum Wild type  Arche Noah 
Yellow Pearshaped Heirloom (old) Older than 1900 Austrosaat 
Kremser Perle Heirloom (old) Older than 1900 Austrosaat 
Marmande Heirloom (old) Older than 1900 Austrosaat 
Rheinlands Ruhm Heirloom (old) Older than 1960 Austrosaat 
Vitamina Heirloom (old) Older than 1960 Arche Noah 
Apero F1 Modern cultivar Younger than 1970 Austrosaat 
Myriade F1; F2 Modern cultivar Younger than 1970 Austrosaat 
Supersweet F1 Modern cultivar Younger than 1970 Austrosaat 
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Table  2  AM  colonization per- 
centage (means ± standard error) 
of tomato cultivars inoculated 
with AMF (G. mosseae) and co- 
inoculated with the AMF and Fol 
(F. oxysporum f. sp. lycopersici) 

 
 

Cultivar means with different let- 
ters indicate a statistically signifi- 
cant difference following the LSD 
test (p=0.0000). There were no 
significant differences between the 
Fol and the AMF and Fol treat- 
ment (p=0.7321). The interactions 
between cultivar and treatment 

 
Cultivar AMF AMF and Fol  Mean 
 
L. hirsutum 19.75 (±3.88)  9.38 (±1.46) 14.56 (±2.05) b, c 
L. peruvianum 14.00 (±2.75) 17.86 (±2.64) 15.78 (±2.12) b, c 
Yellow Pearshaped 14.25 (±2.69) 10.00 (±10.00) 13.22 (±2.63) b, c 
Kremser Perle 27.00 (±1.39) 17.25 (±2.68) 22.13 (±2.05) d, e 
Marmande  2.63 (±1.69)  4.63 (±1.34)   3.63 (±2.05) a 
Rheinlands Ruhm 11.25 (±2.93) 22.20 (±3.81) 15.39 (±2.28) b, c 
Vitamina  9.75 (±2.99) 11.38 (±2.68) 10.56 (±2.05) b 
Apero 22.33 (±1.90) 26.88 (±4.71) 24.97 (±2.20) e 
Myriade 17.38 (±3.05) 19.25 (±1.75) 18.31 (±2.05) c, d 
Supersweet 13.13 (±3.06)  8.00 (±3.14) 10.71 (±2.12) b 
Mean 15.22 (±0.93)A 14.63 (±1.01)A 

were significant (p=0.0071)    
 
 

determined. To confirm the infection with Fol, segments of 
2-cm length starting upwards the shoot basis were dipped in 
70% ethanol, flamed, and put into Petri dishes containing 
potato dextrose agar (containing 10 mg/l Streptomycinsulfat 
and 10 mg/l Chloramphenicol to prevent bacterial growth). 
The presence of Fol was determined by visual and 
microscopic analysis of the morphology of the mycelium 
and the conidia based on Nelson et al. (1983). The degree 
of mycorrhization was estimated on defined fresh root 
segments of 1-cm length, starting 2 cm down the shoot. The 
roots were cleared by boiling for 4  min in 10% KOH, 
rinsed three times with tap water, and stained by boiling for 
4 min in a 5% ink (Sheaffer black) according to the method 
of Vierheilig et al. (1998). Thereafter, the percentage of root 
colonization was determined according to the counting 
procedure of McGonigle et al. (1990). 

 
Statistical analysis 

 
The effects of cultivars and treatments were determined by 
two-factorial analysis of variance. Analysis of variance was 
done after a variance check by the Levene's test. Mean 
values were compared using Fisher's least significant difference 

(p <0.05). These analyses were performed using appropriate 
standard statistical methods (Statgraphics Plus 5.0). 
 
 
Results 
 
The percentage of AM root colonization was determined in 
roots of plants co-inoculated with the AMF and Fol (AMF/Fol) 
and in the roots of plants inoculated only with the AMF 
(Table 2). The examination of the roots of the control plants 
and the Fol-inoculated plants for a possible contamination 
with AMF was negative. 

AM root colonization levels differed between the cultivars. 
One cultivar that is older than 1900 showed the highest 
(Kremser Perle), whereas another one that is older than 1900 
showed the lowest levels of AM root colonization (Marmande) 
and the modern cultivar Apero (younger than 1970) showed 
relatively high AM root colonization levels. All other cultivars 
including the two wild-type tomatoes (Lycopersicon hirsutum 
and Lycopersicon peruvianum) showed intermediate levels of 
AM root colonization. 

Looking over all the cultivars, none of the cultivars co- 
inoculated with Fol  affected the percentage of AM root 

 
 

Table   3  Fusarium   infection 
(diseases index, means ± standard 
error) of tomato cultivars inocu- 
lated with Fol (F. oxysporum f. 
sp. lycopersici) and co-inoculated 
with AMF (G. mosseae) and Fol 

 
 

Columns within a cultivar with 
different lowercase letters 
indicate a statistically significant 
difference following the LSD 
test (p = 0.0000). There were no 
significant differences between 
the Fol and the AMF and Fol 

 
Cultivar Fol AMF and Fol  Mean 
 
L. hirsutum  0.38 (±0.26)   0.13 (±0.13)   0.25 a  
L.peruvianum  2.13 (±1.86)   0.00 (±0.00)   1.06 a 
Yellow_Pearshaped 12.00 (±2.04) 11.75 (±2.16) 11.88 e 
Kremser Perle  2.63 (±0.50)   1.38 (±0.38)   2.00 a, b, c 
Marmande  4.86 (± 0.72)   2.86 (±0.77)   3.86 b, c 
Rheinlands_Ruhm  7.00 (±1.76)   7.25 (± 2.36)   7.13 d 
Vitamina  1.88 (±0.44)   1.25 (±0.53)   1.56 a, b 
Apero  1.86 (±0.35)   2.75 (±0.31)   2.31 a, b, c 
Myriade  0.00 (±0.00)   0.00 (±0.00)   0.00 a 
Supersweet  5.00 (±2.22)   3.13 (±1.75)   4.06 c 

treatment (p = 0.1875)    
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Fig. 1  Shoot fresh weight 
of uninoculated tomato cultivars 
and cultivars inoculated with F. 
oxysporum f. sp. lycopersici 
(Fol) and/or the AMF G. 
mosseae (Means ± SE). Columns 
within a cultivar with different 
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colonization compared to the “AMF only” treatment. 
Comparing the percentage of AM root colonization within 
a cultivar in the AMF/Fol treatment and the “AMF  only” 
treatment, co-inoculation with Fol reduced the percentage of 
AM root colonization in L. hirsutum and Kremser Perle, 
whereas an increase could be observed in Rheinlands Ruhm. 

The level of Fusarium infection (disease index) was 
determined in the roots of plants co-inoculated with Fol and 
the AMF and in the roots of plants inoculated only with Fol 
(Table 3). The control plants and the AMF-inoculated plants 
did not show any contamination with Fol. 

