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CHAPTER 1 

 

General Introduction 
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Fusarium oxysporum  

 

Fusarium oxysporum (Fo) is a haploid and asexual filamentous ascomycete (Michielse and Rep, 2009). 
This soil borne fungus is an infamous root vascular pathogen causing ‘Fusarium wilt disease’. 
Pathogenicity of Fo is highly host-specific and strains causing disease in a specific host are 
classified into so-called ‘forma specialis’ (f.sp.). A f.sp. typically cannot cause disease in other crop 
species, Fo f.sp. radicis-cucumerinum being an exception as it causes disease in melon, watermelon 
and cucumber (Edel-Hermann and Lecomte, 2019).  Nevertheless, the majority Fo strains are non-
pathogenic soil borne saprotrophs that are able to endophytically colonize root surfaces and the 
outer root cortex of different plant species (Bao et al., 2004; Gordon, 2017). The germination of 
Fo spores, and the subsequent hyphal chemotaxis toward the root is triggered by root exudates 
(Turrà et al., 2015; Nordzieke et al., 2019). When Fo reaches the root surface the hyphae swell 
before penetrating the roots. Depending on the f.sp. and its host, root entry can occur through 
wounds in the epidermis, or at sites of lateral root formations, or at the root tip. Once in the cortex 
the colonization of the root by Fo endophytes is mostly apoplastic and restricted to the outer 
cortex. Fo pathogens, however, are able to enter into the vascular stele and to colonize above-
ground tissues through the xylem vessels (Gordon, 2017). Typically, the extensive colonization of 
the vasculature causes the characteristic disease symptoms, such as wilting, stunting and sometimes 
death of the infected plant. Fo pathogens, like the tomato pathogen Fo f.sp. lycopersici (Fol), carry 
a pathogenicity chromosome that can be horizontally transferred to the endophyte Fo47. 
Acquiring this pathogenicity chromosome enables the latter to become a tomato pathogen (Ma et 
al., 2010). Pathogenicity chromosomes harbor host-specific effector genes contributing to fungal 
virulence. As the encoded proteins are secreted into the vasculature they are referred to as 
Secreted-in-xylem (Six) proteins (Ma et al., 2010; van Dam et al., 2016). In Fol 14 Six genes have 
been identified, of which Six1 (Avr3), Six3 (Avr2), Six5 or Six6 are indispensable for full 
pathogenicity towards tomato (Rep et al., 2004; Rep et al., 2005; Houterman et al., 2008; Gawehns 
et al., 2014), classifying them as genuine effector proteins. Contrarily, Fo endophytes carry fewer 
(or none) Six genes.  
 
Plant innate immunity  

 

Plants harbor a sophisticated innate immune system that allow them to counteract invasion 
attempts of pathogens (Jones and Dangl, 2006). The innate immune system can be broadly divided 
into two layers; the first relies on the detection of conserved microbe-associated molecular patterns 
(MAMPs) from pathogens by pattern-recognition receptors (PRR) at the plant cell surface. The 
two best characterized examples of PRR/MAMP pairs are the receptor-like kinase (RLK) 
FLAGELLIN-SENSING 2 (FLS2) and the CHITIN ELICITOR RECEPTOR KINASE 
(CERK1), mediating respectively recognition of bacterial flagellin (or the immunogenic peptide 
flg22) or fungal chitin (Gomez-Gomez and Boller, 2000; Miya et al., 2007). MAMP recognition by 
a PRR triggers a broad spectrum, but localized, immune response effective against many 
pathogens, which is called pattern-triggered immunity (PTI) (Jones and Dangl, 2006). To date, the 
only receptor proposedly involved in a specific PTI response to Fusarium is MALE 
DISCOVERER1-INTERACTING RLK 2 (MIK2) that recognizes an unknown factor in Fo 
extracts (Coleman et al., 2019).  

Chapter 1
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During the evolutionary arms race between plants and pathogens, the latter acquired the ability of 
suppressing and/or evading PTI through specific effectors that either manipulate host targets, or 
modify or hide MAMPs jeopardizing their recognition by PRRs (Wawra et al., 2016; Di et al., 2017; 
Gao et al., 2019).  An example of a Fol effector protein is Avr2, which enters plant cells 
compromising PTI signaling (Di et al., 2016; Di et al., 2017). Some plants harbor resistance (R) 
genes encoding R proteins that can detect the action or presence of specific pathogen produced 
effectors resulting in the activation the second layer of innate immunity, effector-triggered 
immunity (ETI) (Jones and Dangl, 2006). For example, tomato varieties carrying the R genes I, I-
2 or I-3 can trigger ETI upon recognition of the Fol effector proteins Avr1, Avr2 or Avr3, 
respectively (Simons et al., 1998; Catanzariti et al., 2015; Catanzariti et al., 2017). However, the 
boundaries between PTI and ETI are blurred as their immune outputs; e.g. reactive oxygen species 
(ROS) burst, increase in the intracellular Ca2+ levels or transcriptional reprogramming affecting, 
for instance, the levels of the defense phytohormones jasmonic acid (JA), ethylene (ET) and 
salicylic acid (SA) often overlap (Bozso et al., 2016). Furthermore, some of the tomato R proteins, 
such as I or I-3, are receptor-like proteins (RLPs) or RLKs located at the cell surface and they act 
analogous as PRRs detecting MAMPs. RLPs and RLKs often recruit other RLKs upon ligand 
binding, which results in homomers (CERK1) or heteromers by for instance interaction with 
BRI1-ASSOCIATED KINASE 1 (BAK1) (Chinchilla et al., 2007). BAK1 recruitment by a PRR 
or dimerization of a cell surface receptor typically leads to transphosphorylation of the intracellular 
kinase domains starting a downstream signaling response. This response results in the subsequent 
phosphorylation of cytoplasmatic kinases and mitogen-activated protein kinases (MAPKs) 
triggering the production of ROS and a transcriptional reprogramming, resulting in callose 
depositions and cell wall fortifications (Frey et al., 2014). BAK1 is required for the downstream 
‘PTI’ signaling of FLS2 upon flg22 recognition (Chinchilla et al., 2007), and for ‘ETI’ signaling of 
the tomato I protein upon recognition of the effector Avr1 from pathogenic Fol (Catanzariti et 
al., 2017). This implies that the PTI and ETI signaling originating from the cell surface might 
employ similar pathways and could rely on shared immune responses. 
 
Plant immune response upon Fusarium oxysporum infection 

  

Although Fo endophytes and Fo pathogens trigger local PTI responses, the latter are known to 
manipulate their hosts through effector secretion, which facilitates infection and concomitant wilt 
disease (de Sain and Rep, 2015; Di et al., 2017; Gao et al., 2019). A well described effector 
compromising PTI is Fol Avr2, which suppresses ROS production, MAPK phosphorylation and 
callose deposition upon flg22 application (Di et al., 2017). The cotton-infecting strain Fo f.sp. 
vasinfectum secretes the effector PDA1 during infection, a chitin deacetylase that converts 
immunogenic chitin into chitosan thereby thwarting detection by the host cells (Gao et al., 2019). 
Fo endophytes in contrast, trigger a strong PTI response leading to an increased accumulation of 
host cytosolic Ca2+ concentration, ROS accumulation and host cell death (Olivain et al., 2003; 
Humbert et al., 2015). Also, unlike Fo pathogens, the endophyte Fo47 triggers host papillae 
accumulation upon plant cell wall penetration attempts (Benhamou and Garand, 2001).  
 
Notably, most Fo isolates can confer biocontrol to root pathogens (Bao et al., 2004). Biocontrol 
can be mediated directly through mycoparasitism and competition (Benhamou et al., 2002) or 

1
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indirectly by inducing a plant-mediated response called endophyte-mediated resistance (EMR) (See 
Chapter 2). Co-inoculation of tomato with endophytic Fo47 and a pathogenic Fol results in severe 
disease reduction (Figure 1). The nature of the activated immune response is unclear, but split-
root systems imply that Fo endophytes trigger a systemic EMR response that reduces susceptibility 
to Fo pathogens (Duijff et al., 1998; Kaur and Singh, 2007; Pantelides et al., 2009). This systemic 
response is effective in controlling Fo pathogens and other root pathogens such as the oomycetes 
Pythium ultimum in cucumber (Benhamou et al., 2002) and Phytophthora capsici in pepper (Veloso and 
Díaz, 2012). The molecular requirements by which Fo endophytes induce EMR in the host (e.g., 
an intact PTI/ETI or JA-, ET- or SA-signaling) is the main question addressed in this thesis.  
 
The Tomato-Fusarium system 

  

The biocontrol-conferring Fo47 strain has been extensively studied and the fungus has been 
shown to reduce susceptibility to Fol in tomato when pre- or co-inoculated on roots or added to 
soils or provided to split-root systems (Fuchs et al., 1997; Duijff et al., 1998; Fuchs et al., 1999; 
Larkin and Fravel, 1999; Olivain et al., 2006; Nahalkova et al., 2008; Aimé et al., 2013). Different 
experimental setups by different labs showed that this tri-partite interaction results in a reduction 
of wilt disease identifying Fo47 as a genuine and robust EMR-inducing Fo strain. Furthermore, 
tomato is an important crop; production of this Solanaceae in 2017 was 181 millions of tons 
(http://www.fao.org/faostat/en/) of which pathogens account for a yield loss of around 17 
million of tons. At the Molecular Plant Pathology (MPP) group, various tomato varieties carrying 
dominant R genes towards Fol are available. This allowed comparison of resistance levels of tri-
partite interactions to those of resistant tomato lines. Moreover, both tomato and Fo are accessible 
to genetic modification and mutant collections are available. For instance, tomato lines have been 
generated showing a compromised PTI or an impaired JA, SA and ET biosynthesis and 
perception. Also, various GFP-labelled Fo strains and different effector knockout of Fol are 
available. Finally, the group developed an effective setup to isolate xylem sap from (non-) Fo-
infected tomato plants and to analyze these samples using mass spectrometry to identify the 
proteome (Gawehns et al., 2015). In fact, with this system the first Fol effector was detected in 
tomato xylem sap (Rep et al., 2004). Together these features make the tomato-Fo47-Fol system an 
excellent choice to study the mechanisms underlying Fo47-triggered EMR, such the role of PTI 
and ETI and involvement of the xylem sap proteome. 

 
 
 
 
 
 
 
 
 
 
 
 

Chapter 1
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Figure 1. Fo47 reduces tomato susceptibility to pathogenic Fol. Four-weeks-old tomato plants were 
inoculated with (A) water (mock), (B) Fo47, (C) Fol007 or (D) a mixture of Fo47:Fol007. 
 

Thesis outline  

  

Chapter 2 reviews the literature about Fo-triggered EMR. EMR appeared to be an indirect, plant-
mediated, resistance response that reduces susceptibility to mostly root pathogens. The role of 
specific xylem sap-localized proteins, such as PR-5, as well as the potential involvement of 
localized host cell death in Fo-based EMR are discussed. Furthermore, the differences between 
Fo endophytes and pathogens are described at the level of host colonization, their effector gene 
content and the host responses induced upon colonization. Chapter 3 investigates the role of PTI 
is controlling the interaction of tomato with endophytic Fo and their concomitantly induced EMR. 
Thereto, the transgenic MM- spAvr2-30 tomato line was employed. This line heterologously 
produces a cytosol-localised Fol Avr2 effector protein that compromises flg22-induced PTI 
signalling. To test whether this line was also PTI-compromised to fungal MAMPs, leaves of MM-

spAvr2-30 and wild-type MoneyMaker were infiltrated with chitosan. After 24h, a significantly 
reduced number of callose deposits were found in MM- spAvr2-30 as compared to wild-type 
MoneyMaker, showing that this PTI response was also compromised. PTI was found to limit root 
and stem colonization of both Fo47 and Fo f.sp. melonis (Fom) as their colonization was highly 
increased in MM- spAvr2-30 plants. Surprisingly, regardless of a compromised PTI the disease 
symptoms were still reduced in the before-mentioned interactions, showing that EMR is not 
affected. In Chapter 4, it was investigated whether ETI confers biocontrol to pathogenic Fol and, 
if so, whether disease reduction by ETI was comparable, additive and/or independent of EMR. 

1
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Different Fol strains secreting the effector proteins Avr1 and/or Avr2/Six5 were inoculated in 
tomato cv. Motelle. This variety carries the R genes I and I-2 conferring resistance to Fol strains 
carrying either Avr1 or the Avr2/Six5 effector pair. These Fol strains are avirulent as they trigger 
ETI via I, I-2, or both R proteins. Bioassays confirmed avirulence of these strains, and co-
inoculation with a virulent Fol029 revealed that those Fol strains can reduce susceptibility to a 
virulent Fol (from now on referred to as ‘cross-protection’). The different nature of I (cell surface 
receptor) and I-2 (intracellular receptor) allowed us to test if they trigger distinct ETI cross-
protection responses. Both R genes where found to quantitatively confer similar levels of 
protection to Fol029 and no additive effect was observed using strains activating both immune 
receptors, indicating that they mount the same cross-protection response. When cv. Motelle was 
co-inoculated with Fo47 and Fol029 disease symptoms were reduced to a higher extent than those 
observed upon co-inoculation of Fol029 with avirulent pathogens. This indicates that EMR is 
distinct from cross protection and more effective in controlling Fusarium wilt disease. Chapter 5 
focuses on the molecular responses underlying EMR by analyzing the xylem sap proteome 
dynamics upon Fo47 and/or Fol infection. Xylem sap is an important interface of the tomato-Fo 
interaction, where Fol secretes its effectors and the plant accumulates antimicrobial proteins. 
Xylem sap proteome changes upon EMR (i.e., in tomato co-inoculated with Fo47 and Fol) were 
compared to those in incompatible interactions between Fol and an I-2-containing resistant tomato 
cultivar. The proteome profiles of EMR and incompatible interactions where found to be 
remarkably similar, suggesting that resistant tomato varieties and Fo47-triggered EMR induce a 
mechanistically similar response. Upon Fol infection of resistant plants PR-5x was the only 
differentially accumulated protein out of more than 300 xylem sap proteins (158-fold), while a ß-
glucanase (45-fold) and NP24 (33-fold) were also positively accumulated upon EMR. Strikingly, 
PR-5x and NP24 are highly similar PR-5 isoforms. EMR allowed a more extensive colonization 
of the tomato vasculature by Fol than I-2 resistant tomato as 13 fungal proteins were detected in 
the xylem sap of the first. In xylem sap of a susceptible plant many Fol proteins (39) were detected. 
Notably, no Fo47 proteins were detected in xylem sap either when inoculated alone, or in 
combination with a pathogen, which indicates that Fo47 does not colonize the vasculature. 
Chapter 6 explored the possibility to translate Fo47-based EMR, which was observed under 
laboratory conditions, to an agricultural setting. A methodology for medium-large scale production 
of Fo47 inoculum was developed. Different media were analyzed for Fo47 propagation and 1% 
mung bean medium appeared to be the most prolific and cost-effective. Viability of the mung 
bean-grown spores was confirmed together with the ability of the endophyte to colonize potato 
grown under greenhouse conditions. Subsequently, with the collaboration of INOQ GmbH and 
beneficiaries from the International Training Network BestPass (https://bestpass.ku.dk/), a 
potato field trial was performed in Clenze (Germany). Fo47 inoculation was shown to be 
successful, as the fungus could be re-isolated from potato tubers and roots throughout the growing 
season. Importantly, the tuber yield and starch were not affected by Fo47, showing that the 
endophyte does not negatively affect plant performance. Increased resistance to other endogenous 
pathogens could not be assessed as due to the unprecedented dry summer of 2018 most of the 
typical potato diseases, like late blight caused by Phytophthora infestans, were not observed in the 
field, with the exception of Rhizoctonia solani.  Chapter 7 summarizes and discusses the main results 
described in this thesis and how these contribute to our mechanistic and molecular understanding 
of this tri-partite system. Also the implications for future research and applicability of the obtained 
knowledge in improved crop protection strategies is discussed.  

Chapter 1

https://bestpass.ku.dk/


543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 13PDF page: 13PDF page: 13PDF page: 13

13

References 

Aimé, S., Alabouvette, C., Steinberg, C., and Olivain, C. (2013). The endophytic strain Fusarium oxysporum Fo47: a 
good candidate for priming the defense responses in tomato roots. Molecular Plant-Microbe Interactions 26(8), 
918-926. doi: 10.1094/MPMI-12-12-0290-R. 

Bao, J., Fravel, D., Lazarovits, G., Chellemi, D., van Berkum, P., and O'Neill, N. (2004). Biocontrol genotypes of 
Fusarium oxysporum from tomato fields in Florida. Phytoparasitica 32(1), 9-20. 

Benhamou, N., and Garand, C. (2001). Cytological analysis of defense-related mechanisms induced in pea root tissues 
in response to colonization by nonpathogenic Fusarium oxysporum Fo47. Phytopathology 91(8), 730-740. doi: 
10.1094/Phyto.2001.91.8.730. 

Benhamou, N., Garand, C., and Goulet, A. (2002). Ability of Nonpathogenic Fusarium oxysporum Strain Fo47 To 
Induce Resistance against Pythium ultimum Infection in Cucumber. Applied and Environmental Microbiology 68(8), 
4044-4060. doi: 10.1128/aem.68.8.4044-4060.2002. 

Bozso, Z., Ott, P.G., Kaman-Toth, E., Bognar, G.F., Pogany, M., and Szatmari, A. (2016). Overlapping Yet Response-
Specific Transcriptome Alterations Characterize the Nature of Tobacco-Pseudomonas syringae Interactions. 
Frontiers in Plant Science 7. doi: ARTN 25110.3389/fpls.2016.00251. 

Catanzariti, A.M., Do, H.T.T., Bru, P., de Sain, M., Thatcher, L.F., Rep, M., et al. (2017). The tomato / gene for 
Fusarium wilt resistance encodes an atypical leucine-rich repeat receptor-like protein whose function is 
nevertheless dependent on SOBIR1 and SERK3/BAK1. Plant Journal 89(6), 1195-1209. doi: 
10.1111/tpj.13458. 

Catanzariti, A.M., Lim, G.T.T., and Jones, D.A. (2015). The tomato I-3 gene: a novel gene for resistance to Fusarium 
wilt disease. New Phytologist 207(1), 106-118. doi: 10.1111/nph.13348. 

Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nurnberger, T., Jones, J.D.G., et al. (2007). A flagellin-
induced complex of the receptor FLS2 and BAK1 initiates plant defence. Nature 448(7152), 497-500. doi: 
10.1038/nature05999. 

Coleman, A.D., Raasch, L., Maroschek, J., Ranf, S., and Hückelhoven, R. (2019). The Arabidopsis leucine-rich repeat 
receptor kinase MIK2 is a crucial component of pattern-triggered immunity responses to Fusarium fungi. 
bioRxiv, 720037. doi: 10.1101/720037. 

de Sain, M., and Rep, M. (2015). The Role of Pathogen-Secreted Proteins in Fungal Vascular Wilt Diseases. International 
Journal of Molecular Sciences 16(10), 23970-23993. doi: 10.3390/ijms161023970. 

Di, X., Cao, L., Hughes, R.K., Tintor, N., Banfield, M.J., and Takken, F.L.W. (2017). Structure-function analysis of 
the Fusarium oxysporum Avr2 effector allows uncoupling of its immune-suppressing activity from recognition. 
New Phytologist 216(3), 897-914. doi: 10.1111/nph.14733. 

Di, X., Gomila, J., Ma, L., van den Burg, H.A., and Takken, F.L.W. (2016). Uptake of the Fusarium Effector Avr2 by 
Tomato Is Not a Cell Autonomous Event. Frontiers in Plant Science 7, 1915. doi: 10.3389/fpls.2016.01915. 

Duijff, B.J., Pouhair, D., Olivain, C., Alabouvette, C., and Lemanceau, P. (1998). Implication of systemic induced 
resistance in the suppression of fusarium wilt of tomato by Pseudomonas fluorescens WCS417r and by 
nonpathogenic Fusarium oxysporum Fo47. European Journal of Plant Pathology 104(9), 903-910. doi: 
10.1023/A:1008626212305. 

Edel-Hermann, V., and Lecomte, C. (2019). Current Status of Fusarium oxysporum Formae Speciales and Races. 
Phytopathology 109(4), 512-530. doi: 10.1094/Phyto-08-18-0320-Rvw. 

Frey, N.F.D., Garcia, A.V., Bigeard, J., Zaag, R., Bueso, E., Garmier, M., et al. (2014). Functional analysis of Arabidopsis 
immune-related MAPKs uncovers a role for MPK3 as negative regulator of inducible defences. Genome 
Biology 15(6). doi: ARTN R8710.1186/gb-2014-15-6-r87. 

Fuchs, J.G., Moënne-Loccoz, Y., and Défago, G. (1997). Nonpathogenic Fusarium oxysporum strain Fo47 induces 
resistance to Fusarium wilt in tomato. Plant Disease 81(5), 492-496. doi: 10.1094/Pdis.1997.81.5.492. 

Fuchs, J.G., Moënne-Loccoz, Y., and Défago, G. (1999). Ability of nonpathogenic Fusarium oxysporum Fo47 to protect 
tomato against Fusarium wilt. Biological Control 14(2), 105-110. doi: 10.1006/bcon.1998.0664. 

Gao, F., Zhang, B.S., Zhao, J.H., Huang, J.F., Jia, P.S., Wang, S., et al. (2019). Deacetylation of chitin oligomers 
increases virulence in soil-borne fungal pathogens. Nature Plants 5(11), 1167-1176. doi: 10.1038/s41477-019-
0527-4. 

Gawehns, F., Houterman, P.M., Ichou, F.A., Michielse, C.B., Hijdra, M., Cornelissen, B.J.C., et al. (2014). The Fusarium 
oxysporum Effector Six6 Contributes to Virulence and Suppresses I-2-Mediated Cell Death. Molecular Plant-
Microbe Interactions 27(4), 336-348. doi: 10.1094/Mpmi-11-13-0330-R. 