Fusarium infection differed between the cultivars. Infec- 
tion was highest in the cultivar Yellow Pearshaped (older than 

1900), followed by the cultivars Rheinlands Ruhm (older than 
1960) and Supersweet (younger than 1970). All other 
cultivars showed a lower Fusarium infection. The cultivar 
Myriade did not show any signs of Fusarium infection. 

Looking over all the cultivars, none of the cultivars co- 
inoculated with AM were affected by Fusarium infection 
compared to the “Fol only” treatment. Comparing the 
Fusarium infection within a cultivar in the AMF/Fol 
treatment and the “Fol only” treatment, co-inoculation with 
AMF reduced the Fusarium infection in L. peruvianum, 
Kremser Perle, and Marmande. 

Inoculation with AMF and/or Fol affected the shoot and 
root fresh weight of only a few cultivars. AM inoculation 

 
 

Fig. 2  Root fresh weight 
of uninoculated tomato cultivars 
and cultivars inoculated with 
F. oxysporum f. sp. lycopersici 
(Fol) and/or the AMF G. 
mosseae (means ± SE). Columns 
within a cultivar with different 
lowercase letters indicate a 
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alone showed an effect with Rheinlands Ruhm (older than 
1960) by increasing the shoot fresh weight (Fig. 1) and with 
Marmande (older than 1900) by increasing the root fresh 
weight (Fig. 2). Fol inoculation alone reduced the shoot and 
root fresh weight of only two cultivars (Rheinlands Ruhm 
and Supersweet) (Figs. 1 and 2), whereas in these two 
cultivars co-inoculation of AMF and Fol had a positive 
effect on the shoot and root fresh weight, when compared to 
the Fol only treatment (Figs. 1 and 2). 

 
 

Discussion 
 

The effect of AMF varies in the interaction with their hosts, and 
this variation can be observed even at the plant cultivar level 
(Estaún et al. 2010). In our study, when looking at AM root 
colonization, we found a large variability between the tested 
tomato cultivars, confirming data on the variability of AM 
root colonization between cultivars from other plant families 
such as legumes, cereals, and trees (Estaún et al. 2010). 

In the tested tomato cultivars, these differences in AM 
root colonization could not be linked with the age of the 
cultivar as found in wheat (Hetrick et al. 1993). In the old 
tomato cultivars (older than 1900), we detected the highest 
and the lowest levels of AM root colonization, and the 
modern cultivar Apero also showed high levels of AM root 
colonization. All other tomato cultivars showed similar 
intermediate levels of AM root colonization, thus confirm- 
ing the data with wheat and barley (Kirk et al. 2008; 
Castellanos-Morales et al. 2011) that the age of the cultivar 
is not linked with the level of AM root colonization. 

In several studies, it has been reported that not only the 
level of AM root colonization varies between the cultivars 
but  also  the  growth response (see review Estaún et  al. 
2010). We found a growth response by mycorrhization in 
two of the ten tested cultivars showing that in the used 
experimental system, a positive mycorrhizal growth effect 
can become evident; however, in our system, no growth 
effect could be observed in most cultivars. 

As Fol is an important pathogen in tomato cultures 
(Jones 1991), through plant breeding, tomato cultivars have 
been obtained showing resistance to different Fol races 
(see Table 1). In our study, cultivars' resistant to certain Fol 
races had similar levels of AM root colonization as 
cultivars not resistant to Fol, showing that resistance to 
Fol does not affect AM root colonization. 

Tomato cultivars differ in their susceptibility to Fol and this 
susceptibility also depends on the Fol race (Jones and Crill 
1974; Abawi and Barker 1984; Gao et al. 1995; Larkin and 
Fravel 2002). In our experiment with Fol race 2, independent 
of the cultivar age, a high and low susceptibility to Fol was 
observed indicating that the cultivar age is not linked with 
the susceptibility to Fol. 

In all the cultivars affected by Fol, co-inoculation of 
cultivars with AMF and Fol resulted in a reduced Fusarium 
infection and/or an increased plant growth, corroborating a 
bioprotective effect of mycorrhization against Fol, as 
reported  before  (Dehne  and  Schönbeck  1979;  Akköprü 
and Demir 2005). Looking at our data, it seems that this 
bioprotective effect of mycorrhization is not linked with the 
age of the cultivar. 

To summarize, independent of the cultivar age, tomato 
cultivars differ in their susceptibility to AMF and Fol and 
the bioprotective effect of mycorrhization. 
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2.3 Alterations in root exudation of intercropped tomato mediated by the 
arbuscular mycorrhizal fungus Glomus mosseae and the soil-borne 
pathogen Fusarium oxysporum f. sp. lycopersici 
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Abstract 

Arbuscular mycorrhizal f ungi ( AMF) c an c ontrol s oil-borne d iseases s uch as 

Fusarium oxysporum f. sp. lycopersici (Fol). Root exudates play an important role in 

plant–microbe interactions in the rhizosphere, especially, in the initial phase of these 

interactions. I n t his w ork w e f ocus on I) el ucidating dy namics i n r oot ex udation o f 

Solanum lycopersicum L. i n an i ntercropping system due t o AMF and/or Fol, II)  i ts 

effect on Fol development in-vitro and III) the testing of the root exudate compounds 

identified in the chromatographic analyses in terms of effects on fungal growth in in-

vitro assays. 

GC-MS analyses revealed an A MF-dependent increase o f sugars and dec rease o f 

organic ac ids, m ainly g lucose and m alate. I n t he H PLC anal yses an i ncrease o f 

chlorogenic acid was evident in the combined treatment of AMF and Fol, which is to 

our knowledge the first report about an increase of chlorogenic acid in root exudates 

of A M pl ants c hallenged w ith Fol compared t o pl ants i noculated w ith A MF onl y, 

clearly indicating changes of  root exudation due to AMF and Fol. Root exudates of 

AMF tomato plants stimulate the germination rate of Fol, whereas, the co-inoculation 

of AMF and Fol leads to a reduction of spore germination. 

In t he in-vitro assays c itrate an d c hlorogenic ac id c ould be i dentified as  possible 

candidates for t he r eduction o f Fol germination r ate i n t he r oot ex udates o f t he 

AMF+Fol treatment since they proved inhibition at concentrations naturally occuring 

in the rhizosphere. 

Keywords: ar buscular m ycorrhizal f ungi, Glomus mosseae, Fusarium oxysporum, 

root exudates, tomato, spore germination 

Introduction 

Arbuscular mycorrhizal fungi (AMF) form a mutualistic symbiosis with about 80 % of 

all herbaceous plants (Smith and Read 2008) and exhibit pos itive ef fects, such as  

plant growth promotion and control of soil-borne diseases (Azcón-Aguilar et al. 2002; 

Singh et  al . 20 00; St-Arnaud an d V ujanovic 2007;  Whipps 2 004; X avier and  

Boyetchko 20 04). According to W hipps (2004) the following m odes o f ac tion are 

involved in disease control by AMF: ‘(i) direct competition or inhibition; (ii) enhanced 

or altered plant g rowth, nut rition a nd morphology; ( iii) bi ochemical c hanges 
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associated w ith pl ant de fence mechanisms an d i nduced r esistance; and ( iv) 

development of an antagonistic microbiota’. These attributes make AMF valuable for 

concepts o f s ustainable agriculture i n c onnection w ith t he c ontrol o f s oil-borne 

diseases. 

Fusarium oxysporum f. sp. lycopersici (Fol), a soil-borne pathogen, which can cause 

severe y ield losses in tomato plants due to wilting and y ellowing of leaves, can be 

affected by AMF (Akköprü and Demir 2005; Dehne and Schönbeck 1979) resulting in 

a bioprotective effect due to changes in the root and v essel system. Root exudates 

and t heir m ultiple c omponents ( e.g. s ugars, or ganic ac ids, amino acids, phenolic 

compounds) play an i mportant role in p lant–microbe interactions in the rhizosphere, 

especially, i n the initial phase o f these interactions (Nelson 1990; Bais et  al . 2006; 

Straney et al. 2002; Bertin et al. 2003). The germination rate of Fol is influenced by 

root exudates as well (Steinkellner et al. 2005). Nevertheless, the potential alteration 

in root exudation patterns due to AMF and its putative effect on Fol development are 

not satisfactorily understood. For biochemical changes in tomato plants colonized by 

AMF and c hallenged w ith pat hogens dat a ar e al ready av ailable de monstrating 

systemic e ffects (Pozo et  al. 2 002; L ópez-Ráez et  al . 2 010a; López-Ráez et  al . 

2010b). I n r ecent y ears neg ative ef fects of root ex udates o f A M t omato plants on 

zoospores o f Phytophthora nicotianae (Lioussanne et al . 2 008) and Meloidogyne 

incognita infection (Vos et  al . 20 12) were r eported, al so i ndicating a s ubstantial 

contribution of root exudates in these plant–pathogen–symbiont interactions. 

As reviewed by Jones et al. (2004) and Vierheilig (2004) root exudates of mycorrhizal 

and n on-mycorrhizal plants a ffect s oil-borne pat hogens di fferently. T his has  al so 

been verified for the tomato pathogen Fol. The spore germination rate of Fol differs in 

root ex udates o f m ycorrhizal and non -mycorrhizal hos t pl ants (Scheffknecht et  al . 

2006; Scheffknecht et al. 2007). However, until now the factors contributing to these 

effects in the germination rate of Fol in root exudates of AM colonized tomato plants 

are unknown. 

For t his s tudy t omato pl ants w ere i ntercropped w ith c ucumber, w hich i s r eadily 

colonized by  A MF and,  c onsequently, pr ovides c onducive c onditions for A MF. 

Furthermore, is has neutral effects on Fol infection rate. The aim of our work was I) to 

elucidate t he dy namics i n r oot ex udation o f t omato due t o A MF and/or Fol, II)  i ts 

effect on Fol development in-vitro and III) to analyse the components identified in the 

chromatographic analyses in terms of effects on fungal growth in in-vitro assays.  
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Material and Methods 

Plant and fungal material 

Seeds of tomato (Solanum lycopersicum L. cv. Tiny Tim, B&T World Seeds, Aigues 

Vives, France) and cucumber (Cucumis sativus L. cv. Aztec F1, Austrosaat, Vienna, 

Austria) were surface sterilized by  soaking i n 50% household bleach ( “Dan K lorix”, 

3.8 % NaOCl) for 10 min and afterwards rinsed three times with autoclaved distilled 

water. Tomato seeds were transferred to pots filled with autoclaved perlite (Granuperl 

S 3 -6, K nauf Perlite GmbH, V ienna, A ustria) and  i ncubated i n a  g rowth c hamber 

(York International, Vienna, Austria) with a 16-h light (light intensity 296 µmol m-1 s-1) 

and 8-h dark photoperiod at  24°C. The perlite was irrigated with tap water. Tomato 

seeds w ere pr e-cultivated t hree w eeks be fore t ransplanting. D ue t o r apid g rowth 

cucumber seeds were used without precultivation. 

For pl ant i noculation an d fungal as says m icroconidial s uspensions o f Fusarium 

oxysporum f. sp. lycopersici (Fol 007) were prepared according to Steinkellner et al. 

(2008). 

For the arbuscular mycorrhizal fungi (AMF) plant inoculation a commercially available 

inoculum o f Glomus mosseae (BEG 12,  B iorize/Agrauxine, Q uimper, F rance) w as 

used. 

Experimental set-up and exudate collection 

Pre-cultivated plantlets and c ucumber seeds were t ransferred to pots filled w ith an 

autoclaved (20 min at 121°C) mixture of sand, soil and expanded clay (1:1:1, v/v/v). 

The pl ants w ere c ultivated i n a dual c ulture s ystem w ith one t omato and one 

cucumber plant per pot. The experimental set-up included the following treatments: I) 

Fol, II) AMF, III) AMF and Fol and IV) a control without Fol and AMF. Each treatment 

comprised 25 pots. 

AMF inoculum (4 ml) was added to the planting hole during the potting procedure. Fol 

was appl ied t o t he pl ant r oots by  di pping the r oots for 5 m in i n a microconidial 

suspension (1 x 105 microconidia ml-1) before plants were t ransferred into the pots. 

For the AMF+Fol treatment both inocula were added as mentioned above. 
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Plants w ere g rown i n a r andom des ign i n a g reenhouse for 6 weeks and w ere 

irrigated ac cording t o t heir m oisture r equirements w ith a nutrient s olution 

(Steinkellner et al. 2005). 

After 6 weeks plants were gently removed from the substrate und washed thoroughly 

under tap water. Only tomato plants were used for further processing. Roots of  the 

tomato pl ants were s ubmerged i n ac etate bu ffer ( 25 mM, pH =5.5) f or 6 h.  A fter 6 

hours root and shoot fresh weights were determined. Root exudates were adjusted to 

a concentration of 10 ml g-1 root weight, sterile f iltrated (0.22 µm, Steriflip® vacuum 

filter units, Millipore, ROTH, Karlsruhe) and stored at -20°C until further processing. 1 

exudate c omprised 5  pl ants a nd 5 r eplicates ( i.e. ex udates) p er t reatment w ere 

prepared. 

Fol disease i ncidence an d s everity were det ermined for al l t omato plants a nd 

represent means of 5 exudate pools, each comprising 5 plants.  

Disease severity was determined as  followed: tomato plants were rated by us ing a 

modified system of Wellman (1939), whereas numerical values were assigned to 5 

groups (g1=0.5,1; g2=2; g3=3,4; g4=5,6; g5=≥7). Disease severity was calculated by 

the following formula: 

 

Confirmation of  Fol infection w as done ac cording t o S teinkellner et al . (2011) and 

Nelson et al. (1983) by visual and microscopic analyses. 