Gawehns, F., Ma, L., Bruning, O., Houterman, P.M., Boeren, S., Cornelissen, B.J.C., et al. (2015). The effector 
repertoire of Fusarium oxysporum determines the tomato xylem proteome composition following infection. 
Frontiers in Plant Science 6, 967. doi: 10.3389/fpls.2015.00967. 

Gomez-Gomez, L., and Boller, T. (2000). FLS2: An LRR receptor-like kinase involved in the perception of the 
bacterial elicitor flagellin in Arabidopsis. Molecular Cell 5(6), 1003-1011. doi: Doi 10.1016/S1097-
2765(00)80265-8. 

1

General introduction



543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 14PDF page: 14PDF page: 14PDF page: 14

14

Gordon, T.R. (2017). Fusarium oxysporum and the Fusarium Wilt Syndrome. Annual Review of Phytopathology 55, 23-39. 
doi: 10.1146/annurev-phyto-080615095919. 

Houterman, P.M., Cornelissen, B.J.C., and Rep, M. (2008). Suppression of plant resistance gene-based immunity by a 
fungal effector. Plos Pathogens 4(5). doi: ARTN e100006110.1371/journal.ppat.1000061. 

Humbert, C., Aimé, S., Alabouvette, C., Steinberg, C., and Olivain, C. (2015). Remodelling of actin cytoskeleton in 
tomato cells in response to inoculation with a biocontrol strain of Fusarium oxysporum in comparison to a 
pathogenic strain. Plant Pathology 64(6), 1366-1374. doi: 10.1111/ppa.12375. 

Jones, J.D.G., and Dangl, J.L. (2006). The plant immune system. Nature 444(7117), 323-329. doi: 
10.1038/nature05286. 

Kaur, R., and Singh, R.S. (2007). Study of induced systemic resistance in Cicer arietinum L. due to nonpathogenic 
Fusarium oxysporum using a modified split root technique. Journal of Phytopathology 155(11-12), 694-698. doi: 
10.1111/j.1439-0434.2007.01300.x. 

Larkin, R.P., and Fravel, D.R. (1999). Mechanisms of action and dose-response relationships governing biological 
control of fusarium wilt of tomato by nonpathogenic Fusarium spp. Phytopathology 89(12), 1152-1161. doi: 
10.1094/Phyto.1999.89.12.1152. 

Ma, L.J., van der Does, H.C., Borkovich, K.A., Coleman, J.J., Daboussi, M.J., Di Pietro, A., et al. (2010). Comparative 
genomics reveals mobile pathogenicity chromosomes in Fusarium. Nature 464(7287), 367-373. doi: 
10.1038/nature08850. 

Michielse, C.B., and Rep, M. (2009). Pathogen profile update: Fusarium oxysporum. Molecular Plant Pathology 10(3), 311-
324. doi: 10.1111/J.1364-3703.2009.00538.X. 

Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., et al. (2007). CERK1, a LysM receptor kinase, 
is essential for chitin elicitor signaling in Arabidopsis. Proceedings of the National Academy of Sciences 104(49), 
19613-19618. doi: 10.1073/pnas.0705147104. 

Nahalkova, J., Fatehi, J., Olivain, C., and Alabouvette, C. (2008). Tomato root colonization by fluorescent-tagged 
pathogenic and protective strains of Fusarium oxysporum in hydroponic culture differs from root colonization 
in soil. FEMS Microbiology Letters 286(2), 152-157. doi: 10.1111/j.1574-6968.2008.01241.x. 

Nordzieke, D.E., Fernandes, T.R., El Ghalid, M., Turrà, D., and Di Pietro, A. (2019). NADPH oxidase regulates 
chemotropic growth of the fungal pathogen Fusarium oxysporum towards the host plant. New Phytologist 224(4), 
1600-1612. doi: 10.1111/nph.16085. 

Olivain, C., Humbert, C., Nahalkova, J., Fatehi, J., L'Haridon, F., and Alabouvette, C. (2006). Colonization of tomato 
root by pathogenic and nonpathogenic Fusarium oxysporum strains inoculated together and separately into the 
soil. Applied and Environmental Microbiology 72(2), 1523-1531. doi: 10.1128/AEM.72.2.1523-1531.2006. 

Olivain, C., Trouvelot, S., Binet, M.N., Cordier, C., Pugin, A., and Alabouvette, C. (2003). Colonization of flax roots 
and early physiological responses of flax cells inoculated with pathogenic and nonpathogenic strains of 
Fusarium oxysporum. Applied and Environmental Microbiology 69(9), 5453-5462. doi: 10.1128/Aem.69.9.5453-
5462.2003. 

Pantelides, I.S., Tjamos, S.E., Striglis, I.A., Chatzipavhdis, I., and Paplomatals, E.J. (2009). Mode of action of a non-
pathogenic Fusarium oxysporum strain against Verticillium dahliae using Real Time QPCR analysis and biomarker 
transformation. Biological Control 50(1), 30-36. doi: 10.1016/j.biocontrol.2009.01.010. 

Rep, M., Meijer, M., Houterman, P.M., van der Does, H.C., and Cornelissen, B.J.C. (2005). Fusarium oxysporum evades 
I-3-mediated resistance without altering the matching avirulence gene. Molecular Plant-Microbe Interactions 
18(1), 15-23. doi: Doi 10.1094/Mpmi-18-0015. 

Rep, M., van der Does, H.C., Meijer, M., van Wijk, R., Houterman, P.M., Dekker, H.L., et al. (2004). A small, cysteine-
rich protein secreted by Fusarium oxysporum during colonization of xylem vessels is required for I-3-mediated 
resistance in tomato. Molecular Microbiology 53(5), 1373-1383. doi: 10.1111/j.1365-2958.2004.04177.x. 

Simons, G., Groenendijk, J., Wijbrandi, J., Reijans, M., Groenen, J., Diergaarde, P., et al. (1998). Dissection of the 
Fusarium I2 gene cluster in tomato reveals Six homologs and one active gene copy. Plant Cell 10, 1055-1068. 

Turrà, D., El Ghalid, M., Rossi, F., and Di Pietro, A. (2015). Fungal pathogen uses sex pheromone receptor for 
chemotropic sensing of host plant signals. Nature 527(7579), 521-+. doi: 10.1038/nature15516. 

van Dam, P., Fokkens, L., Schmidt, S.M., Linmans, J.H.J., Kistler, H.C., Ma, L.J., et al. (2016). Effector profiles 
distinguish formae speciales of Fusarium oxysporum. Environmental Microbiology 18(11), 4087-4102. doi: 
10.1111/1462-2920.13445. 

Veloso, J., and Díaz, J. (2012). Fusarium oxysporum Fo47 confers protection to pepper plants against Verticillium dahliae 
and Phytophthora capsici, and induces the expression of defence genes. Plant Pathology 61, 281-288. doi: 
10.1111/j.1365-3059.2011.02516.x. 

Wawra, S., Fesel, P., Widmer, H., Timm, M., Seibel, J., Leson, L., et al. (2016). The fungal-specific beta-glucan-binding 
lectin FGB1 alters cell-wall composition and suppresses glucan-triggered immunity in plants. Nature 
Communations 7, 13188. doi: 10.1038/ncomms13188. 

 

Chapter 1



543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 15PDF page: 15PDF page: 15PDF page: 15

 15

 

CHAPTER 2 

 

Biocontrol by Fusarium oxysporum using  

endophyte-mediated resistance 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
This chapter has been published as:  

de Lamo FJ and Takken FLW (2020) Biocontrol by Fusarium oxysporum Using Endophyte-
Mediated Resistance. Front. Plant Sci. 11:37. doi: 10.3389/fpls.2020.00037.  



543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 16PDF page: 16PDF page: 16PDF page: 16

 16 

Abstract 

 
Interactions between plants and the root-colonising fungus Fusarium oxysporum (Fo) can be 
neutral, beneficial or detrimental for the host. Fo is infamous for its ability to cause wilt, 
root- and foot-rot in many plant species, including many agronomically important crops. 
However, Fo also has another face; as a root endophyte, it can reduce disease caused by 
vascular pathogens such as Verticillium dahliae and pathogenic Fo strains. Fo also confers 
protection to root pathogens like Pythium ultimum, but typically not to pathogens attacking 
above-ground tissues such as Botrytis cinerea or Phytophthora capsici. Endophytes confer 
biocontrol either directly by interacting with pathogens via mycoparasitism, antibiosis or by 
competition for nutrients or root niches, or indirectly by inducing resistance mechanisms in 
the host. Fo endophytes such as Fo47 and CS-20 differ from Fo pathogens in their effector 
gene content, host colonisation mechanism, location in the plant and induced host-
responses. Whereas endophytic strains trigger localised cell death in the root cortex, and 
transiently induce immune signalling and papilla formation, these responses are largely 
suppressed by pathogenic Fo strains. The ability of pathogenic strains to compromise 
immune signalling and cell death is likely attributable to their host-specific effector repertoire. 
The lower number of effector genes in endophytes as compared to pathogens provides a 
means to distinguish them from each other. Co-inoculation of a biocontrol-conferring Fo 
and a pathogenic Fo strain on tomato prevents disease, and although the pathogen still 
colonises the xylem vessels this has surprisingly little effect on the xylem sap proteome 
composition. In this tripartite interaction the accumulation of just two PR proteins, NP24 (a 
PR-5) and a -glucanase, was affected. The Fo-induced resistance response in tomato 
appears to be distinct from Induced Systemic Resistance (ISR) or Systemic Acquired 
Resistance (SAR), as the phytohormones jasmonate, ethylene and salicylic acid are not 
required. In this review, we summarise our molecular understanding of Fo-induced resistance 
in a model and identify caveats in our knowledge. 
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Introduction 

 

The Fusarium oxysporum species complex embraces a variety of strains ubiquitously present in 
soils. Most of these strains are saprotrophs and despite their ability to colonise plant roots 
the majority represents commensal endophytes not affecting plant fitness (Bao et al., 2004). 
Some F. oxysporum (Fo) strains, such as Fo47 and CS-20, are actually beneficial to the host 
and can provide protection against root pathogens (Table 1). Biocontrol-conferring Fo 
strains, such as Fo47, have been identified in vascular wilt-disease suppressive soils 
(Alabouvette, 1986). Identification of the causal microbes in wilt suppressive soils is typically 
done by sterilising the soil following subsequent re-inoculation with the original microbes 
and screening for isolates that restore the suppressive effect against Fusarium wilt (Tamietti 
et al., 1993). 
 

Fusarium wilt is one of the major diseases caused by pathogenic Fo strains. Wilts are a major 
threat for agriculture (Fisher et al., 2012) and Fo ranks among the ten most devastating fungal 
plant pathogens worldwide (Dean et al., 2012). Besides wilt disease some strains can also 
cause foot- or root-rot resulting in serious yield losses in affected crops (Michielse and Rep, 
2009). Fo produces micro- and macroconidia and chlamydospores that can remain viable in 
infected soils for decades, thereby frustrating crop rotation schemes (Nelson, 1981). 
Pathogenicity of Fo is host-specific, as typically strains infecting one plant species do not 
cause disease in others. Based on this host-specificity, pathogenic strains have been classified 
into so-called formae speciales (ff.spp.), of which over 100 have currently been described 
(Armstrong and Armstrong, 1981). An explanation for the emergence of host-specific 
pathogenic strains may be the extensive use of monocultures with limited crop rotation 
serving as breeding grounds for pathogens (Xiong et al., 2016). The evolved Fo pathogens 
can give rise to devastating crop losses, Fusarium wilt disease of banana, caused by Fo f.sp. 
cubense, being a prime example (García-Bastidas et al., 2014; Ordoñez et al., 2016).  
 

To control wilt diseases different strategies are currently being employed in agriculture. One 
of these is chemical control, which includes broad-spectrum biocides like methyl bromide, 
benomyl or carbendazim applied before planting. These chemicals can prevent infection, but 
do not cure a plant once infected. A caveat of these compounds is that they also affect 
beneficial soil microbiota and some accumulate in the food chain and for this reason many 
of these products are, or will be, banned (Lopez-Aranda et al., 2016). Heat sterilisation of 
soils overcomes some of these drawbacks, but has the disadvantage that it is non-selective 
and it can have undesired effects on soil quality (Mahmood et al., 2014). Use of resistant 
plant varieties, e.g. plants carrying resistance genes is currently the most effective in terms of 
economy, ecology and disease control. However, genetically encoded resistance is seldom 
durable and sooner or later new races emerge that overcome resistance in a never-ending 
arms race between Fo and its host (Takken and Rep, 2010; de Sain and Rep, 2015). 
Furthermore, Fo resistance genes are not available in the germplasm of all crops or they 
cannot be introgressed by breeding (Ploetz, 2015).  
 

2
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The limitations of the current approaches of wilt disease control urges the need to develop 
alternatives. An interesting alternative strategy is the use of beneficial Fo strains that confer 
biocontrol and thereby reduce disease incidence. A major advantage of biocontrol is the 
relatively broad-spectrum- and non-race specific protection conferred by endophytic strains 
(Table 1). A limitation is that the protection provided by these biological agents is highly 
variable and not consistent between seasons, crops or fields. As illustration, even in 
greenhouse trials using tomato plants artificially co-inoculated with a pathogenic and a 
biocontrol Fo strain significantly different degrees of protection where observed in 
subsequent years (Fuchs et al., 1999). Furthermore, biocontrol observed under controlled 
lab conditions is not necessarily scalable to field conditions. For example, controlled soil co-
inoculation of asparagus with Fo47 and Fo f.sp. asparagi (Foa) resulted in partial disease 
protection under lab conditions, but application of Fo47 in Foa-infested greenhouses did 
not reduce wilt disease (Blok et al., 1997).  
 

A better understanding of the molecular mechanisms underlying biocontrol conferred by 
endophytic Fo strains may help to unleash the full potential that these organisms harbour to 
control disease conferred by their brothers in crime. In this review we mostly focus on two 
endophytic Fo strains, Fo47 and CS-20, as these are the best studied strains. We assess the 
differences between pathogenic and endophytic strains at their root colonisation behaviour, 
at the genome level and the responses they trigger in plants. Endophyte-mediated biocontrol 
consists of two components. The first is based on a direct activity on the pathogenic strain 
via parasitism and antibiosis (Benhamou et al., 2002; Le Floch et al., 2009) or by competing 
for nutrients or root niches. Several excellent reviews are available describing these non-plant 
mediated processes (Fravel et al., 2003; Alabouvette et al., 2009; Vos et al., 2014; Latz et al., 
2018). In this review we focus on the other component of biocontrol, the indirect plant-
mediated resistance response triggered by Fo endophytes, called Endophyte-Mediated 
Resistance (EMR).  
 

Fusarium oxysporum confers biocontrol in various plant species against 

root pathogens  

 

The ability of a large variety of endophytic Fo strains to confer biocontrol has been reported 
in many independent studies implying that it is a generic feature for Fo (Table 1). This idea 
is supported by a study in which over 200 different non-pathogenic Fo strains isolated from 
a tomato field were able to confer biocontrol in tomato, albeit to various degrees (Bao et al., 
2004). Another observation is that Fo-based biocontrol is effective in a wide variety of plant 
species including both monocot and dicot species. This suggests that biocontrol is an ancient 
property as these families diverged over 200 million years ago (Wolfe et al., 1989). A number 
of oomycete-caused diseases can also be suppressed by Fo. For instance, Fo47 is reported to 
reduce disease incidence caused by Pythium oligandrum in tomato (Le Floch et al., 2009), 
Pythium ultimum in cucumber (Benhamou et al., 2002) and Phytophthora capsici in pepper 
(Veloso and Díaz, 2012). A common property among these pathogens is that they infect 
roots, but unlike most pathogenic Fo strains not all colonise the vasculature, implying that 
EMR is not vasculature-specific. 
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Two studies report on Fo-induced biocontrol that is not exclusively targeted against a root 
pathogen (Table 1). Pre-inoculation of watermelon roots with Fo f.sp. cucumerinum (Foc) (a 
pathogen on cucumber) reduced lesion sizes of Colletotrichum lagenarium infected leaves (Biles 
and Martyn, 1989). The other example details enhanced tolerance to Botrytis cinerea in pepper 
plants pre-inoculated with Fol (a tomato pathogen) (Díaz et al., 2005). Based on our literature 
survey Fo-induced EMR appears to be mostly root-confined. 
 
Table 1. Fo-mediated biocontrol in various plant species.  
 

Fo Host plant Pathogen 

(P) 
Inoculation 

method 
Protected 

organ 
Biocontrol 

mechanism 
Publication 

Fon  
(60-3A) 

Fon  
(ATCC 
18467) 

Foc  
(ATCC 
16416) 

Watermelon 
(C. lanatus) 

Fon ATCC 
62940 

C. 
lagenarium 

Fo: root inoc 
Fo f.sp. niveum:  

root inoc 
C. lagenarium: leaf 

inoc 

Root & 
Shoot 

Induced 
resistance 

(Biles and 
Martyn, 1989) 

Fo f.sp. 
dianthi 

(WCS816) 

Tomato 
(S. lycopersicum) 

Fol 
(WCS 801) 

Co-inoc 
+split root system 

Root Induced 
resistance 

(Kroon et al., 
1991) 

5a1 
T 

Fop2 
11V 
N1.5 

Tomato 
(S. lycopersicum) Fol Fo: soil inoc 

P: root inoc 
Root 

Induced 
resistance 

(Tamietti et 
al., 1993) 

Fo47 
Tomato 

(S. lycopersicum) 
Fol8 & 
Fol8B 

Soil inoc 
±split root system 

Root Induced 
resistance 

(Fuchs et al., 
1997) 

Fo47 
CWB 306 
CWB 307 

* 

Asparagus 
(A. officinalis) 

Foa Soil inoc Root 
Competition 
for nutrients 

(Blok et al., 
1997) 

Fol218 
Fon23M 
Fon18M 

Tomato 
(S. lycopersicum) 
Muskmelon 

(C. melo) 

Fol4287 
Fon23M 
Fon18M 
Fon11-27 

Fo: root (co)inoc  
P: root inoc 

Root  
Induced 

resistance & 
competition 

(Huertas-
Gonzalez et 

al., 1998) 

Fo47 
Tomato 

(S. lycopersicum) 
Fol32 

Fo: soil pre-inoc 
±split root system 

P: soil inoc 
Root 

Induced 
resistance & 
antagonism 

(Duijff et al., 
1998) 

Fo47 
Tomato 

(S. lycopersicum) Fol8 Soil pre-inoc Root 
Induced 

resistance 
(Fuchs et al., 

1999) 

Fo47 
** 

Flax 
(L. usitatissimum) Foln3GUS Co-inoc Root 

Competition 
for carbon & 

iron 

(Duijff et al., 
1999) 

Fo47 
CS-20 

Tomato 
(S. lycopersicum) 
Watermelon 
(C. lanatus) 

Fol IA-7 
Fob MD-1 
Fon CS93-

8 

Fo: soil pre-inoc 
±split root system 

P: soil inoc 
Root 

Induced 
resistance & 
competition 

(Larkin and 
Fravel, 1999) 

Fo47 
Eucalyptus 
(E. viminalis) Foeu1 Root co-inoc  Root 

Competition 
for infection 

sites 

(Salerno et al., 
2000) 

 CS-20 
Basil 

(O. basilicum) Fo-B1 Fo: Drench inoc 
P: present in seeds  Root 

Induced 
resistance 

(Fravel and 
Larkin, 2002) 

 CWB312 
 CWB314 
 CWB318 

Asparagus 
(A. officinalis) 

Foa 
Fo: soil pre-inoc 

±split root system 
P: soil inoc 

Root 
Induced 

resistance 
(He et al., 

2002) 
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 Fo47 
Cucumber 
(C. sativus) 

P. ultimum 
(BARR 

447) 
Fo: soil pre-inoc 

P: root inoc 
Root  

Antibiosis, 
mycoparasiti

sm & 
induced 

resistance 

(Benhamou et 
al., 2002) 

 Fo47 
Flax 

(L. usitatissimum) Foln3 Soil co-inoc Root  - 
(Trouvelot et 

al., 2002) 

 CS-20 
 CWB312 
 CWB314 
 CWB318 

 Fo47 

Asparagus 
(A. officinalis) 

Foa 
Fo: root/soil pre-

inoc 
P: soil inoc 

Root 
Induced 

resistance & 
competition 

(Elmer, 2004) 

205 Fo from  
tomato 
fields  

in Florida 
* 

Tomato 
(S. lycopersicum) 

Fol 32SK-
3 

Fo: soil inoc 
P: present in seeds  

Root Antagonism (Bao et al., 
2004) 

Fol 
(ATCC 
48112) 

Pepper 
(C. annuum) 

P. capsici 
UDC1PC 
V. dahliae 
B. cinerea 
B0510 

Fo: root pre-inoc 
V. dahliae: root 

inoc 
P. capsici: soil inoc 

B. cinerea: leaf drop-
inoc 

Root & 
Shoot 

Induced 
resistance 

(Díaz et al., 
2005) 

 Fo47 
Tomato 

(S. lycopersicum) 

Forl  
(ZUM 
2407) 

Soil co-inoc Root  
Induced 

resistance & 
competition 

(Bolwerk et 
al., 2005) 

 CAV 255 
 CAV 241 

Fo47 
* 

Banana 
(M. acuminata) 

Fo f.sp. 
cubense 

(CAV 045) 
Fo: soil pre-inoc 

P: soil inoc 
Root - 

(Nel et al., 
2006) 

 Fo47 
Tomato 

(S. lycopersicum) 
Fol8 Soil co-inoc Root Competition 

for nutrients 
(Olivain et al., 

2006) 

 Fo52 
 Fo47 

 Fo47b10 

Chickpea 
(C. arietinum) 

Fo f.sp. 
ciceri 

Fo: soil pre-inoc 
±split root system 

P: soil inoc 
Root 

Induced 
resistance 

(Kaur and 
Singh, 2007) 

 Fo47 
Tomato 

(S. lycopersicum) 
Fol8 Root co-inoc Root competition 

(Nahalkova et 
al., 2008) 

 Fo47 
*** 

Tomato 
(S. lycopersicum) 

P. 
oligandrum 
B. cinerea 

Root co-inoc 
Root & 
Shoot 

Antibiosis, 
mycoparasiti

sm & 
induced 

resistance 

(Le Floch et 
al., 2009) 

Fo (F2) 
Eggplant 

(S. melongena) V. dahliae 
Fo: root pre-inoc 
±split root system 

P: root inoc 
Root competition 

(Pantelides et 
al., 2009) 

 Fo47 
Pepper 

(C. annuum) 

V. dahliae 
UDC53Vd 

P. caspici 
PC450 

B. cinerea 
B0510 

Fo: root pre-inoc 
V. dahliae: root 

inoc  
P. capsici: soil/leaf 

inoc 
B. cinerea: leaf drop-

inoc 

Root 

induced 
resistance & 
antagonism/
competition 

(Veloso and 
Díaz, 2012) 

 Fo47 
Tomato 

(S. lycopersicum) 
Fol8 Fo: root pre-inoc 

P: root inoc 
Root Induced 

resistance 
(Aimé et al., 

2013) 

 CS-20 
Cucumber 
(C. sativus) Foc Fo: root pre-inoc 

P: root inoc 
Root 

Induced 
resistance 

(Pu et al., 
2014) 

 Fo47 
Tomato 

(S. lycopersicum) Forl12 
Fo: soil pre-inoc 

±split root system 
 P: soil inoc 

Root 
Induced 

resistance & 
competition 

(Aicha et al., 
2014) 

Fo47 
Pepper 

(C. annuum) 

V. dahliae 
(UDC53V

d) 
Fo: root pre-inoc  

P: root-inoc 
Root 

Induced 
resistance & 
competition 

(Veloso et al., 
2016) 
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Fo47 
Tomato 

(S. lycopersicum) 
Fol007 Root co-inoc Root 

Induced 
resistance & 
competition 

(de Lamo et 
al., 2018) 

Fo47 
**** 

Watermelon 
(C. lanatus) 

Cotton 
(Gossypium sp.) 