Tomato root segments of  1-cm length, starting 2 c m down the shoot, were used for 

determining the degree of mycorrhization. Root segments were cleared by boiling for 

3 min in 10 % KOH and afterwards rinsed 3 times with tap water. Root staining was 

done by  boi ling t he r oots for 3 min i n a 5  %  i nk-vinegar s olution (Vierheilig e t a l. 

1998). The percentage of root colonization was determined according to the method 

of McGonigle et al. (1990). 

Leaf s amples w ere pool ed p er ex udate, dried at  35° C a nd us ed f or phos phorus 

analysis according to Nell et al. (2009) and Gericke and Kurmies (1952). 
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Chemical analyses 

Tomato r oot ex udates w ere f ractioned on an A mberlite X AD-1180 ( Fluka C hemie 

GmbH, Buchs, Switzerland) to hydrophilic and lipophilic compounds. The hydrophilic 

compounds were obtained by eluting with MQ water, lipophilic compounds by elution 

with absolute ethanol. 

For GC-MS analyses the hydrophilic f raction was hydrolyzed by 10% HCl for three 

hours at  r oom t emperature. F urther an alyte der ivatisation f ollowed r ecommended 

procedures (Kanani et al. 2008). Dried samples were dissolved in 50 µl of a solution 

of methoxyamine hydrochloride (Sigma Aldrich, Schnelldorf, Germany) in pyridine (20 

mg ml -1). A fter i ncubation at r oom t emperature for 18 h , 50 µl N-methyl-N-TMS-

trifluoroacetamide ( MSTFA, Thermo S cientific, P ittsburgh, P A) w ere add ed for 

derivatisation into trimethylsilyl ethers and esters. 0.5 µl of this solution were injected 

into an AutoSystem XL gas chromatograph (Perkin Elmer Inc., Waltham, MS) in the 

splitless m ode. The temperature o f t he P rogrammed T emperature V aporization 

(PTV) injector was raised from 100 to 300 °C in 5 min and then dropped to 250 °C. 

The temperature gradient started at 70 ° C and rose to 300 °C at a c onstant rate of 

3°C m in-1. A  ZB -5ms ( 25 m  x  0. 25 m m, 0.25 µm film t hickness; P henomenex, 

Torrance, C A) c olumn w as us ed, t he h elium follow r ate w as 0.8 m l min-1. T he 

Autosystem g as c hromatograph w as c oupled t o a  TurboMass quadrupol m ass 

spectrometer (Perkin Elmer, Waltham MS). The transfer line temperature was set to 

280 ° C, t he i on s ource t o 2 00 ° C, t he filament e mission to 7 0 eV . The mass 

spectrometer w as run i n t he t otal i on c urrent ( TIC) m ode from 40 t o 620 a mu. 

Experimental time was 100 minutes. 

The obt ained c hromatograms were i ntegrated w ith T urbomass 4. 1.1 ( Perkin E lmer 

Inc., Waltham, MS) and the peak areas of measured compounds where converted to 

relative am ounts ( % o f t he t otal peak ar ea of ev ery c hromatogram). M ass s pectra 

were tentatively identified by comparison with commercial (NIST 08, National Institute 

of S tandards a nd Technology, Gaithersburg, M D) and non -commercial dat abases 

(Kopka et al. 2005) and grouped into substance classes. 

For HPLC-UV analyses of lipophilic analytes dried exudates were diluted in methanol 

(Chromasolv grade, 1 0 mg m l-1). The a nalyses w ere c arried out  us ing a D ionex 

Summit HPLC (Dionex, Sunnyvale, USA) equipped with a photodiode array detector 
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and a F amos autosampler ( LC P ackings, Amsterdam, N etherlands). The c olumn 

used was a P henomenex Synergi Max C12 (150 x 2 m m, Phenomenex, Torrance, 

CA). T he p article s ize of the stationary phase was 5 μm. The column oven was 

adjusted to 40 ° C a nd t he flow r ate w as a djusted t o 0 .2 ml min-1. S olvent A w as 

prepared as follows: water/methanol/o-phosphoric acid (9:1:0.5, v/v/v), solvent B was 

pure methanol. The solvent gradient s tarted with 100 %  of solvent A  for 2 m inutes 

and subsequently changed linearly to 100 % of solvent B within 98 minutes. Finally, 

this c oncentration w as hel d f or f urther 10 m inutes. F ive µl  of  e ach s ample w ere 

injected. T he U V-spectra w ere r ecorded from 220–590 n m; t he s ignal wavelength 

was set to 229 nm.  

Peak ar eas ar e ex pressed as  %  o f t he t otal peak  o f a c hromatogram. Wherever 

possible, tentative structure assignment of structures was carried out by comparison 

of U V s pectra w ith t hose i n a n i n-house l ibrary of  s tandards and r eference 

compounds. 

 

Fungal growth assays 

Spore germination assays of Fol in tomato root exudates were prepared as followed: 

aliquots o f 500 µl  o f root exudates or  acetate bu ffer ( 25 mM, pH=5.5) were m ixed 

with 100 µl of a Fol conidial suspension (1 x 107 microconidia ml-1) in 24-well-culture 

plates (Greiner bio-one, Nr. 662160, Frickenhausen, Germany) and incubated at 24 

°C in the dark while shaking (200 rpm) for 20 h. After 20 h 2 00 spores in each well 

were checked under the microscope for germination. The tests were run in triplicates. 

For s pore g ermination a nd mycelial dev elopment as says o f Fol in s elected r oot 

exudate c ompounds Czapek D ox br oth c omposition (Singleton et al . 1 992) was 

modified as followed: 3 mg L-1 NaNO3, 1 mg L-1 K2HPO4, 0.5 mg L-1 KCl, 0.5 mg L-1 

MgSO4 x 7  H 2O and 0. 01 mg L -1 FeSO4 x 7  H2O. A ll c omponents w ere m ixed i n 

acetate b uffer ( 25 mM, pH =5.5). T his mixture w as us ed as  t he standard m edium. 

Based on t he c hemical anal yses f or t he single c ompound t esting t he following 

compounds were used: glucose (α-D(+)-glucose m onohydrate, R OTH, Karlsruhe, 

Germany), f ructose ( D-fructose A lfa A esar G mbH &  C o KG, K arlsruhe, G ermany), 

citrate (citric acid monohydrate, ROTH, Karlsruhe, Germany), malate (DL-malic acid, 
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Merck C hemicals, D armstadt, G ermany), s uccinate ( succinic ac id, S igma-Aldrich, 

Schnelldorf, G ermany), t ryptophan ( DL-tryptophan), c innamic ac id ( trans-cinnamic 

acid), protocatechuic ac id (3,4-dihydroxybenzoic ac id, A lfa Aesar G mbH &  Co K G, 

Karlsruhe, G ermany), c hlorogenic ac id an d s alicylic ac id ( Fluka C hemie G mbH, 

Buchs, Switzerland). The following concentrations were prepared: 0.003, 0.03, 0.3, 3 

and 30 mM. Due to the limits of solubility no 30 mM concentration were prepared for 

tryptophan, cinnamic acid, chlorogenic acid and salicylic acid. Non-polar compounds 

were dissolved in DMSO before mixing with the standard medium. Polar compounds 

were di rectly dissolved in the s tandard medium. pH was adjusted to 5.5 with 10 M  

NaOH. 

For t he s pore g ermination as says al iquots of 17 5 µl standard m edium or  single 

compound s olution a nd 35  µl  of c onidial s pore s uspension ( 107 microconida m l-1) 

were us ed per  w ell of 96 -well p lates ( NUNCLON™ Δ Surface, F 96 M icroWell™ 

Plates, NUNC™ Brand Products, Denmark). For each compound and c oncentration 

3 wells were used. Assays were run in triplicates. Plates were incubated for 24 h i n 

the dark at 24 °C on a rotary shaker (200 rpm), after incubation 200 spores per well 

were checked under the microscope for germination. 

Mycelial growth was determined by OD (optical density) measurements (Broekaert et 

al. 1990). 96-well plates were prepared like the spore germination assay but instead 

of 3 w ells 6 wells were l oaded. 4 o f them were f illed w ith l iving spores, 2 o f them 

served as  bl anks an d c ontained n o s pores. T his as say was al so r un i n t riplicates. 

Plates w ere i ncubated i n t he dark at 2 4°C on a r otary s haker ( 200 r pm), O D 

measurements (λ=600 nm, FLUOstar Omega, BMG LABTECH GmbH) were carried 

out every 24 h on 4 consecutive days. 

Statistical analyses 

Data w ere anal ysed by  one -way A NOVA and Bonferroni’s p ost-hoc t est ( total 

exudates) or T ukey’s post-hoc t est. H omogeneity o f v ariance w as t ested w ith 

Levene’s test, when necessary data were t ransformed. All s tatistical analyses were 

performed using PASW Statistics 18 (Version 18.0.0, IBM). 
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Results 

Plant growth, AMF colonization and disease assessment 
AMF i ncreased t he r oot w eights o f t omato c ompared t o t he Fol and A MF+Fol 

treatment ( Table 1) . However, c ompared t o t he c ontrol n o di fferences c ould b e 

detected. S hoot w eights w ere not  af fected by  t he appl ication of  Fol, A MF o r 

AMF+Fol. Disease incidence and disease severity of  Fol did not differ between the 

Fol and the AMF+Fol treatment. AMF colonization rates were equal in the AMF and 

AMF+Fol treatment. Treatments without Fol or AMF did not show any Fol infection or 

AMF c olonization. P  l evels did not  s how an y s ignificant difference between 

treatments. 

GC-MS analyses of hydrophilic root exudate analytes 
In the polar fraction of the root exudates sugars and or ganic ac ids had t he highest 

peak ar eas r anging bet ween 32 -66 %  a nd 2 9-54 % , r espectively ( Fig. 1 ). A mino 

acids with 1-13 % had the lowest relative peak area in the polar fraction of the root 

exudates. Within the organic acids the AMF and AMF+Fol treatments had around 40 

% less organic acids than the control and the Fol treatment. In the sugars the AMF 

and AMF+Fol treatments had around 100 % more relative amount of sugar than the 

control treatment. 

Glucose, fructose, m alate, c itrate and s uccinate w ere s elected a ccording t o t heir 

prevalence in the analysed root exudates and are presented in Fig. 2. Glucose was 

more pr evalent i n exudates o f t he A MF an d A MF+Fol treatment c ompared t o t he 

control and Fol treatment. For malate the situation appeared to be inverted, showing 

more prevalence in the control and Fol treatment. Fructose shows a high prevalence 

in the exudates (24-48 %), whereas citrate and succinate showed a lower prevalence 

compared to malate and glucose.  

HPLC–UV analyses 
In the non-polar fraction of the root exudates 5 m ain compounds could be identified 

(Fig. 3), namely, tryptophan, protocatechuic acid, chlorogenic acid, saylicylic acid and 

cinnamic ac id. The r elative peak  area ranged from 0. 3 t o 7. 1 % . Chlorogenic ac id 

was the only compound where a difference between the different treatments could be 
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detected. The relative amount of chlorogenic acid was significantly increased in the 

AMF+Fol treatment by almost 200 % compared to the control treatment. 

Fungal growth assays 
Spore g ermination r ates o f Fol in r oot ex udates o f t he di fferent t reatments w ere 

tested an d r anged between 59 and 79 % (Fig. 4 ). Fol in r oot ex udates o f the 

AMF+Fol treatment exhibited a 10 % and 20 % lower germination rate than Fol in the 

control and AMF treatments, respectively. 

Furthermore, the i nfluence o f di fferent c hemical c ompounds found i n t he r oot 

exudates on t he germination rate of Fol was tested (Table 2; Table 3). Germination 

rates were normalized to the standard medium (34 % ± 0.7 (mean ± S.E.)). Glucose 

and f ructose increased Fol germination r ate c ompared t o t he s tandard medium 

(Table 2) . F or g lucose c oncentrations from 0. 3 mM t o 30 mM i ncreased t he 

germination rate significantly, for fructose concentrations from 3 to 30 mM also led to 

a s ignificant i ncrease c ompared t o t he s tandard medium, how ever, t he e ffects o f 

glucose were higher with 26 to 36 % increase compared to fructose with around 10 % 

increase. The organic ac ids on t he contrary had ne utral t o negative ef fects on t he 

spore germination rate. Malate and succinate showed neutral effects apart from the 

highest concentration (30 mM), where malate also showed a r eduction of the spore 

germination rate to 60 %. C itrate reduced the germination rate apart f rom the 0.03 

mM concentration. 

The g ermination r ate of Fol was ei ther not  or  neg atively af fected by  t he s elected 

compounds o f the non -polar fraction ( Table 3) . At 30 m M concentration 

protocatechuic ac id reduced the spore germination to 53 % and c innamic ac id at 3 

mM to 25 %. A lower reduction to 80 % could be o bserved in chlorogenic acid at a 

concentration of 0.003 mM. Salicylic acid reduced spore germination at the 0.003, 0.3 

and 3 mM concentration. 

To t est t he gr owth of  Fol within 96  h  i n t he different c hemical c ompounds O D 

measurements w ere carried o ut. Living s pores o f Fol caused di scoloration in t he 

samples o f pr otocatechuic ac id and c hlorogenic ac id m ixed with l iving s pores and  

were therefore not  comparable. Malate, c itrate, succinate and salicylic ac id did not  

show any differences in growth compared to the standard medium (data not shown). 