Eggplant 
(S. melongena) 

Fon 
Fo f.sp. 

vasinfectum 
V. dahliae 

Soil inoc Root Competition 
(Zhang et al., 

2018) 

Fo47 
Tomato 

(S. lycopersicum) Fol4287 Root co-inoc Root 
Induced 

resistance & 
competition 

(Constantin et 
al., 2019) 

 
Fo endophytes are depicted in the first column, root or soil inoculation is abbreviated as root- or 
soil inoc, when endophytes and pathogen have been inoculated separately they are abbreviated as 
‘Fo’ and ‘P’ respectively, otherwise as co-inoc, ±split root system indicate that both setups have 
been used in the study. Inoculations are typically performed by incubating roots in a spore 
suspension or by adding spores to the soil as indicated. *Screening including several Fo strains, 
**Fo47 inoculum also tested in combination with Pseudomonas sp., ***Fo47 inoculum mixed with 
Trichoderma harzianum, ****Fo47 inoculum also tested in combination with different actinomycete 
bacteria. 
 

The root colonisation pattern of Fusarium oxysporum pathogens differs 

from that of endophytes 

 

Root colonisation by Fo endophytes and pathogens has been extensively studied. In this 
chapter, we compare the root colonisation process of Fo endophytes with that of pathogens. 
In our comparison we include colonisation of ‘incompatible interactions’ in which a 
pathogenic Fo strain colonises a resistant host, which does not result in disease emergence.  
 

Spore germination 

 
The first stage of the colonisation process starts with Fo spores or hyphae that grow in the 
vicinity of a root. Addition of sugar to the soil induces chlamydospore germination of 
pathogenic Fol and Fo f.sp. basilici (Larkin and Fravel, 1999). In natural settings root exudates 
presumably provide these carbohydrates as exudates from different crops enhance 
germination of microconidia of Fol and Fo f.sp. radicis-lycopersici (Forl) pathogens 
(Steinkellner et al., 2005). Hyphal exudations may also play a role in conidia germination as 
Fo uses autocrine pheromone signalling to control germination in a conidial-density 
dependent manner (Vitale et al., 2019). Some root pathogens effectively grow towards roots 
using chemotropism (Yao and Allen, 2006). While earlier studies found no evidence of 
chemotaxis toward tomato roots by Fo47 or the pathogens Fol or Forl (Steinberg et al., 1999; 
Olivain et al., 2006) a recent study showed that peroxidases secreted by tomato roots elicit 
Fol chemotropism towards roots (Turrà et al., 2015; Nordzieke et al., 2019). Altogether, it 
seems that root exudations trigger spore germination and induces directional mycelial 
growth. At this pre-colonisation stage, no differences are noticeable between endophytic and 
pathogenic Fo strains. 
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Host colonisation  

 
Upon germination, both Fo endophytes and pathogens colonise the root surfaces of host 
and non-host plants. Contact with the root triggers hyphal branching, after which Fo 
produces hyphal swellings to invade the root. The fungal hyphae enter plant roots via 
wounds, cracks in the epidermis, lateral root emergence points, or by direct penetration of 
the root tip depending on the Fo strain and plant species involved. Hyphae reach the vascular 
stele via the apoplast of the root cortex. In some cases, intracellular growth is noticeable 
along with local host cell-death, a phenomenon observed more often among non-pathogenic 
strains (He et al., 2002; Olivain et al., 2003; Humbert et al., 2015; Gordon, 2017). Both 
pathogenic and non-pathogenic strains colonise the root cortex (Gordon, 2017), but 
although the initial colonisation pattern is similar, the extent and pattern of colonisation 
differs during later stages. The amount of biomass of a pathogenic strain in the root is 
typically higher than that of an endophyte. This difference is already apparent at early stages. 
At 48 hours post inoculation (hpi) higher amounts of fungal biomass for the Fo40 pathogen 
were detected in roots of soybean plants than for the endophytic Fo36 (Lanubile et al., 2015). 
A similar difference was reported for other systems, like the interaction between tomato and 
Fo47 or Forl. Two weeks post inoculation Fo47 biomass was ten-fold less than that of the 
pathogen (Validov et al., 2011). These observations imply that in early stages of the 
interaction Fo endophytes are less efficient root colonisers than pathogens.  
 

Besides the amount of fungal biomass also the root colonisation pattern differs between Fo 
pathogens and endophytes. Typically, only pathogenic strains are able to reach the xylem 
vessels from where they colonise above-ground tissues. The induced occlusions of the xylem 
vessels, aimed to restrict pathogen progress, results in the classical wilting symptoms of 
infected plants (Gordon, 2017). A well-studied example is the interaction between pea roots, 
Fo47 and the pathogen Fo f.sp. pisi. Whereas Fo47 colonisation is restricted to the root 
surface and outermost cell layers of the cortex, the pathogen massively invades the deeper 
root tissues including the vasculature (Benhamou and Garand, 2001). A similar pattern is 
seen upon Fo colonisation of tomato. When grew in hydroponics, Fo47 and Fol8 both 
efficiently colonised the surface of tomato tap roots following attachment of the 
microconidia to the root hair zone. Subsequently, both strains grew towards the elongation 
zone until they reached the root apex. Whereas Fol8 intensively colonised the deeper root 
tissues and eventually reached the vasculature, the endophyte was confined to the epidermis 
and cortex (Nahalkova et al., 2008). In line with these observations, Fo47 proteins were not 
identified in xylem sap of Fo47-inoculated soil-grown tomato plants, whereas Fol proteins 
were detected in sap of Fol-infected plants (de Lamo et al., 2018). This difference indicates 
that even at later stages of root colonisation Fo47 does not reach the vasculature. Contrarily, 
Fo47 was reported to colonise xylem vessels of eucalyptus (Salerno et al., 2000) and the Fo 
endophyte CS-20 was found to colonise xylem vessels of cucumber (Pu et al., 2014). An 
explanation for the vascular presence of the latter two endophytic strains could be the 
clipping of the roots prior to inoculation, providing direct vascular access to the endophyte.  
 

In incompatible interactions, the first stages of the root colonisation pattern are similar to 
that of a compatible interaction. The pathogen colonises the root cortex, but in contrast to 
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a purely endophytic strain, the pathogen frequently reaches the vasculature of a resistant 
host. Examples of vascular colonisation of a resistant host are chickpea and tomato roots 
inoculated by either avirulent Fo f.sp. ciceris or Fol (Mes et al., 2000; Jimenez-Fernandez et 
al., 2013; van der Does et al., 2018). Recently vascular colonisation of tomato plants carrying 
three different classes of resistance (R) gene types by Fol was compared. Although the plasma 
membrane-localised immune receptors (I and I-3) restricted colonisation to a larger extent 
than the intracellular receptor (I-2), vascular colonisation was observed in all cases (van der 
Does et al., 2018). The amount of fungal biomass in a resistant plant, however, is low and 
fungal proteins cannot be detected in the xylem sap of infected plants (de Lamo et al., 2018). 
These findings are in line with the low number of hyphae observed in vessels of a resistant 
tomato variety (Mes et al., 2000). Inoculation of resistant cabbage roots with Fo f.sp. 
conglutinans also resulted in marginal colonisation of the vasculature and fungal proteins were 
not identified in the xylem sap either (Pu et al., 2016).  
 

The general pattern is that Fo endophytes, similar to endophytes such as Serendita indica 
(Jacobs et al., 2011) and arbuscular mycorrhizal fungi (Gadkar et al., 2001),  are mostly root 
surface- and cortex-colonisers. Extensive colonisation of the root cortex and vasculature is 
typically restricted to pathogens, a property that correlates with enhanced secretion of cell 
wall-degrading enzymes by these strains (Jonkers et al., 2009). Pathogenic strains are also able 
to enter and, to a limited extent, colonise the vasculature of a resistant host. Upon (co-) 
inoculation of an endophyte and a pathogen both strains coincide at the same root tissues 
during the early stages of the interaction, but become spatially separated when the pathogen 
invades the vascular bundle. Therefore, disease protection induced by Fo endophytes at these 
later stages is likely plant-mediated. 
 
Fusarium oxysporum endophytism and pathogenicity are genetically 

determined by the fungus-host combination 

 
Bioassays can reveal whether a strain is pathogenic on a specific host, or on a specific variety 
of that host, but these assays cannot establish whether a strain is non-pathogenic. Given the 
narrow host-range of pathogenic Fo strains (mostly restricted to single plant species) it would 
be necessary to inoculate a particular strain on all possible plant species and varieties to 
conclude that it is likely a non-pathogen in case of a negative outcome. Giving the 
impracticality of such an approach, and the limitation of classical taxonomic features, there 
has been ample focus on identifying molecular features that could be used to distinguish 
ff.spp. and to diagnose pathogenic isolates and discriminate them from non-pathogenic 
strains. 
 
Phylogenetic analyses of the Fo species complex using conserved gene sequences such as 
those encoding Elongation factor 1  typically result in phylogenetic trees in which Fo 
pathogens and endophytes are distributed together over different clades (Wong and Jeffries, 
2006; Ellis et al., 2014; Pinaria et al., 2015). Likewise, trees based on genomic markers such 
as restriction fragment length polymorphism of the ribosomal intergenic spacer regions, or 
on mating type results in trees in which the ff. spp. are polyphyletic and cluster together with 
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Fo endophytes in various clades (Alves-Santos et al., 1999; Abo et al., 2005; Ellis et al., 2014; 
Nirmaladevi et al., 2016). Even a multiple-sequence alignment of 441 conserved core genes 
from various Fo genomes did not result in a tree that enabled differentiating ff. spp. or 
allowed unambiguous identification of non-pathogenic strains (van Dam et al., 2018). 
 
A decade ago, however, it was reported that the presence of a lineage-specific chromosome 
determines pathogenicity of Fol toward tomato (Ma et al., 2010). Horizontal transfer of a 
pathogenicity chromosome from Fol to Fo47 turned the endophyte into a tomato pathogen 
(Ma et al., 2010). Subsequent studies revealed that chromosome transfer from a cucurbit-
infecting Fo strain could transform Fo47 into a cucurbit pathogen (van Dam et al., 2017). 
Vice versa, loss of a dispensable pathogenicity chromosome from a Fol strain resulted in loss 
of pathogenicity (Vlaardingerbroek et al., 2016). Hence, pathogenicity appears to correlate 
with the presence of a pathogenicity chromosome. These pathogenicity chromosomes differ 
from core chromosomes by a high content of transposable elements and a low gene density 
(Ma et al., 2010). Genetic analysis of Fol revealed that its pathogenicity chromosome carries 
the genes encoding the putative host-specific virulence proteins (effectors) that the fungus 
secretes in the tomato xylem sap following infection (Schmidt et al., 2013). Some of these 
Secreted In Xylem, or SIX, proteins such as SIX1 (Avr3) (Rep et al., 2004), SIX3 (Avr2) (Di 
et al., 2017b), SIX4 (Avr1) (Houterman et al., 2008) and SIX6 (Gawehns et al., 2014) are 
genuine effectors and contribute to fungal virulence on tomato. Many of these effectors were 
found to be specific for the tomato-infecting strain, providing the means to identify this 
pathogen based on its effector profile. Based on the features of these Fol SIX effector genes 
an effector prediction pipeline could be constructed in which putative effector genes in Fo 
can be identified based on: 1) a relatively small size (>25 aa & <300 aa), 2) presence of a 
signal peptide for secretion and 3) proximity to a ‘miniature impala’ transposable element 
(van Dam et al., 2016). Analyses of predicted Fo effectoromes revealed that these are shared 
between strains from a f.sp. infecting the same host, while they are divergent for those 
infecting other plant species, thereby allowing distinction of ff.spp. based on their effector 
profiles (Lievens et al., 2009; van Dam et al., 2016; van Dam et al., 2018). Hence, in contrast 
to phylogenetic analyses, Fo effectorome exploration proves a powerful tool to predict 
pathogenicity and the potential plant host for a given strain. Whether a potential pathogen is 
indeed able to cause disease ultimately depends on the corresponding genotype of the host. 
If the host carries a resistance gene recognising a specific effector of the pathogen this may 
result in activation of gene-for-gene-based resistance response restricting host colonisation 
(Flor, 1956; Jones and Dangl, 2006). For instance, the Fol effector proteins Avr1, Avr2 or 
Avr3 are recognized by the tomato resistance proteins I, I-2 or I-3 (Simons et al., 1998; 
Catanzariti et al., 2015; Catanzariti et al., 2017) resulting in the activation of a resistance 
response in plants carrying these genes (Houterman et al., 2008). Similarly, the effector 
protein AvrFom2 from the melon pathogen Fo f.sp. melonis can be recognized by the melon 
resistance protein Fom2 thereby conferring avirulence to the fungus (Risser et al., 1976; 
Schmidt et al., 2016). 
 

Non-pathogenic strains share a set of conserved putative effector genes with pathogenic 
strains, but typically carry much fewer effector candidates and no or few host-specific 
effectors (van Dam et al., 2016). This notable difference provides a means to distinguish 
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potential pathogens from non-pathogens by the number of candidate effectors they carry. It 
is tempting to speculate that the candidate effectorome of non-pathogens determines their 
capacity to colonise roots and confer EMR. Unfortunately, little is known of the role of 
effectors for Fo endophytes. One putative effector, CS20EP, of the EMR-conferring CS-20 
strain was reported to trigger a defence response in tomato against Fol when applied prior 
to inoculation with the pathogen (Shcherbakova et al., 2015). The protein was identified in 
the culture filtrate of in vitro-grown fungus. However, whether the CS20EP gene is actually 
expressed during host root colonisation awaits future study, as does its role in EMR, for 
which a knockout strain should be assessed. Altogether, the predicted effector profile from 
a Fo strain allows its classification as a likely endophyte or as a putative (a)virulent pathogen 
on a given host. The increasing number of Fo genomes becoming available allows f.sp.-
specific effector candidates to be identified and to more precisely predict host-specific 
pathogenicity of a given strain. Functional analysis of these effectors, and identification of 
their host targets, could provide new leads to combat pathogens (Gawehns et al., 2013). 
 
The timing and amplitude of root responses upon colonisation by 

endophytic or pathogenic Fusarium oxysporum differ  
 

Plant roots are typically exposed to a highly diverse soil microbiota (Hacquard et al., 2017). 
Plants recognise microorganisms via microbe-associated molecular patterns (MAMPs) that 
are present in both pathogens and non-pathogens (Henry et al., 2012). Well-known fungal 
MAMPs are chitin (Kaku et al., 2006) and ß-glucan (Cheong and Hahn, 1991). MAMP 
recognition is mediated by pattern recognition receptors (PRRs) located at the cell surface 
(Macho and Zipfel, 2014) such as the CERK1 chitin receptor of Arabidopsis (Miya et al., 
2007). Forward genetics in Arabidopsis identified the receptor-like kinase MIK2 as a 
potential PRR and as a crucial component to recognise and respond to MAMPs from Fo 
(Coleman et al., 2019). PRRs are mainly expressed in root zones vulnerable to pathogen entry 
resulting in a heterogenic and tissue-specific responsiveness to different MAMPs (Chuberre 
et al., 2018). Responsiveness to chitin, for instance, is mostly confined to the mature zone 
and other parts of the root system are relatively insensitive to this MAMP and do not mount 
immune responses upon exposure to chitin (Millet et al., 2010; Coleman et al., 2019). This 
heterogeneity could explain why Fol typically does not penetrate mature root zones (Mes et 
al., 2000). In the responsive zones MAMP recognition results in activation of pattern-
triggered immunity (PTI), which confers resistance to a wide variety of potential pathogens 
(Jones and Dangl, 2006; Bigeard et al., 2015).  
 

Activation of PTI induces a variety of early signalling responses, such as a cellular Ca2+ and 
H+ influx resulting in extracellular alkalinisation, production of reactive oxygen species 
(ROS) and phosphorylation of mitogen-associated protein kinases (MAPKs) (Bigeard et al., 
2015; Chuberre et al., 2018). A number of PTI-associated signalling responses that have been 
monitored in cell cultures upon Fo treatment are depicted in Figure 1. Cell cultures have 
been instrumental to study early plant responses to Fo (Olivain et al., 2003; Humbert et al., 
2015). Flax cell cultures exposed to germinated microconidia of Fo47 show a stronger 
extracellular alkalinisation response than cells treated with pathogenic F. oxysporum f.sp. lini 
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Figure 1. Schematic representation of plant responses upon Fo inoculation. Responses of 
plants following exposure to a Fo endophyte (A) or a pathogen (B). Pictures on the left show 
representative phenotypes of tomato plants upon inoculation with either an endophytic or a 
pathogenic Fo strain. Middle panels show root colonisation by GFP-labelled Fo strains visualised by 
fluorescence microscopy. The right panel summarises early signalling responses upon Fo exposure 
to plant cell cultures (Olivain et al., 2003; Humbert et al., 2015). The response amplitudes are color-
coded from green (lowest) to red (highest).  
 
(Foln) (Figure 1) (Olivain et al., 2003). Also the Ca2+ influx was higher upon Fo47 exposure 
than to Foln application (Olivain et al., 2003). Ca2+ influx activates calmodulin (CaM), and in 
cucumber roots the CaM signal transduction pathway was more strongly induced upon CS-
20 colonisation than when treated with pathogenic Foc (Pu et al., 2014), implying a weaker 
PTI induction by pathogenic strains.  
 

ROS, besides being signalling molecules, have direct toxic effects on microbes (O'Brien et 
al., 2012) and can induce cell death thereby limiting progression of biotrophic pathogens 
(Mur et al., 2008). Within minutes Fo47 and Foln induce a similar early ROS burst in flax 
cells (Olivain et al., 2003). Fo47, however, also triggers a second more vigorous burst three 
hours post exposure, which is absent upon Foln treatment. Fo47 also induced more cell 
death than Foln especially at 14 hpi. A similar observation was made using tomato cell 
cultures incubated with germinated microconidia of Fo47 or Fol (Humbert et al., 2015). 
Analogously, inoculation of non-pathogenic Fo that triggers EMR against pathogenic Foa in 
asparagus induced a cell death response (  10% cell death) in roots while no cell death was 
detected when Foa alone was inoculated (He et al., 2002). Transcriptome analysis of soybean 
roots infected by pathogenic Fo pathogen revealed upregulation of several MAPKs at a 
relative late stage (72 hpi) of infection, while none was induced by an endophytic strain 
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(Lanubile et al., 2015). Whether MAPKs are differentially phosphorylated in an interaction 
between roots and Fo endophytes or pathogens remains a question for future study. Taken 
together, whereas both endophytes and pathogenic Fo strains trigger early PTI signalling, 
these responses are typically less pronounced in the presence of the latter, suggestive of 
stronger immune suppression by pathogenic strains. 
 