53 
 

Glucose and fructose s howed an i ncrease o f O D v alues at  t he 3 a nd 3 0 m M 

concentration (Fig. 5a, b). All concentrations of tryptophan (Fig. 5c) showed the same 

effects on mycelial growth of Fol until 48 h.  Afterwards the growth of Fol in the 0.3 

and 3 mM solution was increased compared to the standard medium and to the other 

concentrations. With cinnamic acid the picture is di fferent. In the 3 mM solution Fol 

showed no growth within the first 24 hours. After 24 hours Fol started to grow but the 

OD levels were clearly lower than in all other treatments. 

 

Discussion 

This st udy w as i nitiated t o el ucidate dynamics i n r oot ex udation o f t omato i n a n 

intercropping s ystem due t o A MF an d/or Fol and t heir pos sible e ffects o n Fol. 

Chemical analyses of the polar fraction of the root exudates identified organic acids 

and s ugars as  t he m ain s ubstance c lasses i n t omato r oot exudates of  t he c ultivar 

“Tiny T im” in  a  t omato-cucumber i ntercropping s etting. T hese s ubstance c lasses 

comprised c ompounds l ike g lucose, fructose, malate, c itrate and  s uccinate, 

compounds w hich were al ready r eported i n other ex periments with t omato r oot 

exudates (Kamilova et  al . 2 006; Li oussanne e t al . 2 008). I n our  s tudy A MF 

application al one as  well as  i n c ombination w ith Fol led t o a r eduction o f or ganic 

acids and an increase in sugar content (Fig. 1), in particular the organic acid malate 

and the sugar g lucose (Fig. 2)  (sucrose could not be measured due to hydrolyzing 

the samples). 

Organic acids like malate and citrate have a crucial role in plant nutrition since they 

can mobilize i norganic P  and ar e t herefore r eadily exuded by  pl ants u nder P 

deficiency (Jones 1998). AMF are s trongly connected to an i mproved P nut rition of 

plants due to their ability to provide P to their host plants. In this respect it is tempting 

to assume that an increased P supply shifts the profuse exudation of organic acids to 

a redundant and physiologically costly event, since at the same time this increased P 

supply by  AMF comes with plant-derived C  ( i.e. hexoses) as  a t rade-off. However, 

studies on decreased malate concentrations due to AM inoculation are rare and even 

in a r ecent w ork no r elationship bet ween root P  c oncentration and t he r educed 

amount of organic acids in root exudates could be shown (Ryan et al. 2012). This is 

in l ine w ith our  f indings where a r eduction o f malate exudation i n AMF t reatments 
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was not accompanied by changes in plant P contents (Table 1). We conclude that the 

reduction o f malate i n r oot exudates i s l inked t o A MF symbiosis and i ts impact on 

alteration of host physiology and not due to P effects. 

As already mentioned before AMF receive hexoses as a trade-off for P supply. Apart 

from receiving the plant-derived assimilates in the hyphal─plant interface AMF also 

use ex uded metabolites f or t he g ermination and g rowth of  A MF dur ing pr e- and 

postcolonization events (Graham et al. 1981). The increased levels of glucose in the 

exudates o f al l A MF t reatments c ould b e us ed by t he A MF s pores f or t he 

presymbiotic g rowth phase (Bücking et  al . 2008), since A MF colonization rate was 

still at 6 % and further colonization might still occur. To date reports about elevated 

sugar l evels i n r oot ex udates are s carce and have bee n l inked t o l ow P  i n t he 

substrate (Tawaraya et al. 2012; Graham et al. 1981), which could not be confirmed 

in our work since the plants received sufficient P supply. 

Apart from b eneficial effects o n A MF elevated l evels o f s ugars can at tract plant-

growth-promoting b acteria (Sood 2 003) as well as  pl ant p athogens (Nelson 1990), 

indicating putative effects on r hizosphere microorganisms. Lioussanne et al. (2008), 

by contrast, found no AMF-induced differences in glucose content of root exudates, 

however, working with transformed tomato roots grown under gnotobiotic conditions 

and with G. intraradices.  

AMF colonization rates of 6 % appeared to be low in our experiments but, however, 

in a pr evious s tudy of  S cheffknecht et  al . ( 2006) s timulating ef fects on Fol 

microconidia germination were al ready evident at  an AMF colonization rate of 4 %. 

Scheffknecht et al. ( 2006) s tudied r oot exudates c hallenged only w ith A MF. I n our 

experiments a Fol treatment and a s imultaneous ap plication o f AMF and Fol was 

added to the experimental set-up .  AMF appl ied alone to the plants s timulated Fol 

germination r ate, w hich i s i n ac cordance w ith S cheffknecht et  al. 200 6, b ut i n the 

AMF+Fol treatment germination rate of Fol was reduced compared to the control and 

the Fol treatment (Fig. 4). Increased germination in the AMF exudate coincides with 

higher amounts of glucose in the root exudates; glucose addition to the medium also 

increased t he s pore g ermination and m ycelial g rowth r ate o f Fol when t he s ingle 

compound was tested (Table 2; Fig. 5a), which is in accordance with Steinberg et al. 

(1999). This i ncrease was obs erved at  a g lucose c oncentration o f 0.3 mM, w hich 

represents a v ery r ealistic c oncentration i n t he r hizosphere ( Jones 1 998). 
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Furthermore, R uan e t al . (1995) propose t wo pat hways f or t he s timulation of 

germination, ei ther b y nut rients l ike s ugars and amino ac ids or  by  phe nolic 

compounds i n F. solani f. s p. pisi and f . s p. phaseoli. H owever, an  increase i n 

germination and growth of Fol induced by glucose does not necessarily indicate an 

advantage for the pathogen with regard to host infection processes. The increased 

amounts o f g lucose c an ex plain t he dev elopment o f t he s pore g ermination i n r oot 

exudates of AM plants but for the AMF+Fol treatment, where germination rate was 

reduced, t he s ituation i s di fferent, al though t he r elative a mount of g lucose i n the 

exudates was increased as well. Root exudates consist of many different compounds 

with d ifferent e ffects on m icroorganisms i n the rhizosphere. Therefore, we assume 

that in root exudates of AMF+Fol plants other compounds had stronger effects than 

glucose that resulted in decreased spore germination. 

In t he s ingle c ompound as says s everal c ompounds reduced s pore g ermination. 

Among these were the organic acids malate and citrate (Table 2) and also phenolic 

acids l ike c hlorogenic, c innamic, s alicylic a nd pr otocatechuic ac id ( Table 3). The 

latter o nes w ere s uggested t o c ontribute t o pl ant defense i n t issues (Bennett an d 

Wallsgrove 1994)  and w ere al so r eported t o be i nfluenced i n t heir pr evalence i n 

tomato r oots by  A M s ymbiosis (López-Ráez et  al . 2 010a). P riming o f t he i mmune 

system of the plant leads to a systemic protection against pathogens in combination 

with changes in the secondary metabolism as reviewed by  Jung et  al . (2012). It is 

quite tempting to assume that priming might also be involved in the relative increase 

of the amount of chlorogenic acid in root exudates of AMF+Fol tomato plants (Fig. 3), 

however, f urther s tudies i nvolving det ailed metabolic pr ofiling n eed t o be done t o 

explore this assumption further. Nevertheless, to our knowledge this is the first report 

on an increase of chlorogenic acid in root exudates of AM plants challenged with a 

pathogen compared to plants inoculated with AMF only, clearly indicating changes of 

root exudation due to AMF and Fol. Thus, chlorogenic acid could be a candidate for 

the reduction of spore germination. However, in the single compound assay only the 

0.003 m M c oncentration c aused a c lear r eduction o f s pore g ermination. Taking a  

closer look at the single compound assays, also organic acids like malate and citrate 

and need to be taken into consideration for the reduction of spore germination. In the 

rhizosphere concentrations of 1 µM to 1 mM are realistic (Jones 1998) depending on 

the c hemical c ompound. O rganic acids an d s ugars account for t he major 

components in root exudates and are therefore available in larger quantities in the 
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rhizosphere. C itrate al ready i nhibited Fol spore g ermination at  a concentration o f 

0.003 mM which is a more realistic concentration in the rhizosphere than the effective 

concentration of malate with 30 mM. However, citrate was not significantly increased 

in the AMF+Fol treatment, although a slight tendency was seen. 

For citrate and malate the observed effects were proportional to their concentrations, 

whereas f or t he c hlorogenic ac id neg ative e ffects w ere onl y ev ident at  a l ow 

concentration. This might appear inconclusive in the beginning. But when considering 

that p henolics ar e av ailable i n l ess q uantities i n r oot ex udates a nd t he findings o f 

previous studies demonstrating that on the one hand low concentrations of flavonoids 

had more antimicrobial activity against Fol than higher concentrations (Steinkellner et 

al. 200 7) and on t he other l ow c oncentrations had more s timulatory ef fects o n F. 

solani germination t han higher c oncentrations ( Ruan et al. 1 995) t he picture i s 

different. R egarding r ealistic c oncentrations i n t he r hizosphere negative effects o f 

protocatechuic acid and cinnamic acid on Fol at 30 mM and 3 mM, respectively, are 

not t ransferable to the rhizosphere. Salicylic ac id e ffects appeared to be more of a 

random nature. I n c onclusion, c itrate a nd c hlorogenic acid as w ell ar e g ood 

candidates for t he r eduction o f Fol germination r ate i n t he r oot ex udates o f t he 

AMF+Fol treatment since they proved inhibition at concentrations naturally occuring 

in the rhizosphere. 

Apart from spore germination rates also the mycelial development was tested, which 

is also essential for a successful colonization of roots. Effects on spore germination 

were not necessarily the same as  on m ycelial development. Apart f rom neg ative 

effects of certain phenolic acids and positive effects of sugars also positive effects of 

tryptophan on mycelial development were evident (Fig. 5c), which are debatable in 

the context of rhizosphere concentrations. 

Nevertheless, due to analytical limits the available analytical data do not represent all 

possible analytes that might be present in the root exudates. Possibly, such analytes, 

which were not  detected by  the applied analytical methods, may also contribute to 

the observed effects. 
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List of figure captions 

Fig. 1 Relative peak area (TIC) of GC–MS analyses grouped into substance classes 

and treatments (mean ± S.E., n=3). Different letters within substance classes indicate 

significant differences (ANOVA, P <0.05, Tukey’s test). 

Fig. 2 Relative peak area (TIC) of selected compounds from GC–MS analyses (mean 

± S .E., n=3). D ifferent l etters i ndicate s ignificant di fferences w ithin c ompounds 

(ANOVA, P <0.05, Tukey’s test). 

Fig. 3 Relative peak area (TIC) of HPLC–UV analyses (mean ± S.E., n=3). Different 

letters indicate s ignificant di fferences within compounds (ANOVA, P <0.05, Tukey’s 

test). 

Fig. 4 Spore germination rate of Fol in root exudates after 20 h (mean ± S.E., n=5). 

Different letters indicate significant differences (ANOVA, P <0.05, Bonferroni’s post-

hoc test). 

Fig. 5 OD600 of g lucose (a), fructose (b), tryptophan (c) and c innamic acid (d) w ith 

different concentrations. 
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List of table captions 

Table 1 Tomato pl ant g rowth par ameters, Fol infection par ameters, A MF root 

colonization and P concentration of leaves (mean ± S.E.). 

Table 2 Germination rate of Fol relative to standard growth medium [%] in chemical 

compounds from t he hy drophilic f raction o f t he r oot ex udates w ith di fferent 

concentrations. 

Table 3 Germination rate of Fol relative to standard growth medium [%] in chemical 

compounds from t he l ipophilic f raction of  t he r oot ex udates w ith di fferent 

concentrations [mM]. 
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Table 1 

Tomato pl ant g rowth parameters, Fol infection par ameters, A MF r oot c olonization 

and P concentration of leaves (mean ± S.E.).  

 Control Fol AMF AMF+Fol 

Root f resh w eights 

[g] 

1.87 ± 0 .18 

aba 

  1.24 ± 0 .17 

a 

2.06 ±  0.18 

b 

1.39 ± 0. 14 

a 

Shoot f resh w eights 

[g] 

3.08 ± 0.33 a   2.51 ± 0 .29 

a 

3.53 ±  0.25 

a 

2.67 ± 0. 24 

a 

Disease i ncidence 

[%] 

- 10.40 ± 2. 71 

a 

- 5.60 ± 2. 40 

a 

Disease severity -   1.80 ± 0 .67 

a 

- 1.00 ± 0. 42 

a 

AMF c olonization 

rate [%] 

- - 6.10 ±  0.90 

a 

6.90 ± 1. 30 

a 

Leaf P  concentration 

[mg g-1 dry weight] 

2.45 ± 0.24 a   3.00 ± 0 .17 

a 

3.00 ±  0.18 

a 

2.80 ± 0. 07 

a 

a Different letters indicate significant differences (ANOVA, P <0.05, Tukey’s test). 
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Table 2 

Germination rate o f Fol relative t o s tandard g rowth m edium [ %] i n c hemical c ompounds f rom the hy drophilic f raction of t he r oot 

exudates with different concentrations. 