An effective PTI response results in a transient, local and systemic transcriptional 
reprogramming of the host (Boller and Felix, 2009; Millet et al., 2010; Bigeard et al., 2015; 
Chuberre et al., 2018). For instance, in Fo47-inoculated pepper roots a transient expression 
of a PR-1 protein, a chitinase and a sesquiterpene cyclase (involved in capsidiol synthesis) 
was observed at 48 hpi, after which expression returned to basal levels at 120 hpi (Veloso 
and Díaz, 2012). In tomato roots, Fo47 and Fol did not differentially affect expression of a 
set of PR marker genes when monitored at 48, 72 or 96 hpi: two chitinases (CHI9 and CHI3), 
two glucanases (GLUB and GLUA), a lypoxygenase (LOXD) and PR-1a (Aimé et al., 2013). 
However, during later stages of infection at 6 to 22 days post inoculation (dpi), Fo47, unlike 
Fol, did not trigger accumulation of PR transcripts (Aimé et al., 2008). In contrast, in 
cucumber roots CS-20 did induce major transcriptional changes, and at 72 hpi there was a 
strong induction of PR3, LOX1, PAL1 and NPR1 and of calmodulins, CsCam7 and CsCam12 
being the strongest induced. At the same time point pathogenic Foc induced NPR1 and to a 
lesser extent PR3 and PAL1 expression (Pu et al., 2014). RNA-seq analysis of soybean roots 
inoculated with endophytic or pathogenic Fo revealed that the latter induced more, and 
stronger, transcriptional changes at 72 and 96 hpi (Lanubile et al., 2015). The literature is 
ambiguous regarding transcriptional reprogramming in plant-Fo interactions, which might 
originate from dissimilarities in experimental setup, sampling time and/or plant-endophyte 
combination (Table 1). Together the data shows that transcriptional reprogramming 
following Fo endophyte colonisation varies depending on the strain, but typically is transient 
and returns to basal levels within days. The observation that CS-20 affects transcriptional 
responses more strongly than Fo47 correlates with CS-20 being a more potent EMR-inducer 
(Larkin and Fravel, 1999). Xylem sap proteome analysis of susceptible tomato plants showed 
a significant change in abundance of up to 92% of the identified proteins at two weeks post 
inoculation of Fol (Gawehns et al., 2015; de Lamo et al., 2018). Among the proteins showing 
the highest induction are the PR proteins PR-1 and PR-10. Contrarily, at the same time point 
no significant changes were detected in the proteome of Fo47-inoculated plants as compared 
to mock treatment (de Lamo et al., 2018). In summary, the transcriptional reprogramming in 
response to Fo endophytes is confined to the first days of the interaction, while pathogenic 
strains induce changes mostly during later stages when disease symptoms emerge. At these 
later stages, major changes are also detected in the xylem sap proteome of diseased tomato 
plants. 
 
PTI is hypothesised to result in establishment of physicochemical barriers such as callose 
depositions at the cell walls and exudation of phytoalexins aimed at restricting microbial 
invasion (Millet et al., 2010). In Fo47-inoculated pea roots, host cell-wall penetration 
attempts by the endophyte appear constrained by callose-containing papillae depositions 
(Benhamou and Garand, 2001). Similar observations have been made in Fo-cucumber 
(Benhamou et al., 2002), Fo-flax (Olivain et al., 2003) and Fo-tomato interactions (Le Floch 
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et al., 2009). Fo47 also induced accumulation of the phenolic compound caffeic acid in 
pepper roots at 48 hpi (Veloso et al., 2016), whereas  in tomato roots CS-20 induced 
accumulation of ferulic acid at 72 hpi (Panina et al., 2007). Both compounds have in vitro 
antimicrobial activity to V. dahliae (Veloso et al., 2016). Pea roots colonised by Fo47 respond 
by formation of an osmiophilic compound coating the secondary wall and the pit membranes 
of the vessel lumen (Benhamou and Garand, 2001). Inoculation with pathogenic F. oxysporum 
f.sp. pisi did not trigger these types of responses in pea (Benhamou and Garand, 2001).  
 

Taken together, both Fo endophytes and pathogens trigger local PTI responses but these 
appear suppressed/evaded by the latter, likely by the secretion of host-specific effectors. 
Indeed, Fo effectors have been identified that suppress PTI, a prime example being Fol Avr2 
that suppresses ROS production, callose deposition, MAPK phosphorylation and growth-
inhibition upon MAMP application (Di et al., 2017b). Recently, a chitin deacetylase (PDA1) 
has been found to be required for pathogenicity of Fo f.sp. vasinfectum to cotton (Gao et al., 
2019). This provides evidence of a PTI avoidance strategy as de-acetylation of chitin converts 
it into chitosan, which is a poor inducer of PTI (Gao et al., 2019). Another strategy to evade 
PTI activation is masking fungal MAMPs. LysM-containing effectors in Cladosporium fulvum 
are involved in chitin-binding, thereby preventing their perception by the host (Bolton et al., 
2008). LysM domain-containing effector genes are also present in Fo genomes (de Jonge et 
al., 2010; de Sain and Rep, 2015) and a LysM-containing protein secreted by Fol has been 
identified in tomato xylem sap (Gawehns et al., 2015; de Lamo et al., 2018). However, further 
research should clarify whether its role in pathogenicity is similar to that of C. fulvum.  In 
summary, successful suppression of PTI by Fo pathogens seems required to cause disease 
and strains unable to do so, e.g. because they lack the proper host-specific effectors, do not 
cause disease and exert endophytic lifestyles.  
 
EMR involves localised cell death and accumulation of specific PR 

proteins in the xylem sap  

 
The molecular and physiological changes in roots during EMR have been studied in some 
detail and were mostly focused on changes in transcriptome, metabolome, and xylem sap 
proteome. Whereas Fo endophytes typically trigger an early, minor and transient change in 
gene expression, pathogenic strains induce a major and later (days) transcriptional 
reprogramming during the onset and development of disease (see The timing and amplitude of 
root responses upon colonisation by endophytic or pathogenic Fusarium oxysporum differ). In tri-partite 
interactions surprisingly little changes in gene expression have been reported. One study of 
Fo47-inoculated tomato roots challenged with Fol revealed induction of transcripts encoding 
an acidic extracellular chitinase (CHI3), an acidic extracellular ß-1,3-glucanase (GLUA) and 
PR-1a 48h after inoculation (Aimé et al., 2013). 
 

Metabolomic studies revealed that pre-treatment of pepper plants with Fo47 two days prior 
to V. dahliae inoculation enhanced the accumulation (at 8 and 24 hpi) of a phenolic acid, 
chlorogenic acid, in the roots in response to the latter (Veloso et al., 2016). Phenolic acids 
are involved in fortification of cell walls when cross-linked to cell wall polymers by a ROS-
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catalysed process (McLusky et al., 1999; Bubna et al., 2011; O'Brien et al., 2012). Phenolics, 
together with callose, ROS, peroxidases and structural proteins form the major constituents 
of the papillae depositions that are proposed to block cell entry of Fo (Underwood, 2012). 
In agreement, pre-treatment of cucumber roots with Fo47 resulted in more papillae 
depositions preventing P. ultimum to penetrate host cells (Benhamou et al., 2002). Another 
physiological aspect of EMR is the endophyte-induced host cell death during early stages of 
colonisation. This phenomenon seems to be common among non-pathogenic strains as Fo 
endophytes typically induce host cell death in the root cortex to a larger extent than Fo 
pathogens during early stages of infection (He et al., 2002; Olivain et al., 2003; Humbert et 
al., 2015; Gordon, 2017). Noteworthy, in a mutagenesis screen of different Fo endophytes, 
those losing their ability to trigger biocontrol also showed a reduced induction of host cell 
death in cell cultures despite retaining its host colonisation capabilities (Trouvelot et al., 2002; 
L'Haridon et al., 2007; Alabouvette et al., 2009). 
 

Pathogenic Fo strains show reduced vasculature colonisation upon EMR induction, which 
might be caused by a change in the xylem sap proteome. To address this hypothesis the 
xylem sap proteome of tomato plants inoculated with Fo47 and/or Fol was compared (de 
Lamo et al., 2018). Of the 388 quantifiable proteins, the abundance of only two proteins was 
strongly increased in the tri-partite interaction as compared to the mock controls. 
Accumulation of these two proteins, a -glucanase and NP24, was induced 45- and 33-fold 
respectively as compared to the control. -glucanases exert its antimicrobial activity by 
hydrolysing glucan molecules, one of the most abundant polysaccharides in fungal cell walls 
(Stintzi et al., 1993). Furthermore, the released ß-1,6-glucans act as fungus- and oomycete-
specific MAMPs triggering host immune responses (Fesel and Zuccaro, 2016). NP24 is a 
member of the PR-5 family that includes osmotin and thaumatin-like proteins (Stintzi et al., 
1993; Liu et al., 2010). PR-5 proteins exert in planta antimicrobial activity against the 
pathogens Phytophthora infestans (Woloshuk et al., 1991), P. capsici and Fo (Mani et al., 2012) 
by disrupting their plasma membrane integrity via the formation of pores (Vigers et al., 1992). 
In addition, some PR-5 proteins exert ß-1,3-glucanase activity that could contribute to their 
antimicrobial activity (Grenier et al., 1999; Menu-Bouaouiche et al., 2003). Besides a direct 
effect on the pathogen, overexpression of a plum PR-5 in Arabidopsis activated the 
production of the phytoalexin camalexin (El-kereamy et al., 2011). The correlation between 
EMR and NP24 abundance is intriguing, as the only differentially accumulated protein in the 
xylem sap of resistant tomato plants inoculated with an avirulent Fol strain is also a PR-5 
family member. Accumulation of this xylem sap-specific PR-5x protein was induced 158-
fold upon inoculation of the avirulent pathogen. In a compatible interaction the abundance 
of the protein also increased, but to a much lower extent (de Lamo et al., 2018). The finding 
that PR-5 isoforms also specifically accumulate in xylem sap of susceptible and resistant B. 
oleracea infected with Fo f.sp. conglutinans (Pu et al., 2016) further indicates a role for these 
proteins in controlling the proliferation of pathogenic Fo strains in the vasculature. The 
observation that pathogenicity-compromised Fol strains in which specific effectors are 
deleted trigger an >200-fold induction of NP24 in the xylem sap provides additional support 
for this hypothesis (Gawehns et al., 2015). How these Fol effectors affect accumulation of 
PR-5 isoforms in tomato is unknown, but various plant pathogens, including V. dahliae 
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(Zhang et al., 2019), Blumeria graminis (Pennington et al., 2016) and B. cinerea (Gonzalez et al., 
2017), secrete effectors that directly target PR-5 proteins, stressing their importance in plant 
fungal interactions.  
 

Altogether, Fo-based EMR seems to be a root-mediated response that triggers, among other 
responses, specific accumulation of xylem sap-localised PR-5 and ß-glucanase proteins and 
secretion of phenolic compounds that together with ROS are involved in cell wall 
lignification and callose depositions. Furthermore, host cell death induced by Fo endophytes 
correlates with the induction of an effective EMR response.  
 

EMR is distinct from induced systemic resistance and systemic acquired 

resistance responses 

 

Many studies attribute Fo-induced resistance response in plants as the main contributor to 
biocontrol (Table 1). Split-root systems, in which the Fo endophyte is spatially separated 
from the pathogen, have shown that EMR can act systemically in root tissues (Kroon et al., 
1991; Fuchs et al., 1997; Duijff et al., 1998; Larkin and Fravel, 1999; Kaur and Singh, 2007; 
Pantelides et al., 2009; Aicha et al., 2014). The mechanism that transduce this signal to distant 
root tissues is unknown. Root colonisation by endophytes such as S. indica or Trichoderma spp. 
triggers an Induced Systemic Resistance response (ISR) that relies on the phytohormones 
jasmonic acid (JA) and ethylene (ET) (Shoresh et al., 2010; Franken, 2012). Other microbes, 
especially avirulent pathogens, can trigger a salicylic acid (SA)-dependent immune response, 
which results in Systemic Acquired Resistance (SAR) (Pieterse et al., 2014). Both systemic 
responses prime the plant to respond faster and stronger to subsequent pathogen attack, 
thereby reducing it susceptibility to foliage-attacking pathogens (Durrant and Dong, 2004; 
Fu and Dong, 2013; Pieterse et al., 2014). The observation that Fo endophytes typically do 
not confer protection to pathogens attacking above-ground tissues (Table 1) raises the 
question whether EMR mechanistically differs from ISR or SAR. Only two reports describe 
Fo-induced resistance to a foliar pathogens (Biles and Martyn, 1989; Díaz et al., 2005). It was 
reported that a Fol strain that is pathogenic on tomato  reduced susceptibility to B. cinerea in 
pepper (Díaz et al., 2005). Pre-treatment with 1-methylcyclopropene, an inhibitor of ET 
perception, compromised this Fol-induced plant protection to the fungus. The involvement 
of ET in this response implies that the non-host pathogen Fol can trigger ISR in pepper. 
Remarkably, Fo47 inoculation did not confer protection against B. cinerea in the same 
experimental setup, although this strain triggered EMR (Veloso and Díaz, 2012), suggesting 
that Fol triggers both. The other example details the cucumber-pathogen Foc that induced 
systemic responses in aerial tissues in watermelon (Biles and Martyn, 1989). It will be 
interesting to investigate whether both pathogenic Fo strains carry effectors that are 
recognised by these non-host plants responsible for triggering a systemic ISR-type immune 
response. These examples imply that non-host pathogenic Fo strains can induce both ISR 
and EMR, while purely endophytic strains trigger only the latter response.  
 

Whereas tomato mutants compromised in SA signalling are hypersensitive to Fusarium wilt 
disease, an increased tolerance was observed in mutants affected in ET biosynthesis or 
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perception (Di et al., 2017a). In contrast, susceptibility of tomato mutants deficient in JA 
biosynthesis towards Fol was unaffected, showing that these three phytohormones have 
distinct roles in the interaction between tomato and pathogenic Fo (Di et al., 2017a). The 
interaction between these phytohormones and Fo is complex and differs for different 
pathosystems (Di et al., 2016). To elucidate the role of these defence phytohormones in 
EMR, Constantin and co-workers analysed Fo47-induced immune responses in wild-type 
tomato plants and in mutants compromised in ET, JA or SA signalling (Constantin et al., 
2019). Expression of ET marker genes (Pti4 and ETR4) was not induced in a tri-partite 
tomato-Fol-Fo47 interaction suggesting that ET is not involved in EMR (Constantin et al., 
2019). Indeed, EMR was intact in tomato lines affected in either their ability to sense- (never-
ripe mutant) or produce ET (transgenic lines constitutive expressing ACC deaminase) 
(Constantin et al., 2019). Also tomato plants with a defect in JA biosynthesis (def1) were still 
capable of mounting EMR upon co-inoculation with Fo47 and Fol. These findings make 
involvement of ISR in EMR unlikely, as this response requires intact ET/JA signalling 
pathways (Pieterse et al., 2014). Likewise, SAR, which requires SA, appears not to be involved 
as tomato lines compromised in SA accumulation (expressing NahG) exert a functional EMR 
response against Fol (Constantin et al., 2019). Together, these findings support a model in 
which EMR induced by Fo47 is distinct from ISR and SAR, as these responses require either 
JA/ET or SA and result in induced resistance in shoots, unlike EMR that is mostly root 
confined.  
 

Discussion 
 
Based on the data presented we propose a mechanistic model on how Fo-induced EMR 
prevents disease. Figure 2 illustrates an early (  two dpi) interaction between a root and Fo. 
Both pathogenic and non-pathogenic Fo strains colonise the root epidermis and cortex. 
Whereas pathogenic Fo strains effectively compromise immune signalling by secreting 
effector proteins (Figure 2A) endophytes are unable to do so and trigger immune activation 
(Figure 2B). The transient induction of immune signalling confines the non-pathogenic 
fungus to the root cortex and restricts its growth by preventing entry into host cells by the 
formation of papillae and cell wall fortifications. Together these responses prevent the 
fungus from reaching the vasculature and causing disease. Localised cell death induced by 
Fo endophytes (He et al., 2002; Alabouvette et al., 2009) appears to be involved in the 
induction of EMR, because Fo mutants that lost their ability to induce cell death are also 
unable to trigger EMR even though they can still colonise the roots (Alabouvette et al., 2009). 
Endophytes such as Harpophora oryzae or the phylogenetically distant basidiomycete S. indica, 
are also known to trigger localised cell death upon root colonisation (Deshmukh et al., 2006; 
Su et al., 2013). This cell death response is essential for the biocontrol potential of S. 
verminifera as suppressing cell death by overexpression of cell death-suppressing genes such 
as BI-1 eradicates biocontrol (Zuccaro et al., 2019). It is tempting to speculate that induction 
of host cell death by endophytes may be a generic property required for EMR induction. 
Possibly cell death primes, or potentiates, immune responses to an extent that they can no 
longer be mitigated by the effectors secreted by the pathogen. The potentiated immune 
responses restrict pathogen development in a tri-partite interactions and results in a reduced 
xylem sap colonisation (Figure 2C). Although pathogenic Fo strains colonise the vasculature 
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Figure 2. EMR working model. Cross-section of a root colonised by a Fo pathogen (red line) (A), 
an endophyte (green line) (B) or by both in a tri-partite interaction in which EMR is triggered (C). 
The drawings depict an interaction around two-day after inoculation 
 
in tri-partite interactions their proliferation is reduced as are the disease symptoms. We 
speculate that the reduced ability to colonise the vasculature is in part due to the increased 
abundance of PR-5 protein family members and plant-produced ß-glucanases. Assessing the 
biocontrol properties of Fo in plants in which these genes are knocked-out can put this 
hypothesis to the test.  
 
Conclusion 
 

Although being studied for over more than three decades the mechanism underlying EMR 
remains elusive. Understanding this inducible defence mechanism, which confers protection 
against root-invading vascular pathogens, holds potential for improved control of wilt 
diseases without affecting the conventional defence pathways. Future studies focussing on 
the nature of the systemic signal, the role of secondary metabolites, PR protein production 
and papillae formation in tri-partite interactions will be instrumental to get a better 
understanding of the mechanism underlying EMR. Elucidating the relation between localised 
host cell death and EMR will reveal whether damage merely amplifies, or is essential, to 
trigger this immune response. Studying the potential role of host-specific and generic effector 
candidates in modulating EMR will increase our understanding of the endophytic side of the 
interaction, possibly allowing selection of endophytic strains conferring robust biocontrol in 
agricultural settings. A concern is that horizontal chromosome transfer from pathogenic Fo 
strains to the applied Fo endophytes could turn the latter into pathogens. Whether 
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chromosome transfer occurs in natural setting should be investigated before agricultural 
application.  
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Abstract 

 
Fusarium oxysporum (Fo) is best known as a host-specific vascular pathogen causing major 
crop losses. Most Fo strains, however, are root endophytes potentially conferring 
Endophyte-Mediated Resistance (EMR) to various root pathogens. EMR is a mechanistically 
poorly understood root-specific induced resistance response. Here we investigate the 
involvement of Pattern-Triggered Immunity (PTI) in controlling host colonisation by Fo 
endophytes and their ability to induce EMR to the tomato pathogen Fo f.sp. lycopersici (Fol).  

 
Transgenic tomato plants expressing the Fo effector gene Avr2 have been proposed to be 
PTI-compromised. Here we show that Avr2 plants are indeed defective in the recognition of 
both a bacterial MAMP (flg22) and a fungal MAMP (chitosan). We challenged these PTI-
compromised tomato mutants with the EMR-conferring Fo endophyte Fo47, the non-host 
pathogen Fom (a melon pathogen) and with Fol. 
 
Compared to wild type plants, Avr2-expressing tomato is hyper-colonised by Fo47 and Fom. 
Surprisingly, however, EMR towards Fol, induced by either Fo47 or Fom, was unaffected in 
these plants.  
 
Although PTI restricts root colonisation by Fo, it is apparently not involved in EMR. These 
data provide additional support for EMR being an induced immune response that is 
independent from known PTI pathways.  
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Introduction 

 

Vascular wilt pathogens cause large losses in important agronomical crops (Michielse and 
Rep, 2009; Yadeta and Thomma, 2013). The vascular wilt pathogen Fusarium oxysporum (Fo) 
has a wide host range of over 100 crops, yet each forma specialis (f.sp.) infects one or a few 
related plant species only (Michielse and Rep, 2009; Edel-Hermann and Lecomte, 2019).  The 
main symptoms of Fusarium wilt disease are vascular browning, leaf epinasty and wilting 
(Agrios, 2005). Fo enters roots by hyphal swellings through wounds, lateral roots emergence 
points, or via the root tip depending on the Fo strain and its host. Thereafter, hyphae grow 
mainly apoplastically through the root cortex eventually reaching the vasculature from which 
the fungus colonises the aboveground tissues (Gordon, 2017). Control of wilt diseases is 
difficult as no curative treatments are available once the plant is infected. In addition, 
chlamydospores, being the major resting structures of the fungus, can remain viable in the 
soil for decades. To date, the best strategy to control wilt disease is the use of resistant crops. 
Unfortunately, genetic resistance is not available in many plant species (Yadeta and Thomma, 
2013).  
 

Plants are constantly challenged by potentially pathogenic microbes, and especially the roots 
are exposed to a high diversity of microorganisms (Hacquard et al., 2017). To counteract 
microbes, plants recognise microbe-associated molecular patterns (MAMPs) through pattern 
recognition receptors (PRRs) located at the cell surface (Macho and Zipfel, 2014). 
Recognition of MAMPs starts a broad-spectrum immune response called pattern-triggered 
immunity (PTI) (Jones and Dangl, 2006; Bigeard et al., 2015). PTI induces early signalling 
responses, like Ca2+ and H+ influx, production of reactive oxygen species (ROS) and 
phosphorylation of mitogen-associated protein kinases (MAPKs), as well as late responses 
such as callose deposition (Bigeard et al., 2015; Chuberre et al., 2018). To counteract PTI 
and to promote host colonisation, microbes secrete effector proteins. Some of these 
effectors are detected by plant resistance (R) proteins resulting in the induction of effector-
triggered immunity (ETI) (Jones and Dangl, 2006). R proteins can be of different classes. 
Most of them are intracellular nucleotide-binding leucine rich repeat (NLR)-type receptors 
(NLRs), but also receptor-like proteins or kinases (RLP and RLK respectively) have been 
identified that specifically recognise effectors (Fradin et al., 2009; Postma et al., 2016; 
Catanzariti et al., 2017). The tomato (Solanum lycopersicum) R genes I, I-2, I-3 and I-7 that confer 
resistance to Fol encode a RLP, a NLR and two RLKs, respectively (Simons et al., 1998; 
Catanzariti et al., 2015; Gonzalez-Cendales et al., 2016; Catanzariti et al., 2017). These 
receptors mediate recognition of the effectors Avr1 (Six4), Avr2 (Six3) and Avr3 (Six1) from 
the tomato-infecting Fo f.sp. lycopersici (Fol) (Houterman et al., 2008). Some of these 
resistances have already been broken in the field by the emergence of new races: Fol race 2 
isolates have overcome I-mediated resistance by deletion of Avr1, and race 3 isolates that 
have overcome I-2-mediated resistance contain an Avr2 gene with either a point mutation or 
a small deletion (Takken and Rep, 2010; Biju et al., 2017). 
 

Besides genetic resistance in the host, biocontrol is an alternative method to control wilt 
diseases. Many studies have shown that endophytic Fo strains can confer protection to 
pathogenic Fo isolates (de Lamo and Takken, 2020). A potential advantage of this method 
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is that protection does not rely on single R genes and hence might be more durable and more 
difficult to overcome by the pathogen. A caveat of biocontrol is that the level of resistance 
is typically not as high as that conferred by resistance genes (de Lamo et al., 2018). Fo-based 
biocontrol is the sum of different components. The first component consists of the 
endophyte directly mycoparasitising or competing with the pathogen for nutrients and root 
entry points, limiting progression of the latter. Another component encompasses a root-
specific immune response triggered by Fo endophytes (de Lamo and Takken, 2020), and we 
refer to this response as endophyte-mediated resistance (EMR). In tomato, EMR is induced 
independent of the defence hormones jasmonic acid (JA), ethylene (ET) and salicylic acid 
(SA) (Constantin et al., 2019). This finding suggests that EMR might be independent from 
the known induced immune responses that do rely on either SA (systemic acquired resistance 
- SAR) or JA/ET (induced systemic resistance - ISR) (Fu and Dong, 2013; Pieterse et al., 
2014). These latter responses are preceded by a PTI response and therefore we here set out 
to investigate whether PTI is involved in EMR and/or colonisation of the host by Fo. 
 
To study the link between EMR and PTI tomato was used as model. As a PTI tomato mutant 
we employed a transgenic line that expresses the Fol effector gene Avr2. Avr2-expressing 
plants show compromised PTI responses such as growth inhibition, ROS production and 
callose deposition upon treatment with the bacterial MAMP-derivative flg22 (Di et al., 2017). 
Lines expressing Avr2 are also hyper-susceptible to bacterial and fungal pathogens, 
suggesting that besides bacterial MAMP-induced PTI also the plant responses to fungal 
MAMPs are compromised. Here, we describe that in Avr2 plants PTI triggered by the fungal 
MAMP chitosan is compromised as well.  
 

As an established model system for EMR, the tripartite interaction between tomato, Fo47 
and Fol was used (Bolwerk et al., 2005; Aimé et al., 2013; Aicha et al., 2014; de Lamo et al., 
2018; Constantin et al., 2019). Fo47 confers resistance to Fo pathogens in various plant 
species, such as asparagus (Asparagus officinalis) (Elmer, 2004), flax (Linum usitatissimum) 
(Trouvelot et al., 2002) and eucalyptus (Eucalyptus viminalis) (Salerno et al., 2000), to the 
vascular pathogen Verticillium dahliae and to root-infecting oomycetes Phytophthora capsici in 
pepper (Capsicum annuum) (Veloso and Díaz, 2012) and Pythium ultimum in cucumber 
(Benhamou et al., 2002). Besides a Fo strain with a purely endophytic lifestyle, we also 
included the non-host pathogen Fo f.sp. melonis (Fom), which typically infects melon. These 
experiments allowed us to test the role of PTI in EMR and in colonisation of tomato by the 
endophytic Fo47 and Fom. 
 

Results 

 

Endophyte-mediated resistance can be conferred by endophytic and non-host 

isolates of Fusarium oxysporum  

 

Besides Fo endophytes like Fo47, also non-host Fo pathogenic strains are reported to confer 
EMR (Biles and Martyn, 1989; Díaz et al., 2005). Nonetheless, it is unknown whether non-
host Fo pathogens confer EMR in tomato to an extent similar as endophytic strains. To 
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address this question, the EMR-inducing potential of a melon-pathogenic strain, Fom001, 
was assessed in tomato and compared to that of Fo47. The latter is a well-known EMR 
inducer when co-inoculated with Fol (de Lamo et al., 2018; Constantin et al., 2019). Ten-
days-old MoneyMaker (MM) seedlings were root dip-inoculated with water (mock), Fo47, 
the tomato pathogen Fol4287 or Fo47:Fol, a mixture of Fo47 and Fol4287 (Figure 1A). 
Three weeks post inoculation (wpi) Fo47 was found to confer EMR as fresh weight (FW) of 
plants co-inoculated with Fo47 and Fol4287 was significantly higher than that of plants 
infected with Fol4287 alone (Figure 1B). In addition, disease index (DI) was reduced when 
the pathogenic and Fo47 biocontrol strains were co-inoculated as compared to infection 
solely with the pathogenic strain (Figure 1C). Using the same procedure Fom001 was found 
to confer EMR to Fol4287 to an extent similar to Fo47 (Figure 1D) as FW and DI were 
affected to a comparable extent in this tri-partite interaction (Figure 1E, F). These findings 
show that the non-host pathogen Fom001 is an endophyte of tomato and confers EMR, 
reducing disease symptoms caused by a tomato pathogenic Fo strain.  
 
Avr2 compromises tomato responsiveness to a fungal MAMP 

 
A tomato PTI-mutant is instrumental to assess involvement of the PTI response in EMR. 
However, since PTI knockout mutants have not been described in tomato, we investigated 
whether the transgenic line MM- spAvr2-30 could be used as a proxy.  This transgenic line 
accumulates Avr2 intracellularly, resulting in a compromised PTI response as exemplified by 
its reduced responsiveness to the bacterial MAMP flg22 (Di et al., 2016; Di et al., 2017). If 
Avr2 targets a general component of PTI signalling, and not a flg22-specific factor, then this 
line provides an excellent model to study the role of PTI in EMR in tomato.  
 

To test whether Avr2 affects responsiveness of tomato to fungal MAMPs, leaves of MM and 
MM- spAvr2-30 were infiltrated with the fungal MAMP-derivative chitosan and callose 
depositions were monitored. Chitosan was used instead of chitin as this de-acetylated variant 
of chitin is better soluble and has been reported to induce a potent defence response in 
tomato (Rendina et al., 2019). As a positive control for PTI induction flg22 was used and 
MilliQ water served as negative control. Formation of callose was detected in chitosan- and 
flg22-treated leaves to a significantly higher extent than in water-infiltrated leaves (Figure 

2). This result shows that these depositions are a specific response to the MAMPs and are 
not due to the infiltration procedure. As expected, MM- spAvr2-30 leaves infiltrated with 
flg22 showed significantly less callose depositions as compared to wild-type MM leaves 
confirming previous reports (Figure 2) (Di et al., 2017). Compared to wild-type MM, MM-

spAvr2-30 leaves infiltrated with chitosan showed significantly fewer callose depositions, 
indicating that Avr2 also suppresses chitosan-induced defence responses. These findings 
show that flg22- and chitosan-induced PTI responses are compromised in MM- spAvr2-30 
tomato, indicating that the effector targets a shared signalling component downstream of the 
respective MAMP receptors, making this transgenic line a good proxy for a PTI mutant. 
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Figure 1. Both Fo47 and the melon-pathogen Fusarium oxysporum (Fo) f.sp. melonis 

(Fom001) confer Endophyte-Mediated Resistance (EMR) to Fo f.sp. lycopersici (Fol4287) in 

tomato. (A) Ten-days-old MoneyMaker seedlings were root dip-inoculated with water (mock), Fo47, 
Fol or a mixture of Fo47 and Fol4287 (Fo47:Fol). A minimum of 10 seedlings was used for the mock 
treatment and 20 were used for the other treatments. (B) Three weeks post inoculation fresh weight 
(FW) and (C) disease index (DI) were scored. The experiment was repeated three times with similar 
results. (D, E, F) The same bioassays were carried out with Fom001. An unpaired comparison for 
FW and DI was performed using the non-parametric Mann-Whitney U test (*Pval < 0,5, **Pval < 
0,01, ****Pval < 0,0001). The data presented is a subset of the data that was generated as a part of a 
larger bioassays that is depicted in Figures 4 and 5. 
 

Endophytic F. oxysporum strains hyper-colonise PTI-compromised tomato  

 

To establish themselves within the roots, endophytes are hypothesised to suppress and/or 
avoid activation of extensive host defences (Teixeira et al., 2019). To investigate whether PTI 
indeed affects colonisation by endophytic Fo of tomato, stem pieces from MM, MM-Avr2-7 
and MM- spAvr2-30 tomato plants were harvested three wpi with Fo47 (25 biological 
replicates/tomato genotype). Stem sections where taken at crown, cotyledon and the first 
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Figure 2. MM- spAvr2-30 plants show a reduced number of callose depositions in leaves 

upon flg22 and chitosan infiltration, compared to wild-type MoneyMaker (MM) tomato. (A) flg22 
(100 nM)- and chitosan (100ug/ml)-induced callose depositions were visualised by aniline blue 
staining in MM and MM- spAvr2-30 leafs. (B) Quantification of flg22- and chitosan- induced callose 
deposits per mm2. Three MM plants and three MM- spAvr2-30 plants were selected for flg22 or 
chitosan infiltration. Four leaf discs were taken per plant. For the mock treatments two plants were 
infiltrated. Three pictures were taken from different areas of the treated leaf discs. The experiment 
was replicated twice with the same results. An unpaired comparison was performed using the non-
parametric Mann-Whitney U test (****Pval < 0,0001). 
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Figure 3. Intracellular presence of Avr2 in tomato facilitates Fo endophytism. (A) To monitor 
stem colonisation by Fo endophytes stem sections from Fo47- or Fom001-inoculated MoneyMaker, 
MM-Avr2-7 and MM- spAvr2-30 were harvested at the crown, cotyledon and first true leaf levels. 
Stems sections of Fo47 (hygromycin-resistant)-infected plants were surface-sterilised and placed on 
(B) PDA supplemented with hygromycin. Plates were scanned after four days of incubation at 25 °C 
in the darkness. In the pictures, a subset of five replicates out of a total of 20 is shown. (C) Positive 
fungal outgrowth was quantified. The y-axis represents the percentage of biological replicates that 
were either (non-)colonised to the crown, cotyledon, or first true leaf level. One representative 
bioassay is shown as illustration. (D) Root colonisation by Fo47 was quantified by means of RT-
qPCR. Three technical replicates were done for each biological replicate. (E, F) Stem colonisation of 
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Fom001 in the same tomato lines was also monitored. The experiments were replicated twice. An 
unpaired comparison for the relative quantification and the fungal stem re-isolations was performed 
using the non-parametric Mann-Whitney U test (*Pval < 0,5, **Pval < 0,01, ***Pval < 0,001, 
****Pval < 0,0001). 
 
true leaf to monitor the extent of host colonisation by the fungus (Figure 3A). Line MM-
Avr2-7 was included as a negative control. In this line Avr2 is secreted into the apoplast while 
its virulence function has been reported to be intracellular (Di et al., 2017). Fungal outgrowth 
of the stem segments was scored after four days of incubation on agar plates (Figure 3B). 
As reported (de Lamo et al., 2018; Constantin et al., 2019), Fo47 is a poor stem coloniser as 
colonisation of wild-type MM was restricted to the crown level (Figure 3C). In a bioassay 
repetition the same result was confirmed. The PTI-compromised MM- spAvr2-30 line, 
however, was colonised by Fo47 to a higher extent. In this line, the fungus often reached the 
cotyledons and occasionally the first true leaf (Figure 3C). Like wild-type MM, MM-Avr2-7 
control plants were colonised only until the crown, with the exception of a single replicate 
colonised also at the cotyledon level (Figure 3C). This suggests that MM-Avr2-7 behaves as 
wild-type MM. Altogether, an effective PTI response to Fo47 appears to be instrumental in 
controlling the extent of host colonisation by a Fo endophyte as MM- spAvr2-30 are hyper-
colonised.   
 
Next, we set out to quantitatively assess whether Fo47 colonisation of stems correlates with 
a more extensive colonisation of roots. Thereto genomic DNA was isolated from roots of 
inoculated wild-type, MM-Avr2-7 and MM- spAvr2-30 plants. Subsequently, RT-qPCR was 
performed with a Fo47-specific primer pair to quantify fungal biomass relative to tomato -
tubulin, that served as endogenous control (Figure 3D). Fo47-inoculated wild-type MM 
plants showed consistently the least colonisation, while MM- spAvr2-30 showed the highest 
amount of fungal biomass among the three tomato lines analysed, showing that a 
compromised PTI results in a more abundant endophyte colonisation of tomato roots and 
stems.  
 

To assess whether PTI also restricts colonisation of a non-host pathogen the MM, MM-
Avr2-7 and MM- spAvr2-30 tomato lines were inoculated with Fom001. Like Fo47, Fom001 
was found to colonise MM- spAvr2-30 to a higher extent than wild-type MM and MM-Avr2-
7 plants. Colonisation of the latter two genotypes was highly similar (Figure 3E, F), 
resembling the pattern observed for Fo47. Together, these experiments show that both Fo47 
and Fom001 become hyper-colonisers on PTI-compromised tomato. 
 

Endophyte-Mediated Resistance is unaffected in PTI-compromised tomato  

 
Previous studies showed that endophytes can reduce host susceptibility to different 
pathogens (Ghorbanpour et al., 2018; de Lamo and Takken, 2020). We were interested in 
testing whether PTI affects EMR conferred by either Fo47 (Figure 4) or the melon-
pathogen Fom001.  (Figure 5). MM, MM-Avr2-7 and MM- spAvr2-30 tomato plants were 
inoculated with water (mock), Fo47, Fol4287 or a 1:1 mixture of both (Figure 4A). Fo47 
was found to confer EMR to Fol4287 in the three different tomato genotypes as FW of co-

3

PTI limits endophytism and is dispensable for EMR



543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 52PDF page: 52PDF page: 52PDF page: 52

 52 

inoculated plants was always significantly higher than that of solely Fol4287-infected plants 
(Figure 4B). In line with this observation, co-inoculated plants showed less disease 
symptoms than exclusively Fol4287-inoculated ones (Figure 4C).  A similar result was found 
when MM, MM-Avr2-7 and MM- spAvr2-30 were inoculated with Fom001 as the EMR-
inducing strain (Figure 5A). Fom001 conferred EMR in all three lines as FW was 
consistently higher in the co-inoculated plants as compared to the plants inoculated with 
Fol4287 alone. Notably, inoculation of MM- spAvr2-30 with Fom001 caused a reduction in 
the FW of the plants as compared to the mock (Figure 5B), however this finding was 
observed only in one of the three bioassays performed. Fom001 was found not to cause any 
disease symptoms in any of the plant lines (Figure 5C). Altogether, PTI appears unrelated 
to EMR as the latter response was still observed in PTI-compromised tomato. 
 

Discussion 

 

Here, we report that the endophyte Fo47 and the melon-pathogen Fom001 become hyper-
colonisers of PTI-compromised tomato plants. Surprisingly, the biocontrol conferred by 
both Fo strains towards Fol4287 was unaffected in these mutant plants. Our findings imply 
that EMR operates independent from PTI signalling. As proxy for a PTI mutant we used the 
transgenic MM- spAvr2-30 line that produces the fungal effector protein Avr2 
compromising PTI signalling. Previously, these plants were reported to be hyper-susceptible 
to various pathogens, including bacterial and fungal pathogens, and to exert a compromised 
immune response upon treatment with a bacterial MAMP (Di et al., 2017). In this study we 
extend these findings, and report that spAvr2 plants are also compromised in their response 
to the fungal MAMP chitosan: infiltration of chitosan in the leaves of these transgenic plants 
resulted in a significant reduction of the amount of callose depositions as compared to that 
of wild-type plants.  
 
Hyper-colonisation of stems and roots of spAvr2 plants by Fom001 and Fo47 shows that 
PTI controls the extent of host colonisation by non-pathogens. Microscopy using wild-type 
tomato plants did not show the presence of Fo47 in the vasculature (Olivain et al., 2006; 
Nahalkova et al., 2008) and also in xylem sap of Fo47-infected plants no fungal proteins were 
found (de Lamo et al., 2018). Although we observed a more extensive colonisation of stems 
of infected spAvr2 plants tomato plants (Figure 3), it is unlikely that the endophytic strains 
colonised the vasculature. Indeed, our microscopy studies revealed the presence of the 
fungus only in the cortex of infected roots and not in the vasculature (data not shown). Also, 
if Fo endophytes would colonise the vasculature of spAvr2 plants, then one would also 
expect a more extensive colonisation of the tomato shoot, similar as virulent and avirulent 
Fol strains (van der Does et al., 2018). Nevertheless, the observation that Fo47 and Fom001 
become hyper-colonisers of PTI-compromised tomato suggests that Fo endophytes trigger 
an immune response that limits their host colonisation. Hence, the hypothesised suppression 
and/or avoidance of activation of host defences by endophytes to colonise roots (Teixeira 
et al., 2019) does not seem to involve a complete blocking or avoidance of PTI. Indeed, Fo47  
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Figure 4. Fo47 does not lose its EMR-inducing capabilities in PTI-compromised plants. (A) 
Ten-days-old MoneyMaker, MM-Avr2-7 and MM- spAvr2-30 seedlings were root dip-inoculated with 
water (mock), Fo47, Fol or a mixture of Fo47:Fol4287. A minimum of 10 seedlings was used for the 
mock treatment and 20 were used for the other treatments. Three weeks post inoculation (B) FW 
and (C) DI were scored. The experiment was repeated thrice with similar results. The experiment 
was replicated twice. An unpaired comparison for FW and DI was performed using the non-
parametric Mann-Whitney U test (*Pval < 0,5, **Pval < 0,01, ***Pval < 0,001, ****Pval < 0,0001). 
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Figure 5. Melon-pathogen Fom001 does not lose its EMR-inducing capabilities in PTI-

compromised plants. (A) Ten-days-old MoneyMaker, MM-Avr2-7 and MM- spAvr2-30 seedlings 
were root dip-inoculated with water (mock), Fo47, Fol or a mixture of Fo47:Fol4287. A minimum 
of 10 seedlings was used for the mock treatment and 20 were used for the other treatments. Three 
weeks post inoculation (B) FW and (C) DI were scored. The experiment was repeated three times. 
An unpaired comparison for FW and DI was performed using the non-parametric Mann-Whitney U 
test (**Pval < 0,01, ****Pval < 0,0001). 
 
has been reported to transiently induce immune signalling in tomato roots resulting in papilla 
formation, blocking host cell penetration by Fo47 (Benhamou et al., 2002) and induction of  
cell death near infection sites (Alabouvette et al., 2009). Notably, pathogenic strains suppress 
cell death, implying involvement of this response in immune signalling (He et al., 2002; 
Olivain et al., 2003; Alabouvette et al., 2009; Humbert et al., 2015). Irrespective of the exact 
mechanism underlying PTI inducibility in roots, PTI is apparently not the only response that 
Fo has to suppress to become a pathogen. No significant differences were observed in FW 
of Fo47-inoculated wild-type MM, MM-Avr2-7 and MM- spAvr2-30 plants as compared to 
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the mocks (Figure 4B). Furthermore, no disease symptoms were found in plants inoculated 
with Fo47 (Figure 4C), showing that compromising PTI alone is not sufficient to turn Fo47 
into a pathogen. Fom001 did reduce the FW of MM- spAvr2-30 plants in one of the three 
repetitions, although no disease symptoms were observed (e.g. brown vessels, wilting, 
yellowing) (Figure 5B, C). We conclude that if PTI is involved it is not a consistent 
contribution, and other factors are more important to turn an endophytic interaction into a 
pathogenic one. These factors likely include the host-specific virulence genes present in 
pathogenic Fo strains (van Dam et al., 2016). Indeed, horizontal transfer of a pathogenicity 
chromosome from Fol, encoding host specific virulence genes, to Fo47 allows the latter to 
become a pathogen on tomato (Ma et al., 2010). 
 
The observation that EMR is still induced in spAvr2 plants can be explained by different 
non-exclusive models. One model is that the main factor in disease reduction is due to direct 
antagonism between the fungal strains. This scenario resembles that of the fungus Serendipita 
indica that can suppress disease symptoms triggered by the root-pathogen Bipolaris 
sorokiniana in barley by affecting expression of effector genes and genes involved in 
secondary metabolism in the latter (Sarkar et al., 2019). In this model, since the interaction 
between the strains is not plant-mediated, it is unlikely to be affected by the presence or 
absence of a PTI response. However, since in our system endophyte and pathogen colonise 
different plant compartments, root cortex versus vasculature, there must be a role for the 
plant in Fo-mediated EMR. Especially during later stages in EMR, where the pathogen 
colonises the vasculature of the stems while the endophyte remains root-confined (de Lamo 
et al., 2018) there is certainly no direct contact between the fungi. So, although a direct 
competition between the strains might contribute to EMR the host will certainly contribute 
to the observed resistance. Whereas our data strongly suggest that PTI is not involved in 
EMR, its involvement cannot completely be excluded as PTI is compromised but not fully 
absent in the MM- spAvr2-30 line. Chitosan-induced callose depositions are reduced but not 
completely absent in spAvr2 plants (Figure 2) and so is the phosphorylation of MAPKs 
upon flg22 treatment (Di et al., 2017). Completely excluding possible involvement of PTI in 
EMR awaits the generation of stable tomato knockout mutants in which PTI signalling is 
practically absent, like the bbc Arabidopsis mutants (Xin et al., 2016). However, other lines 
of evidence also imply that PTI is not instrumental for EMR induction. PTI induction 
typically results in the induction of the expression of defence genes such as PR-1 and the 
encoded protein is not found in xylem sap of EMR tomato plants co-inoculated with Fo47 
and Fol (de Lamo et al., 2018). The absence of these proteins suggests that either PTI is not 
induced, or only transiently, during EMR. Also, the observation that EMR is still induced in 
tomato lines that are compromised in either JA, ET or SA signalling (Constantin et al., 2019) 
provides an argument for EMR being distinct from the known induced resistance responses 
that rely on these hormones and are triggered by PTI (Mishina and Zeier, 2007). 
 