Compound Germination rate relative to standard [%] 

  Concentration [mM] 

 Standard 0.003 0.03 0.3 3 30 

Glucose 100 aa 99.22 ± 3.80 a 108.78 ±  3. 89 

ab 

126.44 ±  5.20 

bc 

133.22 ±  5. 12 

c 

136.22 ±  4. 19 

c 

Fructose 100 ab 94.33 ± 4.00 a 93.00 ± 3.61 a 101.89 ±  3.70 

ab 

113.44 ±  3. 52 

b 

111.89 ±  3. 68 

b 

Succinate 100 ab 105.22 ± 4.85 b 107.33 ± 3.78 b 103.00 ± 4.70 b 92.33 ±  2. 03 

ab 

86.57 ± 4.49 a 

Citrate 100 c 74.44 ± 4.89 ab 86.11 ± 4.22 bc 79.00 ± 3.28 b 74.67 ±  5. 81 

ab 

59.44 ± 3.73 a 

Malate 100 b 81.89 ± 5.87 b 81.00 ± 4.71 b 84.33 ± 4.08 b 85.56 ± 3.28 b 60.11 ± 5.15 a 

a Different letters indicate significant differences within a compound (n=9, ANOVA, P <0.05, Tukey’s test). 
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Table 3 

Germination rate of Fol relative to standard growth medium [%] in chemical compounds from the lipophilic fraction of the root exudates 

with different concentrations [mM]. 

Compound Germination rate relative to standard [%] 

  Concentration [mM] 

 Standard 0.003 0.03 0.3 3 30 

Protocatechuic acid 100 ba 94.56 ± 4.09 b 89.56 ± 4.30 b 90.33 ± 4.04 b 95.78 ± 3.00 b  52.78 ± 4.37 

a 

Tryptophan 100 a 88.33 ± 4.09 a 83.56 ± 4.44 a 99.78 ± 4.04 a 100.33 ± 6.15 

a 

- 

Chlorogenic acid 100 b 80.33 ± 5.17 a 92.22 ± 5.49 

ab 

92.33 ± 3.81 ab 105.11 ± 5.13 

b 

- 

Cinnamic acid 100 b 101.11 ± 6.06 b 96.33 ± 4.22 b 83.56 ± 5.39 b 24.78 ± 6.04 a - 

Salicylic acid 100 b 84.78 ± 7.47 a 96.67 ± 8.25 

ab 

97.44 ± 8.11 a 87.00 ± 5.79 a - 

a Different letters indicate significant differences within a compound (n=9, ANOVA, P <0.05, Tukey’s test). 
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3. Summary 
In t he pr esent s tudy e ffects of A MF o n t omato dev elopment a nd Fol infection i n 

different c ultivation s ettings w ere i nvestigated. This i ncluded di fferent i ntercropping 

settings of tomato and the cultivation of different tomato cultivars alone. Additionally, 

root exudation and its role in disease development were investigated. 

For the intercropping studies an i noculum consisting of six different Glomus species 

was tested against Fol with tomato (cv. Kremser Perle) intercropped with either leek, 

cucumber, basil, fennel or  tomato i tself. Arbuscular mycorrhizal r oot colonization o f 

tomato was clearly affected by its intercropping partner. Tomato plants intercropped 

with leek showed a 20 %  higher colonization rate of roots than tomato co-cultivated 

with t omato, w hereas, t omato i ntercropped with f ennel s howed a  13 %  l ower A M 

colonisation level. Cucumber and basil as intercropping partners did not change root 

colonization compared to the tomato/tomato combination. As far as the Fol disease 

development i s c oncerned, the i ntercropping s ystem i tself h ad no e ffect o n Fol 

disease i ncidence or  disease s everity apar t f rom t he t omato/tomato c ombination 

where neg ative e ffects w ere ev ident. H owever, A MF appl ication i n i ntercropping 

settings had e ffects on Fol disease severity. S imultaneous inoculation of A MF and 

Fol led t o a r eduction o f di sease s everity i n t he t omato/leek and t omato/basil 

combination and for the better developed plant of tomato/tomato. The application of 

AMF alone compared to the untreated control had positive effects on root and shoot 

weights. Furthermore, bioprotective e ffects of AMF resulting in the dec rease o f Fol 

disease s everity and/ or c ompensation of pl ant bi omass w ere ev ident for t he 

tomato/leek, tomato/basil and the better developed plant of tomato/tomato. 

For t he c ultivar ex periment ten different t omato c ultivars w ere i noculated w ith G. 

mosseae and/or Fol. The AM colonization rates depended on the tomato cultivar, the 

highest colonization rates could be observed the cultivars Kremser Perle and Apero. 

Fol infection rates also depended on t he cultivar. The cultivars Yellow Pearshaped, 

Rheinlands Ruhm and Supersweet had the highest Fol infection rates, whereas, the 

cultivar M yriade s howed no i nfection at all. The s ame c ultivar dep endency w as 

observed for the bioprotective effect of AMF, which were evident in L. peruvianum, 

Kremser Perle and Marmande. 
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In a t hird experimental set-up the role of root exudates in disease development was 

investigated. GC-MS analyses revealed an AMF-dependent increase of sugars and 

decrease o f or ganic acids, m ainly g lucose a nd malate. With t he HPLC a nalyses a  

relative increase in chlorogenic acid when AMF and Fol were applied simultaneously 

could be s hown for the first t ime. F urthermore, A MF i noculation i ncreased the 

germination rate o f Fol in t otal exudates, whereas, t he s imultaneous i noculation o f 

AMF and Fol decreased the germination rate of Fol in total exudates. In subsequent 

single c ompound in-vitro assays c itrate and c hlorogenic ac id w ere i dentified as  

possible c andidates for t he r eduction o f Fol germination r ate i n t he A MF+Fol 

treatment, s ince t hey pr oved i nhibition a t c oncentrations n aturally oc curring i n t he 

rhizosphere. However, i t i s s till possible that not  all substances had been detected 

with the applied methods and other substances might had been involved as well. 

In summary, these results show that AMF exhibit di fferent effects on pl ant biomass 

and Fol disease development depending on the tomato cultivar and the intercropping 

partner. Furthermore, it could be s hown that AMF and A MF+Fol inoculation impact 

on the root exudation pattern of tomato. 
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4. Conclusion 
The mycorrhizal symbiosis is an anc ient association between AMF and 80 %  of al l 

herbaceous plants. A part f rom nut ritional benefits f or the plant al so bioprotective 

effects are evident. It is known from ecological plant communities that AMF influence 

the composition o f t hese communities and t he plant composition feedbacks on t he 

AMF community. It can be concluded from this work that also with crop plants these 

feedback matters c an be  us ed t o i nfluence pl ant health p ositively by  us ing 

appropriate intercropping partners like leek. The use of inocula consisting of different 

AMF s pecies c an also be  r egarded as  an ap proach t hat mimics m ore nat ural 

conditions and can compensate colonization preferences of AMF species, which can 

be even seen at plant cultivar level. 

Apart from AMF and pathogens also other beneficial microorganisms are prevalent in 

the rhizosphere. The findings of this work about changes in root exudation dynamics 

due t o A MF and Fol raise new  q uestions a bout t he e ffects o f t hese dy namics o n 

other rhizosphere inhabitants. Different multitrophic experimental set-ups could be a 

way to explore such putative effects and help unraveling the “hidden“ half further. 
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