Taken together, our data provides support for Fo-induced EMR being a form of induced 
resistance that is distinct from the known induced resistance responses in plants, such as 
SAR and ISR, as it is still functional in tomato plants in which PTI signalling is compromised. 
This response seems specifically potent to control wilt disease caused by pathogenic Fo 
strains. A detailed molecular understanding the mechanisms underlying in Fo-based EMR 
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will be instrumental in developing novel biocontrol strategies to limit our dependency on 
pesticides in agriculture.  
 

Materials and Methods 

 

Plant and fungal materials and cultivation conditions 

 
Three different tomato lines were used that are susceptible to Fol4287 (FP3059): Wild-type 
MoneyMaker (MM), a MM-Avr2-7 line constitutively expressing the Fol Avr2 effector gene 
and a MM- spAvr2-30 line constitutively producing a Fol Avr2 variant lacking its signal 
peptide resulting in a cytoplasmically localised Avr2 protein (Di et al., 2016). Fungal 
infections were carried out with Fo strains carrying a gene that confers resistance to 
hygromycin. The endophytic strains used were Fo47 (FP1544) and Fom001 (FP1577), the 
latter is a pathogen on melon. As pathogenic strain, Fol4287 was used. Plants were grown 
in a climate-controlled greenhouse at 25 ºC, 65 % relative humidity and a 16 h photoperiod. 
 

Chitosan preparation 

 
Chitosan with a low molecular weight (50–190 kDa, 75–85% de-acetylated, Sigma-Aldrich) 
was prepared as described (Rendina et al., 2019). In brief, chitosan was dissolved in 0,2M 
acetic acid to a concentration of 1 g/ml, stirred overnight and diluted in MilliQ water to a 
concentration of 5 mg/ml. 
 

Callose deposition assays and microscopy 

 
Leaves of three weeks old tomato plants were syringe-infiltrated with water, flg22 (100 nM) 
or chitosan (100 μg/ml) and after 24 hours leaf discs were taken from the infiltrated areas. 
Leaf discs were stored in 70 % ethanol: acetic acid (3:1). Cleared leaf discs were washed and 
re-hydrated in 50% ethanol and MQ water. Staining was done for 60-120 minutes with a 
0.01 % aniline blue solution (dissolved in 0.07 M sodium phosphate buffer) at pH 9. The 
samples were mounted in 50% glycerol and callose was visualized using a Leica MZ FLIII 
fluorescence microscope with a DAPI filter (UV filter, excitation 360 nm, emission 420 
nm) was used. The number of callose depositions within a frame (5x or 8x magnification) 
was counted using Fiji (https://imagej.net/Fiji). A Mann-Whitney U statistical test was 
applied on the number of callose deposits using the software PRISM 7.0 (GraphPad). 
 

Fusarium inoculation assays 

 
Hygromycin-resistant Fo47, Fom001 or Fol4287 were inoculated from glycerol stock to 
potato dextrose agar (PDA) plates supplemented with 100 mg/l hygromycin.  Plate cultures 
were grown for at least 5 days at 25 ºC in darkness. Agar plugs were used to inoculate 100 
ml minimal medium (0.17 % Yeast Nitrogen Base without amino acids or ammonium 
sulphate, 3 % sucrose and 100 mM KNO3). Cultures were incubated in the dark at 25 ºC 
and 150 rpm for 5 days. Thereafter, cultures were filtered through Miracloth (Calbiochem) 
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and diluted to generate a microconidial inoculum of 107 spores/ml (Di et al., 2016; de Lamo 
et al., 2018). Co-inoculum of endophyte (Fo47 or Fom001) and pathogen (Fol4287) was 
prepared in a 1:1 ratio (107 microconidia/ml each). Subsequently, 10-days-old tomato 
seedlings (cv. MM, MM-Avr2-7 and MM- spAvr2-30) were uprooted and the roots were 
trimmed at 1 cm to promote fungal infection. Seedlings were root dip-inoculated by placing 
them for five minutes in water (mock) or a microconidial suspension of the endophyte 
(Fo47 or Fom001), pathogen (Fol4287) or a mixture of both. Seedling were re-potted and 
three weeks-post-inoculation (wpi) fresh weight (FW) and disease index (DI) were scored 
as described (de Lamo et al., 2018). A Mann-Whitney U statistical test was applied on the 
FW and DI using the software PRISM 7.0 (GraphPad).  
 
Fungal stem re-isolation assays 

 
Three weeks after inoculation stem pieces were collected and analysed for fungal presence. 
Stem pieces were surface-sterilized with 70% ethanol for approximately three minutes and 
subsequently rinsed with sterile water. From each stem piece, one slice (  0,5 cm thick) was 
cut from the crown, cotyledon and first true leaf segment (Figure 3A) and placed on PDA 
plates supplemented with penicillin (100 μg/ml) and streptomycin (200 μg/ml) to prevent 
bacterial growth. Additionally, the PDA plates contained hygromycin (100 μg/ml) to select 
for Fo. The plates were kept at 25 °C for four days and then scanned using an EPSON 
Perfection V800 Photo scanner and processed with the software package SilverFast 8 
(LaserSoft Imaging). Thereafter fungal outgrowth was analysed. For statistical analyses, a 0 
was given to non-colonised plants, 1 for plants that were colonised until the crown, 2 for 
colonisation until the cotyledon and 3 for colonisation until the first true leaf level. These 
categories were analysed for statistical differences using a Mann-Whitney U test. 
 
Relative quantification of Fusarium root colonisation by RT-qPCR 

 

Three wpi roots from Fo47-inoculated MM, MM-Avr2-7 and MM- spAvr2-30 plants were 
harvested and snap-frozen into liquid nitrogen. Root tissue was thoroughly ground in a 
mortar and genomic DNA (gDNA) isolation was performed with the GeneJET Plant 
Genomic DNA Purification Mini Kit (Thermo Scientific). The isolated gDNA was used 
for Real-Time Quantitative PCR (RT-qPCR). Each RT-qPCR reaction contained 1μL of 
gDNA (~50ng), 3μL of milliQ water, 2μL of 5x HOT FIREPol® EvaGreen®qPCR Mix 
Plus (ROX) (Solis BioDyne), 2μL of 5pmol/μl forward primer (PF) and 2μL of 5pmol/μl 
reverse primer (PR). Tomato -tubulin was used as an endogenous reference gene for 
normalizing fungal gDNA to tomato gDNA ( -tubulin primers PF: 
CAGTGAAACTGGAGCTGGAA; PR: TATAGTGGCCACGAGCAAAG). A primer 
pair targeting a Fo47-specific SCAR region was used to amplify fungal DNA (PF: 
CCTCAACTTCTGATTTAAATATGA; PR: GAGCGAACAACTACAATAAAAG) 
(Edel-Hermann et al., 2011).  PCRs were done in 96-well plates, using a QuantStudio 3 
thermocycler (Applied Biosystems). The RT-qPCR program started with 95 ºC for 15 min, 
followed by 40 cycles of 95 ºC for 15 s, 58 ºC for 20s, and 60 ºC for 30 s, and a final step 
to generate a melting curve that consisted of 95 ºC for 15 s, 60 ºC for 1 min, and 95 ºC for 
15 s. Data analysis was performed using the webtool provided by Thermo Scientific 
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(https://apps.thermofisher.com). A Mann-Whitney U statistical test was applied using the 
software PRISM 7.0 (GraphPad). 
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Abstract 

 
Although the vascular pathogen Fusarium oxysporum (Fo) is notorious for being the causal 
agent of Fusarium wilt disease, the vast majority of Fo strains are harmless soil and root 
colonisers. The latter Fo’s are often endophytes colonising roots without negatively affecting 
plant fitness. Actually, some of them, like Fo47, are beneficial for the plant providing 
biocontrol to various root pathogens. The ability to exert biocontrol to wilt diseases appears 
to be a generic feature of Fo. Interestingly, also avirulent Fo inoculated on a resistant host 
can reduce susceptibility of a plant to virulent Fo strains via a mechanism called “cross 
protection”. It has been hypothesised that cross protection is based on the activation of 
resistance proteins of the host upon recognition of a cognate Avirulence protein of the 
pathogenic strain. Currently, it is unknown whether biocontrol exerted by Fo endophytes 
utilizes similar mechanisms as cross protection conferred by avirulent pathogens, and 
whether both provide a quantitative similar level of protection. Here, we show that in tomato 
biocontrol exerted by the endophytic strain Fo47 to the pathogen Fo f.sp. lycopersici (Fol) is 
more effective than cross protection induced by avirulent Fol strains activating either I, I-2 
or both resistance proteins. These findings imply that cross protection and biocontrol utilize 
different mechanisms to reduce susceptibility of the host to subsequent infections. 
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Introduction 

 
Fusarium oxysporum (Fo), a filamentous ascomycete, is the causal agent of Fusarium wilt 
disease (Michielse and Rep 2009). This soil-borne vascular fungus ranks among the top 10 
major fungal plant pathogens (Dean et al. 2012). Each Fo pathogen harbours a specific set 
of effector genes required for pathogenicity on a specific host (van Dam et al. 2016). 
Nevertheless, the ample majority of Fo strains are saprotrophs able to colonise plant roots 
endophytically (Bao et al. 2004). It has been well established that wilt disease-suppressive 
soils host beneficial Fo endophytes that are responsible for protecting a susceptible host to 
pathogenic Fo strains (Alabouvette 1986;  Tamietti et al. 1993). These Fo endophytes exert 
biocontrol by directly affecting the invading pathogen, or by inducing plant immune 
responses. The latter, also referred to as endophyte-mediated resistance (EMR), results in 
induction of a systemic immune response halting a wide variety of root-, but typically not 
shoot-infecting pathogens (de Lamo and Takken 2020). EMR appears distinct from the well-
established systemic acquired resistance (SAR) and induced systemic resistance (ISR) 
responses as, at least in tomato (Solanum lycopersicum), it is independent of the defence 
hormones salicylic acid, jasmonate and ethylene (Constantin et al. 2019). Furthermore, 
whereas EMR and ISR are typically induced by non-pathogenic root colonisers, SAR can be 
triggered by an avirulent pathogen producing an avirulence protein whose presence or action 
is perceived by a host resistance (R) protein resulting in the activation of effector triggered 
immunity (ETI) (Pieterse et al. 2014). Plants infected with an avirulent Fo pathogen show a 
reduction in disease symptoms upon subsequent- or co-inoculation with a virulent Fo strain 
(Biles and Martyn 1989;  Huertas-Gonzalez et al. 1999). The observed resistance response, 
called cross protection, has been found to be effective in reducing Fusarium wilt symptoms 
in a crop such as watermelon co-inoculated with an avirulent and a virulent Fo f.sp. niveum 
(Fon) (pathogen of watermelon) isolate  (Biles and Martyn 1989). Likewise, co-inoculation 
of tomato with a virulent and an avirulent Fo f.sp. lycopersici (Fol) race 1 (pathogen of tomato) 
isolate resulted in cross protection (Huertas-Gonzalez et al. 1999). In the latter study cross 
protection was also observed in melon upon co-inoculation with virulent and avirulent 
strains of Fo f.sp. melonis (Fom) (pathogen of melon) (Huertas-Gonzalez et al. 1999).  
 

Whereas endophytic Fo strains trigger EMR, avirulent Fo strains induce cross protection 
that could be a combination of EMR and ETI-triggered SAR, or involve only the latter 
response. To study whether EMR- and cross protection-signalling pathways interact and 
affect each other, we compared cross protection induced by avirulent Fo pathogens with 
biocontrol exerted by Fo endophytes. Thereto, we used tomato cultivar Motelle carrying the 
R genes I and I-2 that confer resistance to Fol races 1 and 2 (Takken and Rep 2010). I encodes 
a receptor-like protein (RLP) detecting the presence of extracellular Fol Avr1 (Catanzariti et 
al. 2017), while I-2 is a nucleotide-binding leucine-rich-repeat-type receptor (NLR) detecting 
intracellular Avr2 (Houterman et al. 2009;  Simons et al. 1998). The use of this cultivar allows 
us to quantify and compare the level of wilt-disease resistance induced by either endophytic 
Fo (=EMR) or avirulent Fol strains triggering either I or I-2 -mediated immunity (=ETI-
triggered SAR and maybe EMR). We observed that cross protection triggered by avirulent 
Fol strains by activation of I or I-2 similarly reduced susceptibility to Fol. Notably, a race 1 
strain activating both I- and I-2-mediated resistance did not trigger a quantitatively stronger 
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cross protection than strains activating a single resistance protein. EMR triggered by Fo47 
resulted in a stronger protection to wilt disease than cross protection. 
 

Results & Discussion 

 
Activation of either I or I-2 confers similar, not additive levels of cross protection 

towards Fusarium wilt disease 

 
By using various host-pathogen combinations we wanted to examine whether cross 
protection triggered by the RLP I is equivalent to, or different from, that activated by the 
NLR I-2. Whereas I perceives Avr1, activation of the I-2 immune receptor requires the 
combined presence of two effector proteins, notably Avr2 and Six5 (Ma et al. 2015). A Fol 
isolate carrying only Avr2 or Six5 is therefore virulent on I-2 containing tomato varieties. 
The following four avirulent Fol strains were used to activate I and/or I-2: Fol004 (race 1 
carrying Avr1 and Avr2/Six5), Fol004 Six5 (race 1 carries Avr1 and Avr2 but lacks Six5), 
Fol004 Avr1 (race 2 carries Avr2/Six5 but not Avr1) and Fol007 (race 2 carrying Avr2/Six5 
but not Avr1) (Table 1). As virulent control Fol029 (race 3) was used that lacks Avr1 and 
carries a single aminoacidic substitution in the Avr2 protein allowing it to evade I and I-2 
mediated recognition (Houterman et al. 2009). By using tomato cv. Motelle (carrying I and 
I-2), these strains allow us to study whether cross protection against the virulent race 3 Fol029 
isolate triggered by the I cell surface immune receptor is quantitatively different from that 
triggered by the intracellular I-2 receptor.  
 
As expected, bi-partite interactions of tomato cv. Motelle with either avirulent Fol pathogens 
or with Fo47 (Fig. 1A – upper row panels) did not result in disease symptoms, such as a 
reduction of plant fresh weight (FW), as compared to the mock (water-inoculated) control 
(Fig. 1B). In contrast, and as anticipated, inoculation with the virulent Fol029 (race 3) strain 
resulted in severe disease symptoms such as stunting and wilting (Fig.1A –bottom left panel), 
concomitant with a strongly reduced FW of the infected plants (Fig, 1B). The disease index 
(DI) of tomato inoculated with Fol029 differed significantly from seedlings inoculated with 
either of the four avirulent Fol pathogens and Fo47 (Fig. 1C). These results are as predicted 
based on the combination of plant and fungal genotypes employed; no disease symptoms 
occurred when plants were inoculated with avirulent Fol strains while the virulent strain 
caused disease.  
 

The virulent Fol029 strain was subsequently co-inoculated with each of the four avirulent 
Fol strains separately to assess their potential to induce cross protection and reduce disease 
symptoms caused by the pathogen. Cross protection was triggered in tomato by each of the 
avirulent strains, as co-inoculation with Fol029 led to a higher FW (Fig. 1B) and a lower DI 
(Fig.1C) than tomato plants infected solely with Fol029. No differences in the extent of cross 
protection were found when Fol029 was co-inoculated with any of the avirulent Fol strains 
that activate either I or I-2 (Fig. 1). No significant differences were found in FW and DI (Fig. 
1B and 1C -compare treatments 004:029, 004 Six5:029, 004 Avr1:029 and 007:029-). As I 
has been reported to restrict host colonisation by race 1 Fol strains to a higher extent than 
I-2 halts race 2 isolates (van der Does et al. 2018), one would anticipate I to confer a stronger 
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Table 1. Fusarium oxysporum strains that were used to (co-)inoculate tomato roots.  

 

Fungal strain 
Tomato 

pathogen 
Fol race 

Relevant 

genotype 

Avirulent in 

plants 

containing: 

Reference 

Fo47 No - - - (Alabouvette 
1986) 

Fol004 Yes 1 
Avr1 

Avr2/Six5 
I / I-2 (Rep et al. 2005) 

Fol004 Six5 Yes 1 
Avr1 

Avr2/- I / - (Ma et al. 2015) 

Fol004 Avr1 Yes 1a  - 
Avr2/Six5 

- / I-2 (Houterman et al. 
2008) 

Fol007 Yes 2 
- 

Avr2/Six5 
- / I-2 (Rep et al. 2005) 

Fol029 Yes 3 
- 

Avr2b/Six5 - (Rep et al. 2005) 

a Deletion of Avr1 converts this race 1 strain into a race 2 isolate. 
bAvr2 of race 3 Fol harbours a mutation that prevents detection by I-2 but retains the virulence 
function. 
 
containment toward Fol029 than I-2. We indeed confirmed that some tomato plants 
inoculated with either Fol004 Avr1 or Fol007 (both races 2 only triggering I-2) had brown 
vessels at the cotyledon level (i.e., DI 2, Fig. 1C), while this was not observed in seedlings 
inoculated with the I-activating race 1 Fol004 Six5 strain. Notwithstanding this difference, 
susceptibility to Fol029 was equally reduced following either I or I-2 activation upon co-
inoculation as DI and FW were not significantly different between these bioassays. 
 

Co-inoculation of Fol004, which carries Avr1 and Avr2/Six5, with Fol029 allowed us to 
check whether cross protection induced by I and I-2 is additive and confers stronger 
protection than a single R protein. Comparing FW and DI of Fol004:Fol029 co-inoculated 
plants (Fol004 activates I and I-2) with plants co-inoculated with Fol029 and Fol004 Six5 
(activate solely I) or with Fol004 Avr1 or Fol007 (both only activate I-2), showed that 
simultaneous activation of both I and I-2 does not result in enhanced disease reduction as 
compared to co-inoculation with a strain that activates a single immune receptor (Fig. 1 -
compare treatment 004:029 with 004 Six5:029, 004 Avr1:029 and 007:029-). The non-
additive nature of the response could indicate that both receptors alone can trigger the 
maximal cross protection response. Alternatively, if different responses are triggered, they 
are apparently not additive.  
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Figure 1. Co-inoculation of Fo47 with the virulent Fol029 pathogen results in less severe 

disease symptoms than co-inoculation of Fol029 with avirulent strains. (A), Ten-days-old 
seedlings of tomato cv. Motelle (carries I and I-2) were inoculated with either Fo47, Fol004, 
Fol004 Six5, Fol004 Avr1, Fol007 and virulent Fol029, or co-inoculated with Fol029 and each of 
the previously-mentioned strains. The heading above the photographs (taken three weeks-post-
inoculation) depicts presence (+) or absence (-) of the cognate Fol effectors (Avr1 and Avr2/Six5 
respectively) triggering I or I-2, respectively. (B), FW and (C), DI of inoculated plants (See Materials 
and Methods). The experiment was repeated twice using 20 plants per inoculation and similar results 
were obtained. Data was analysed using a Mann-Whitney test where *Pval < 0.05. 
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Endophyte-mediated resistance confers stronger protection against wilt disease than 

cross protection  

 
To test whether the endophyte Fo47 confers EMR via a defence mechanism similar as used 
in cross protection, the extent of disease reduction in tomato plants co-inoculated with Fo47 
or an avirulent Fol strain with the Fol029 isolate was compared.  
 

The FW of Fo47:Fol029 co-inoculated plants was significantly higher than of plants 
inoculated solely with Fol029 (Fig. 1B). In correspondence, the DI of the co-inoculated 
plants was lower than that of Fol029-inoculated tomato (Fig. 1C). These data confirm that 
Fo47-based EMR also reduces susceptibility to Fol029 in this tomato cultivar. Notably, the 
FW of plants co-inoculated with Fo47:Fol029 was at least five-fold higher than of plants co-
inoculated with any of the avirulent pathogenic strains and Fol029 (Fig. 1B, brown 
comparison). In correspondence, the DI in less than half of the Fo47:Fol029-co-inoculated 
tomato reached a DI of 4, whereas the majority of the plants co-inoculated with the avirulent 
Fol strains showed a DI of at least 4 (Fig. 1C, brown comparison). Taken together, both 
Fo47-based EMR and cross protection reduce wilt disease symptoms. The reduction of 
disease symptoms upon co-inoculation with the pathogenic Fol029 strain, however, was 
much more prominent for the Fo47 endophyte than for the avirulent Fol isolates.  
 

Based on previous studies an overall higher level of cross protection was anticipated than the 
one observed in the current study (Fig. 1). For instance,  avirulent Fo f.sp. niveum (Fon) 
reduces watermelon susceptibility to virulent Fon (Biles and Martyn 1989) by at least 2-fold 
while co-inoculations of tomato with avirulent and virulent Fol reduces symptom 
development by 30% (Huertas-Gonzalez et al. 1999). In the latter case, even co-inoculation 
ratios 0.1:1 of avirulent:virulent Fol resulted in a significant disease reduction. We had 
therefore expected avirulent Fol strains to trigger a higher reduction of susceptibility than 
the endophyte, as they not only trigger ETI, but possibly also EMR following root 
colonisation. However, since cross protection is much weaker than EMR, either EMR is not 
triggered by avirulent strains, or it is too a much lower extent not being able to significantly 
contribute to resistance.  
 

One possible explanation for the poor protection conferred by avirulent Fol pathogens might 
be their ability to compromise (parts of) the tomato immune system using their host-specific 
effectors (Di et al. 2017;  Di et al. 2016;  Gawehns et al. 2014;  van Dam et al. 2016). Absence 
of these effectors in Fo47 explain its inability to cause disease in tomato (van Dam et al. 
2016), since transfer of the Fol pathogenicity chromosome to Fo47 can turn it into a 
pathogen (Ma et al. 2010;  van Dam et al. 2017). The observation that stem colonisation by 
Fo47 is increased in the presence of Fol (Constantin et al. 2020), supports the idea that, 
unlike Fo47, avirulent pathogens compromise immunity notwithstanding their inability to 
cause disease. Indeed, pathogenic Fo strains suppress early host responses like ROS 
accumulation and host cell death more effectively than Fo47 (de Lamo and Takken 2020;  
Humbert et al. 2015;  Olivain et al. 2003). In summary, compared to the endophyte Fo47, 
avirulent pathogens only weakly reduce susceptibility to Fol possibly because the endophyte 
is less- or even unable to suppress host immune responses. Presumably, once immune 

4

Avirulent Fol reduces susceptibility to Fol 

https://f.sp/


543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 70PDF page: 70PDF page: 70PDF page: 70

 

 70 

responses are triggered by an endophyte they can no longer be suppressed by effectors 
present in a virulent strain. 
 

Materials and Methods 

 

Plant and fungal materials and cultivation conditions 

 
Tomato cultivar (cv.) Motelle was used in this study. This variety carries the R genes I and I-
2 (Laterrot 1993) conferring resistance to Fol race 1 and 2 respectively. The Fo strains 
employed are depicted in Table 1. In brief, Fo47 was selected as a biocontrol-exerting 
endophyte and different tomato Fol race 1 and race 2 strains activating I and/or I-2-mediated 
immunity were selected (Table 1). Plants were grown in a climate-controlled greenhouse at 
25 ºC under a relative humidity of 65% and with a photoperiod of 16 h. 
 

Fusarium inoculation assays 

 
The Fo strains depicted in Table 1 were inoculated from glycerol stocks to potato dextrose 
agar (PDA) plates. After at least five days of cultivation at 25 ºC in darkness, agar plugs were 
used to inoculate 100 ml minimal medium (0.17 % Yeast Nitrogen Base without amino acids 
or ammonium sulphate, 3 % sucrose and 100 mM KNO3). Liquid cultures were shake-
incubated in the dark for five days at 150 rpm and filtered through Miracloth (Calbiochem). 
The resulting microconidial suspension was diluted to 107 spores/ml (de Lamo et al. 2018;  
Di et al. 2016). Co-inoculum of the different Fo endophyte/avirulent strains was prepared 
in a 1:1 ratio. Ten-days-old tomato cv. Motelle seedlings were uprooted and roots were 
clipped leaving a root length of approx. 1cm. Subsequently, seedlings were root dip-
inoculated for at least five minutes in water (mock) or in the microconidial spore suspension. 
Seedlings were re-potted and three weeks-post-inoculation (wpi) the fresh weight (FW) and 
disease index (DI) were scored (de Lamo et al. 2018). A Mann-Whitney U statistical test was 
applied on FW and DI data using PRISM 7.0 (GraphPad).  
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Abstract 

 
Resistance (R) genes and endophytic organisms can both protect plants against pathogens. 
Although the outcome of both processes is the same, little is known about the 
commonalities and differences between both immune responses. Here we set out to 
phenotypically characterise both responses in the tomato-Fusarium pathosystem, and to 
identify markers to distinguish these responses at the molecular level. As endophyte 
Fusarium oxysporum (Fo) strain Fo47 was employed, which confers protection against 
various pathogens, including the vascular wilt fungus F. oxysporum f.sp. lycopersici (Fol). As 
R-gene conferring Fol resistance the I-2 gene of tomato (Solanum lycopersicum) was used. Fol 
colonizes the xylem vessels of susceptible and I-2 resistant tomato plants, but only causes 
disease in the former. Fol was found to colonize the vasculature of endophyte-colonized 
plants, and could be isolated from stems of non-diseased plants co-inoculated with Fo47 
and Fol. Because the xylem vessels form the main interface between plant and pathogen, 
the xylem sap proteomes during R gene- and Endophyte-Mediated Resistance (RMR and 
EMR) were compared following label-free quantitative nLC-MS/MS. Surprisingly, both 
proteomes were remarkably similar to the mock, revealing only one or two differentially 
accumulated proteins in the respective resistant interactions. Whereas in I-2 plants the 
accumulation of the pathogenesis-related protein PR-5x was strongly induced by Fol, the 
endophyte triggered induction of both NP24, another PR-5 isoform, and of a ß-glucanase 
in the presence of Fol. Notably, over 54% of the identified xylem sap proteins have a 
predicted intracellular localization, which implies that these might be present in exosomes. 
In conclusion, whereas both resistance mechanisms permit the pathogen to colonize the 
vasculature, this does not result in disease and this resistance coincides with specific 
induction of the two distinct PR-5 isoforms and a ß-glucanase.    
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Introduction 

 

Fungal plant pathogens form a major threat to food and feed production worldwide (Fisher 
et al., 2012). Among those, the soil-borne fungal vascular pathogen Fusarium oxysporum (Fo) 
is one of the most devastating (Dean et al., 2012). Fo encompasses more than 100 host-
specific strains, so-called formae speciales (ff.spp.) that are typically non-pathogenic to other 
plant species (Gordon, 2017). Fo forma specialis (f.sp.) lycopersici (Fol) infects tomato and 
represents one of the best-studied Fo pathogens (Michielse and Rep, 2009). Fol does not 
make obvious penetration structures (e.g. appressoria), but enters the plant through natural 
wounds and cracks in the roots surface (Steinkellner et al., 2005). Subsequently, the fungus 
colonizes the apoplastic spaces of the root cortex after which it enters the stele, colonizes 
the xylem vasculature, and invades above-ground tissues (Olivain and Alabouvette, 1999). 
During infection Fol secretes a plethora of effectors to promote colonization (Houterman 
et al., 2007; Takken and Rep, 2010). Many of these effectors have been isolated from the 
xylem sap and are named Six proteins, for Secreted in xylem. One of these Six proteins is 
Avr2 (=Six3), which is internalized into plant cells where it suppresses PAMP-triggered 
Immunity (PTI) (Di et al., 2016; Di et al., 2017). 
 

Monogenic resistance to Fol has evolved several times in tomato (Sela-Buurlage et al., 
2001). A number of these Immunity, or I genes, have been cloned (Simons et al., 1998; 
Catanzariti et al., 2015; Gonzalez-Cendales et al., 2016; Catanzariti et al., 2017) and some 
are bred into cultivated tomato after which their resistances have been overcome in the 
ongoing arms race between tomato and the fungus (Takken and Rep, 2010). The best 
studied R gene is I-2 (van Ooijen et al., 2007), which encodes a nucleotide-binding and 
leucine-rich repeat (NB-LRR) protein (Simons et al., 1998) that recognizes Avr2 
intracellularly to trigger R-gene-Mediated Resistance (RMR) (Houterman et al., 2009; Ma et 
al., 2013). RMR confers resistance to Fol (Houterman et al., 2009), although it permits the 
pathogen to colonize the vasculature to a limited extent (Mes et al., 2000; van der Does et 
al., 2018). 
 

In addition to genetic resistance, endophytic microorganisms can confer protection to Fol 
(Fravel et al., 2003). Within the Fo species complex the vast majority of strains are harmless 
saprophytes that can colonize living plant tissues without causing disease. Fo47 represents 
the best-studied endophytic Fo strain. It colonizes tomato root surfaces and the 
intercellular junctions of the root epidermis (Bolwerk et al., 2005; Olivain et al., 2006), but 
not the xylem vessels (Alabouvette et al., 2009). Following colonization Fo47 reduces 
susceptibility of the host to vascular pathogens such as Fol or Verticillium dahliae (Veloso 
and Diaz, 2012; Aime et al., 2013) thereby conferring Endophyte-Mediated Resistance 
(EMR).  
 

In a compatible interaction, the main interface between tomato and Fol is the xylem 
vessels. In agreement with this, the xylem sap proteome of susceptible plants is 
dramatically altered following Fol infection, and the abundance of 92% of the proteins is 
affected (Gawehns et al., 2015). Specifically, the abundance of stress response-related 
proteins is strongly increased, including Pathogenesis-Related (PR) proteins such as PR-1, 
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PR-2 (ß-glucanase), PR-3 (chitinase) and PR-5 (antimicrobial activity), and several 
peroxidases (Rep et al., 2002; Houterman et al., 2007; Gawehns et al., 2015). Interestingly, 

25% of the identified xylem sap proteins does not contain a signal peptide, suggesting the 
non-classical secretion of the protein into the sap. Similar to tomato, a significant change in 
the xylem sap proteome has been observed in Brassica oleracea inoculated with Fo f.sp. 
conglutinans (Foc) (Pu et al., 2016). Together, these findings show that pathogenic Fo strains 
affect the xylem sap proteome during infection, which might contribute to their ability to 
colonize the host and to cause disease.  
 

Notwithstanding that RMR and EMR are well-studied resistance mechanisms to Fol, little 
is known about molecular commonalities and differences between these phenotypically 
indistinguishable mechanisms. Whereas it has been reported that RMR permits the 
pathogenic fungus to colonize the host to a limited extent (Mes et al., 2000; van der Does 
et al., 2018), it is currently unknown whether EMR similarly constrains the pathogen. 
Furthermore, it is unknown whether the composition of the xylem sap proteome is altered 
upon root colonization by the endophyte and/or during RMR or EMR. To obtain a better 
mechanistic insight in RMR and EMR - and the potential difference between these at the 
molecular level - the xylem sap proteomes of bi- and tri-partite interactions were 
determined using label-free quantitative nLC-MS/MS. The proteomes were subsequently 
compared with each other, and with those of mock- or Fo47-inoculated plants. In addition, 
the extent of host colonization by the pathogen during EMR and RMR was determined. It 
was found that, although the pathogen did colonize the xylem vessels, the xylem sap 
proteome from the disease-free EMR and RMR plants was very similar to that of non-
inoculated controls. Interestingly, specific PR-5 isoforms were found to differentially 
accumulate during either endophyte or genetic resistance, providing excellent markers to 
distinguish both resistance types at the molecular level. 
 

Results 

 
Both Endophyte- and R-gene-Mediated Resistance reduce susceptibility to Fol in 

tomato seedlings 

 
Both the fungal endophyte Fo47 (Fuchs et al., 1997) and the I-2 resistance gene (Simons et 
al., 1998) have been reported to reduce susceptibility to Fusarium wilt disease in tomato. 
To test whether Endophyte- or R-gene-Mediated Resistance (EMR or RMR) also reduce 
susceptibility to Fol007 under our conditions, Fol007-susceptible KG52201 tomato and I-
2-carrying resistant KG324 tomato cultivars were root dip-inoculated with either water 
(mock), Fol007 or a Fo47:Fol007 spore mixture (Figure 1A). Co-inoculation of KG52201 
with Fo47 and Fol007 led to reduced susceptibility to Fusarium wilt disease, resulting in a 
significantly higher Fresh Weight (FW) than Fol007-inoculated KG52201 plants. In one 
repetition the FW was indistinguishable to that of the mock (Figure S1) while in two of 
the three experiments, co-inoculated plants show a slightly reduced weight as compared to 
the mock control (Figure 1B and Figure S2). The Disease Index (DI) (i.e. vessel 
browning, yellowing and wilting) was significantly reduced in co-inoculated plants as 
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compared to Fol007-inoculated plants, but increased when compared to the mock (Figure 

1C). These findings are in line with the previously reported biocontrol properties of the 
Fo47 strain (Fuchs et al., 1997). Inoculation of resistant I-2-containing KG324 plants with 
Fol007 revealed a strong resistance, as FW was not affected when compared to the control, 
and inoculated plants were disease-symptom free (DI = 0) (Figures 1B, C). Inoculation 
with Fo47 alone did not result in disease symptom development or a significant change in 
the weight of the plants (data not shown).  In summary, these data show that both EMR 
and RMR are effective in dampening Fol007 pathogenicity resulting in a reduction, or even 
absence, of disease symptoms in Fol007-inoculated plants. 
 
Both EMR and RMR fail in constraining Fol into the root system 

 
To determine to what extent Fol007 is halted by EMR or RMR, stem sections from the 
above-mentioned three bioassays (Figure 1A) were collected. After surface sterilization, 
stem slices corresponding to the crown- and cotyledon-level were placed on PDA plates 
supplemented with zeocin to select for Fol007 growth, and streptomycin and penicillin to 
prevent bacterial growth (Figure 2A). 
 

Stem pieces isolated from control treatments, mock-inoculated KG52201 and KG324 
plants did not show any fungal outgrowth. However, fungal outgrowth was observed in 
all stem slices of Fol007-inoculated KG52201 plants, confirming the suitability of the 
technique for Fol007 re-isolation (Figure 2A). When co-inoculating susceptible KG52201 
with Fo47 and Fol007 on average 17% of the plants showed Fol007 colonization only at 
the crown-level, whereas in 69% the fungus reached both the crown- and cotyledon-level. 
In 13% of the co-inoculated plants no colonization of any stem piece was observed 
(Figure 2B). In contrast, in Fol007-inoculated KG324 plants the fungus was halted at the 
crown-level in 53% of the replicates and only in 15% reached also the cotyledon-level, 
while in 32% no colonization was found. We conclude that RMR (i.e., genetic resistance) 
is more effective than EMR in restricting fungal growth. 
 
EMR and RMR reduce susceptibility to Fol in four-weeks-old tomato plants  

 
Next, we tested whether EMR and RMR also reduce susceptibility to Fol007 infection of 
four-weeks-old plants that can be used for xylem sap isolation. Four-weeks-old Fol007-
susceptible C32 plants were root dip-inoculated with water (mock), Fo47, Fol007 or a 
mixture of Fo47:Fol007 (Figure 3A). This bioassay was repeated four times. Two weeks-
post-inoculation (wpi), FW of Fo47:Fol007 co-inoculated C32 plants was higher than that 
of Fol007-inoculated C32 plants and indistinguishable from the mock in two of the four 
bioassays (Figure 3B). In the other two assays, no significant differences in FW were 
found. Regarding the DI, Fo47:Fol007 co-inoculated C32 plants showed a strongly reduced 
DI as compared to Fol007-inoculated plants, but an increased DI when compared to the 
mock (Figure 1C). This pattern was consistent in all four repetitions. Hence, EMR is 
effective in four-weeks-old tomato plants and results in a strong reduction of the DI as 
compared to the susceptible control and in no discernible difference in weight in two of 
the four assays as compared to the mock.  
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Figure 1. EMR and RMR reduce susceptibility to Fusarium wilt (Fol007). (A) Ten-days-old 
seedlings of Fol007-susceptible KG52201 and Fol007-resistant KG324 were root dip-inoculated 
with water (mock), Fol007 or a mixture of Fo47:Fol007 (25 replicates for Fo47:Fol007 co-
inoculated KG52201 and Fol007-inoculated KG324 seedlings, 10 replicates for the control 
treatments). Three-weeks-post-inoculation (B) FW and (C) DI were scored (See Materials and 
Methods). The experiment was repeated three times yielding similar results (Figures S1 and S2). 
Error bars represent mean +/- SD (**Pval < 0,01, ***Pval < 0,001, ****Pval < 0,0001). An unpaired 
comparison for FW and DI was performed using the non-parametric Mann-Whitney U test.  

Concerning resistant KG324 plants, four-weeks-old plants were root dip-inoculated with 
water (mock) or Fol007 (Figure 3D). Scoring the plants two wpi revealed that FW and 
DI where not significantly altered following Fol007-inoculation as compared to the mock 
(Figure 3E, F). This pattern was consistently observed in four repetitions showing the 
strong protection conferred by RMR to Fol007. In brief, both EMR and RMR are 
effective in reducing Fusarium wilt disease in four-weeks-old plants.  
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Figure 2. Fol007 colonizes tomato stems despite EMR or RMR. (A) To monitor stem 
colonization by Fol007 three-weeks-post-inoculation, stem sections at the crown and cotyledon-
level were placed on PDA plates (25 replicates for Fo47:Fol007 co-inoculated KG52201 and 
Fol007-inoculated KG324 seedlings, 10 replicates for the control treatments). Plates were scanned 
after four days of incubation. (B) Fungal outgrowth of the stem sections plotted as a percentage of 
infected sections. The graph represents the combined data of three independent bioassays, error 
bars indicate SD. 

Fo47 does not affect the tomato xylem sap proteome in bi-partite interactions 

 
Infection of susceptible tomato with pathogenic Fol007 strongly affects the tomato xylem 
sap proteome (Gawehns et al., 2015). To investigate whether Fo47 inoculation also affects 
the proteome, and whether putative changes correlate with biocontrol abilities of the 
fungus, nLC-MS/MS analysis was performed on xylem sap collected from Fo47-
inoculated tomato plants. The relative abundance of the identified protein was then 
compared to that of mock-inoculated plants.  
 

As reported before, Fol007 infection causes a major shift in the relative abundance of 
many xylem sap proteins as compared to the mock (Gawehns et al., 2015). However, 
fewer Differentially Accumulated Proteins (DAPs) were found in the current study due to 
a more stringent cutoff as a S0 index was used, which besides the Pvalue also takes fold-
change into account (Figure 4A). Out of the 388 proteins found in xylem sap of mock- 
and Fol007-infected tomato plants, 71 were DAPs (Supplementary Table 1). The 
protein with the highest fold-change was PR-10 (K4CWC5), which accumulated 246-fold. 
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Figure 3. Disease symptoms induced by Fol007 are reduced by EMR or RMR in four-

weeks-old plants. (A) four-weeks-old Fol007-susceptible KG52201 plants were inoculated with 
water (mock), Fo47, Fol007 or a mixture of Fo47:Fol007 (24 plants/replicate). Two-week-post 
inoculation (B) FW and (C) DI were scored (See Materials and Methods). In an independent 
experiment (D) four-weeks-old Fol007-resistant KG324 plants were inoculated with water (mock) 
or Fol007. Two-week-post inoculation (E) FW and (F) DI were scored. A, B and C correspond to 
the Bioassay 1 and D, E and F to Bioassay 2. Error bars represent mean +/- SD (**Pval < 0,01, 
****Pval < 0,0001). An unpaired comparison for FW and DI was performed using the non-
parametric Mann-Whitney U test.  

 
Six ß-glucanases were identified showing distinct accumulation patterns: ß-glucanases 
Q01412 and K4BBH7 accumulated 161-fold and 31-fold respectively, whereas quantities 
of the other four decreased (K4BZT8 158-fold, K4B3H0 66-fold, K4CF40 24-fold and 
K4CMF9 10-fold). A similar pattern was observed for chitinases. Two basic chitinases 
(K4B667 and P32045) accumulated 131-fold and 84-fold while the quantity of an acidic 
chitinase (Q05540) decreased 59-fold.  Notably, in the xylem sap of Fo47-inoculated 
plants no DAPs were identified among the 388 proteins, implying that colonization by the 
endophyte (Figure S4) does not affect the xylem sap proteome. Furthermore, no Fo47-
specific proteins were detected in the sap (Figure 4B).  
 

Chapter 5 



543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 81PDF page: 81PDF page: 81PDF page: 81

81

 
 

Figure 4. Bi- and tri-partite interactions between tomato, Fo47 and Fol007 differentially 

affect the xylem sap proteome. Volcano plots showing the comparison between –log10 Pvalue 
(y-axis) and log10 Fold change (x-axis) of two different treatments (four biological replicates each). 
Blue dots represent proteins whose abundance did not change among the compared treatments, 
whereas red dots are DAPs. Green dots represent fungal DAPs. PR-5 isoforms are marked in bold 
font and the others correspond to the top up- or down-accumulated proteins (up to eight). (A) 
Xylem sap proteome of susceptible C32 plants inoculated with Fol007, (B) Fo47 and (C) 

Fo47:Fol007-coinoculated as compared to mock-inoculated C32. Also, (D) xylem sap proteome of 
resistant KG324 plants inoculated with Fol007 as compared to mock-inoculated KG324. PR1B1 on 
4A panel refers to Pathogenesis-related leaf protein 6.  
 

EMR significantly affects the abundance of a single tomato xylem sap protein  

 
Fo47 does not affect the xylem sap proteome of tomato in a bi-partite interaction. 
However, it is not known whether Fo47 is able to do so when EMR is triggered by co-
inoculation with Fol007 (Figure 3) and the pathogen colonizes the shoot (Figure 2). To 
examine this, xylem sap protein abundance of Fo47:Fol007-coinoculated C32 plants was 
compared to mock-inoculated plants (Figure 4C) and, surprisingly, only a single DAP was 
identified. This protein, a ß-glucanase (K4BBH7), was detected by 11 unique peptides and 
its abundance was increased 45-fold as compared to the mock. Besides this protein also 
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NP24 – a PR-5 isoform – highly accumulated (33-fold), but this protein was not identified 
as a DAP due to the stringent S0 settings applied. Hence, even though Fol007 dramatically 
affects the tomato xylem sap proteome in bi-partite interactions, the proteome remained 
almost unaltered when the pathogen is co-inoculated with Fo47. When Fol007 was 
inoculated alone, 39 fungal proteins were found of which 36 were identified as DAPs 
according to their LFQ intensity values (Supplementary Table 2). Upon co-inoculation 
13 fungal proteins were identified in the xylem sap of which three were DAPs (Figure 4C, 
green dots). These three proteins were, from lowest to highest abundance, the Fol007 
effector Avr2 (A0A0C4DI32), a catalase-peroxidase (A0A0J9W9G5) and an 
oxidoreductase (A0A0C4DHX8). The LFQ values show a reduced accumulation of these 
Fol007 proteins upon co-inoculation with Fo47. 
 

Notably, when Fo47 was inoculated alone or co-inoculated with Fol007 nine tomato xylem 
sap proteins were specifically induced and these were not detected in mock- or Fol007-
inoculation (Figure S3A). These proteins were present in relatively low quantities 
wherefore they were not assigned as DAPs (Supplementary Table 1). These proteins 
represent a ß-glucosidase 08 (B5M9E5), Aspartyl protease (K4AXP3), GDSL-like 
Lipase/Acylhydrolase (K4B1C4), Cysteine proteinase (K4B7P1), Unknown protein 
(K4BJU1), Zn-dependent exopeptidase (K4BJY1), Aspartyl protease (K4C3U1), aldehyde 
dehydrogenase (K4C8H3) and a Glycosyltransferase (K4D3D1). 
 

Next, a comparison was made between the xylem sap proteomes of Fo47:Fol007-
coinoculated plants versus Fo47-inoculated C32 to identify DAPs that are potentially 
linked to reduced susceptibility to Fol007 (Figure S3B). Within this set of 393 proteins 
eight were identified as DAPs. These are two glucanases (K4BBH7, Q01412), two 
peroxidases (K4ASJ7, K4C1C1), a Aconitate hydratase (K4CFD4), a FASCICLIN-like 
arabinogalactan protein (K4C9N8) and a Lipid transfer protein (K4B273). Notably also a 
Leucine-rich repeat protein kinase (K4BK30) was found, which is typically a plasma 
membrane localised protein (Supplementary Table 5). 
  

Taken together, inoculation with the endophyte alone or in combination with Fol007 
pathogen, results in highly similar proteome profiles as those of the mock. Comparison of 
Fo47:Fol007 with the mock results in a single DAP while comparison to Fo47-inoculated 
plants reveals eight DAPs.  
 
RMR significantly affects the abundance of a distinct PR-5 isoform  

To identify proteins indicative for RMR, the xylem sap proteomes of mock- and Fol007-
inoculated I-2-containing tomato plants were compared. As observed for EMR, the 
proteome profiles of mock and Fol007-inoculated are highly similar showing only a single 
DAP. Accumulation of this DAP, PR-5x (Q8LPU1), was strongly induced (158-fold) 
following pathogen inoculation as compared to the mock (Figure 4D).    
 

Identification of two PR-5 family members being strongly induced in either RMR (PR-5x) 
or EMR (NP24) is intriguing, as it implies an important role for this class of proteins in 
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resistance to Fusarium wilt in tomato. Within the xylem sap proteomes 12 PR-5 proteins 
were identified: PR-5x (Q8LPU1), NP24 (P12670), five osmotin-like proteins (K4CP63, 
Q01591, K4CP65, K4CP64, K4CP59) and five thaumatin-like proteins (K4BV68, 
K4BVN4, K4BAP4, K4DFX0, K4BBQ9) (Supplementary Table 4).   
 

In the xylem sap of the compatible interaction between susceptible C32 tomato and 
Fol007, a 17-fold increase in PR-5x accumulation was observed as compared to the mock 
(Figure 4A). Notably, in these plants accumulation of NP24 is not altered and the 
absolute quantity of this protein is lower than that of PR-5x. In contrast, when tomato is 
inoculated with Fo47 NP24 accumulated 22-fold as compared to the mock while PR-5x is 
only induced to a limited extent (7-fold change vs mock) (Figure 4B). Upon co-
inoculation of tomato with Fo47 and Fol007 both PR-5 isoforms are induced to a similar 
level: PR-5x accumulates 28-fold and NP-24 33-fold compared to the mock control 
(Figure 4C).  
 

Altogether, these results show that PR-5x accumulation is specifically induced upon 
pathogen infection in both compatible and incompatible interactions of tomato with 
Fol007. But although induced in both cases, the induction of PR-5x in RMR is much 
higher than that in a diseased susceptible plant (158- vs 17-fold). In Fo47 inoculated 
plants NP24 accumulation was induced 22-fold in the absence-, and 33-fold in the 
presence of Fol007. The remarkable difference between the relative accumulation 
between these two PR-5 isoforms in RMR and EMR indicate that they can be used as 
markers to distinguish both resistances types on the molecular level.  
 
 

 
 

Figure 5. The xylem sap proteome contains predicted intracellular proteins. Bar plots 
representing the percentage of intracellular or extracellular tomato xylem sap proteins found in 
mock- and Fol007-inoculated plants. Prediction was carried out by the webtools SecretomeP (left 
panel) and ApoplastP (right panel). 
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Many xylem sap proteins have a predicted intracellular localization.  

 
It has been reported that 75% of the tomato xylem sap proteins carry a signal peptide for 
extracellular secretion (Gawehns et al., 2015). Of the remaining proteins, 10% was 
predicted to be non-classically secreted (Gawehns et al., 2015) whereas the other 15% has 
a proposed intracellular localization. Here we set out to investigate whether similar ratios of 
putative extracellular- and cytoplasmic-localized proteins are present in our current datasets 
(Supplementary Table 1 and 3). The percentage of predicted extracellular and 
intracellular proteins in the xylem sap proteins of non-inoculated and Fol007-inoculated 
susceptible plants was analysed using two different algorithms: SecretomeP (Bendtsen et 
al., 2004) and ApoplastP (Sperschneider et al., 2018).  
 
As reported SecretomeP predicted the majority of the proteins to be secreted to 
extracellular spaces (Gawehns et al., 2015). For both mock- and Fol007-inoculated plants 
74% of all proteins identified are predicted as conventionally secreted proteins, 9% as 
leaderless secreted proteins and 17% as being non-secreted (Figure 5). ApoplastP 
predicted respectively 44% and 46% of the proteins from mock- and Fol007-inoculate to 
be secreted. Hence, the majority of the xylem sap proteins (>54%) is not identified by the 
program as a putative extracellular protein. The difference between both programs is 
remarkable, but nevertheless both predict a large subset of proteins to be localised 
intracellularly. In conclusion, both SecretomeP and ApoplastP predict an intracellular 
location for a large population of the xylem sap proteins.  
 
Discussion 

 

Here, we show that Endophyte-Mediated Resistance (EMR) and R-gene-Mediated 
Resistance (RMR) have remarkably similar xylem sap proteome profiles. Upon Fol007 
inoculation of I-2-containing resistant KG324 tomato plants (i.e., RMR) the accumulation 
of the vast majority of xylem sap proteins was similar to that of the mock. Strikingly, out of 
303 tomato proteins identified, PR-5x was the only DAP and its abundance was increased 
by 158-fold. Contrarily, a different PR-5 isoform (NP24) specifically accumulated upon 
(co)inoculation of Fo47 on susceptible C32 tomato (i.e., EMR). Upon Fo47 and Fol007 co-
inoculation also a ß-glucanase, forming the only DAP in this dataset, was specifically 
induced. Within this tri-partite interaction between Fol007, Fo47 and C32 tomato, several 
Fol007 proteins were found in the xylem sap showing that EMR does not restrict the 
ability of Fol007 to colonize the xylem vessels. Furthermore, the major changes in the 
proteome profile that are observed in susceptible interactions, and are concomitant with 
disease symptoms, are not observed during EMR.  
 

In compatible interactions with susceptible tomato plants Fol007 dramatically alters the 
xylem sap proteome (Figure 4A). Contrarily, Fo47 inoculation alone did not significantly 
affect the xylem sap proteome. As shown in Figure S4 the fungus could be re-isolated 
from stems of Fo47-inoculated tomato plants. However, not a single Fo47 protein was 
found in the xylem sap from either Fo47-inoculated or Fo47:Fol007-coinoculated tomato 
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plants, which indicates that the endophyte does not colonize the vasculature or at least not 
in detectable amounts. This conclusion is in correspondence with previous reports 
describing Fo47 as a colonizer of root surfaces and of intercellular junctions of the root 
epidermis (Bolwerk et al., 2005; Olivain et al., 2006) and not being able to reach the xylem 
vessels (Alabouvette et al., 2009). Nine tomato proteins were exclusively detected in low 
quantities upon inoculation with Fo47 regardless of the presence of Fol007. The specific 
accumulation of these proteins might be linked to the colonization and concomitant 
biocontrol conferred by the endophyte (Figure S3A and Supplementary Table 1). The 
genes encoding these proteins could be targeted in future study to assess their potential 
involvement in these processes. 
 

When Fo47 is co-inoculated with Fol007 the latter retained its ability to colonize the xylem 
vessel (Figure 2 and Supplementary Table 2). The identification of 13 Fol007 proteins 
in the sap upon co-inoculation with Fo47 confirms the presence of Fol007 in the xylem. 
The number and abundance of identified Fol007 proteins in EMR is, however, lower than 
that in susceptible plants. Together with a reduced DI, this suggests that Fol007 biomass is 
reduced by EMR. Since both fungi appear not to co-exist in the xylem vessels, this implies 
that EMR is mediated by the plant. This idea is supported by the finding that Fo47 induces 
resistance to Fol in a tomato split-root system (Fuchs et al., 1997). Moreover, it has been 
demonstrated that Fo47 can prime defence responses and reduce susceptibility to wilt 
disease when inoculated before Fol inoculation (Aime et al., 2013). Since it takes Fol007 at 
least two days to reach the vasculature (van der Does et al., 2018), it appears that defence 
priming induced by Fo47 suffices to limit the ability of the pathogen to extensively 
colonize the vessels and cause disease. The xylem sap proteins involved in this process are 
unknown, but the eight DAPs obtained in the proteome comparison between 
Fo47:Fol007-co-inoculated and Fo47-inoculated susceptible plants represent good 
candidates to be involved in this process (Supplementary Table 5). In future studies, the 
genes for these proteins could be targeted to assess their potential involvement in EMR. 
 

When resistant I-2-containing tomato plants where inoculated with Fol007, not a single 
fungal protein was identified, although the fungus could be isolated from the infected stem 
pieces (Figure 2). A similar strong reduction in the ability of Fo to colonize the vessels of a 
resistant host was observed in B. oleracea cultivars challenged with Foc, and Foc fungal 
proteins were only detected in xylem sap of susceptible plants (Pu et al., 2016). These 
observations suggest that the amount of fungal biomass in the vessels is strongly reduced 
by RMR, which is in agreement with the complete absence of disease symptoms. The 
absence of symptoms and the presence of the fungus in the vessels led to the proposition 
that R genes switch the lifestyle of a pathogenic Fusarium into that of an endophyte (van 
der Does et al., 2018). Our data support this hypothesis, by showing that not only disease 
symptoms are absent, but also the proteome is essentially identical to that of non-
inoculated- or endophyte-inoculated plants.  
 

ß-glucanases are among the most commonly detected proteins within the tomato xylem 
sap. In fact, 17 ß-glucanases were detected in Bioassay 1 and 2, but only a single ß-
glucanase (K4BBH7) was identified as a DAP upon co-inoculation of Fo47 and Fol007 
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(Supplementary Table 1 and 3). These enzymes target -glucans, which present the most 
abundant fungal cell wall polysaccharides. Together with chitin glucans form the main 
structural component of the cell walls.  Enzymatic attack of this network by ß-glucanases 
has a direct antimicrobial effect by perturbation of the fungal cell wall integrity (Stintzi et 
al., 1993). In addition, the subsequent release of ß-1,6-glucans, which are specific to fungi 
and members of the Stramenopiles, can elicit PTI in many plant species (Fesel and 
Zuccaro, 2016). To avoid glucan degradation and subsequent PTI activation the fungal 
endophyte Serendipita indica (formerly Piriformospora indica) secretes a fungal-specific lectin 
(FGB1). FGB1 binds ß-glucan-and suppresses glucan triggered immunity, thereby 
facilitating fungal host colonisation (Wawra et al., 2016). Whether Fo47 or Fol007 produce 
secreted lectins is currently unknown. Fungal lectins have not been identified in the xylem 
sap of infected plants in the current study nor in a former analysis, although LysM-
containing proteins have been identified in this former study and these are proposed to 
sequester released chitin (Gawehns et al., 2015). Whether the identified ß-glucanases play a 
role in biocontrol and/or restriction of disease symptom development during EMR 
remains to be tested. 
  

Endophytic interactions of Fo47 with tomato resulted in a 22-fold induction of the PR-5 
isoform NP24 (Figure 4B). This protein accumulated 33-fold higher in a tri-partite 
interaction with Fol007 (Figure 4C), but was not identified as a DAP due to stringent 
setting of the S0 index. However, when the same settings are applied as used previously 
(Gawehns et al., 2015) NP24 is identified as a significant DAP and the protein is no longer 
identified in the mock. In addition, the amount of NP24 might be underestimated in our 
setup. A limitation of using LFQ values is that identification of a protein relies on the 
presence of at least two tryptic peptides, of which at least one is unique. When proteins 
belong to a family sharing high sequence similarity, a non-unique peptide is assigned only 
to a single member of the family, resulting in the underestimation of the amounts of the 
other members. For instance, NP24 is detected by five peptides of which three are unique 
but two are non-unique and assigned to PR-5x (Supplementary Table 6). When only the 
unique peptides are used for protein quantification, then its absolute amount is 
underestimated (i.e., LFQ values will be reduced) but the calculated fold change is more 
precise. When quantification of NP24 is done based on unique peptides only, then the 
accumulation in the Fo47-inoculated plants differs significantly from the mock as the 
protein is absent in the latter (Supplementary Table 7). NP24 has in vitro antimicrobial 
activity against Phytophthora infestans (Woloshuk et al., 1991) and is involved in resistance of 
ripe pepper fruits to Colletotrichum gloeosporioides (King et al., 1988; Oh et al., 2003). The 
correlation between NP24 protein abundance and reduced disease symptoms during EMR 
could indicate that the protein might also have antifungal activity in planta, thereby reducing 
the extent of Fol007 colonization of the vasculature.  
 

PR-5x accumulation was specifically induced in the xylem sap of resistant (158-fold) and 
susceptible (17-fold) tomato plants upon Fol007 infection (Figure 4A). PR-5x was 
identified previously in tomato xylem sap following Fol infection of susceptible and 
resistant plants, hence its name PR-5xylem (Rep et al., 2002). The protein is distinct from 
the PR-5 isoforms present in apoplastic fluid of tomato leafs infected by Cladosporium fulvum 
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and it is not present in the latter (Joosten and De Wit, 1989; Rep et al., 2002). Compared to 
other PR-5 isoforms, the gene encoding PR-5x shows a root-specific expression (Rep et al., 
2002). A similar xylem sap-specific accumulation of PR-5 isoforms has been observed 
upon Foc infection of Foc-resistant and -susceptible cultivars of B. oleracea (Pu et al., 2016). 
Colonization of Arabidopsis thaliana roots by non-pathogenic fluorescent Pseudomonas spp. 
triggers induction of AtTLP1, a PR-5 family member, in the vascular bundle, which is 
related to a local response to colonization of this non-pathogenic bacterium (Leon-
Kloosterziel et al., 2005). It has also been reported that accumulation of PR-5 isoforms in 
the xylem sap of tomato is strongly induced in plants inoculated with Fol strains in which 
key effectors, such as Avr2, Six1 and Six6 have been knocked out. These Fol mutants are 
still capable of causing disease, yet the amount of fungal biomass in the plant was strongly 
reduced concomitant with a reduction in disease symptoms. Specifically, NP24 
accumulated >200-fold in plants inoculated with a SIX1 or SIX6 knockout Fol strain in 
comparison to inoculation with wild type Fol. Similarly, a Thaumatin (K4DFX0) 
accumulated strongly when Avr2 was knocked out (Gawehns et al., 2015). Based on these 
observations it is tempting to speculate that antimicrobial activity of PR-5 isoforms might 
be the main determinant controlling the amount of Fusarium biomass in the xylem vessels. 
Antimicrobial activity of these small ±24kDa cysteine-rich proteins has been described 
before (Hoffmann-Sommergruber, 2000; Chowdhury et al., 2015). PR-5 proteins disrupt 
the lipid bi-layer of the fungus, resulting in the formation of transmembrane pores that 
cause a strong permeability of the plasma membrane (Vigers et al., 1992). In addition to its 
antimicrobial activity, PR-5 proteins may themselves trigger plant defence responses. 
Transgenic Arabidopsis plants over-expressing Prunus domestica PR5-1 show induction of 
the phenylalanine ammonia-lyase (PAL) gene and a concomitant increased flux through the 
phenylpropanoid biosynthesis pathway. Moreover, genes involved in the biosynthesis of 
camalexin (a phytoalexin), which is an endproduct of the phenylpropanoid pathway, are up-
regulated in these transgenic plants. PdPR5-1 Arabidopsis plants also showed an increased 
resistance to Alternaria brassicicola (El-Kereamy et al., 2011). It is imaginable that that PR-5x 
and NP24 have a function similar as PdPR5-1 and confer both direct and indirect resistance 
to F. oxysporum in tomato. The identification of two distinct PR-5 family members, whose 
induced expression correlates with either RMR and EMR, shows that both resistance 
mechanisms independently induce the expression of a specific PR-5 isoform to control 
pathogen proliferation in the plant. The underlying mechanism remains to be elucidated, 
but the PR-5 isoforms identified provide excellent markers to distinguish both immune 
responses.    
 

ApoplastP and SecretomeP predicted many of the proteins detected in the xylem sap to be 
localized intracellularly (Figure 5 and Supplementary Table 1 and 3). It is intriguing that 
predicted cytosolic proteins appear in the xylem sap, which is an extracellular space. A 
possible explanation is that cellular damage caused by Fol007 releases proteins from xylem 
adjacent cells. However, these proteins were also present in the mock treatments making 
this explanation unlikely. In addition, only a relatively small number of intracellular proteins 
in processes like photosynthesis (2% of all identified proteins) or primary metabolism (2%), 
or TCA cycle (1%) were found, which is suggestive for a specific secretion mechanism 
rather than generic loss of cellular integrity. A recently proposed mechanism for this is that 
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these putative ‘intracellular’ proteins are contained in exosomes. Since long it is known that 
plant cells can secrete exosomes into extracellular spaces (Halperin and Jensen, 1967), but 
little was known about their role in plant-microbe interactions. Recently, exosomes were 
isolated from the apoplastic fluid of A. thaliana and these were found to be enriched in 
proteins related to stress and plant defense (Rutter and Innes, 2017). In fact, homologues 
proteins identified in that study were also present in our datasets. Among these are 
Leucine-rich repeat receptor-like protein kinase (K4D401), Early nodulin-like protein 
(K4CXN7), Lipase/Lipooxygenase and PLAT/LH2 family protein (K4BIL3). Together 
with our observation that three proteins involved in vesicle-mediated trafficking (K4B1S4, 
K4CPC9 and K4D8S6) were identified in the tomato xylem sap, this could imply that 
exosomes may play a role in the interaction between Fo and tomato.  
 

In this study two different PR-5 isoforms were identified whose abundance correlate with a 
reduction in pathogen biomass. Furthermore, these PR-5 proteins serve as specific markers 
for either RMR (PR-5x) or EMR (NP24). Current studies, in which these genes are 
knocked out or overexpressed in tomato, could address the question whether their specific 
increase in abundance is causal to Fol007 resistance. It will be interesting to investigate 
accumulation of extracellular PR-5 members in other Fo-plant pathosystems, such as 
melon containing the Fom2 resistance gene and F. oxysporum f. sp.  melonis, to elucidate 
whether increased accumulation of PR-5 members is a conserved feature of resistance to 
Fusarium wilt disease. If so, this finding will yield exciting possibilities for novel strategies 
for resistance breeding in crop species where dominant resistance genes are unavailable, 
such as banana, or when use of endophytes is not applicable or feasible. 
 
Materials and Methods 

 

Plant and fungal materials and cultivation conditions 

 
For fungal re-isolation assays tomato cv. KG52201 and cv. KG324 (Simons et al., 1998), 
respectively susceptible and resistant to Fol race 2 were used (Houterman et al., 2008). 
KG324 is a transgenic I-2-containing derivative of KG52201 (Simons et al., 1998). For 
plant inoculation F. oxysporum Fo47 (endophyte) and a Fol007 (pathogen, Fol race 2) 
strain carrying the BLE gene conferring resistance to zeocin (InvivoGen) were used (van 
der Does et al., 2008). For xylem sap collection the same Fol007-susceptible tomato 
cultivar C32 was used as previously (Schmidt et al., 2013; Gawehns et al., 2015), while cv. 
KG324 was used as resistant cultivar. Plant inoculations where done using Fo47 
(Alabouvette et al., 1987) and wild-type Fol007 (Mes et al., 1999). Plants were grown in a 
climate-controlled greenhouse at 24.5ºC, 65% relative humidity and a 16h photoperiod. 
 
Fungal stem reisolation assays 

 
Fo47 and zeocin-resistant Fol007 (FP1930) were cultured in minimal medium (0.17% 
Yeast Nitrogen Base without amino acids or ammonium sulphate, 3% sucrose and 100 
mM KNO3) at 25ºC and 150 rpm during 5 days in the dark. Cultures were filtered 
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through Miracloth (Millipore) and diluted to yield a microconidial inoculum of 107 

spores/ml (Di et al., 2016). Co-inoculum of both strains was prepared in a 1:1 ratio (107 

spores/ml each). For the bioassays, 10-days-old tomato seedlings were uprooted and soil 
was carefully removed. Roots were trimmed, leaving approximately 1 cm of roots, to 
facilitate fungal infection. Roots were placed for five minutes in an inoculum of Fo47, 
Fol007, a Fo47:Fol007 mixture, or in water without spores serving as mock control. 
Directly after inoculation, tomato plants were repotted and gently watered to avoid spore 
washing. Three weeks-post-inoculation (wpi) Fresh Weight (FW) and Disease Index (DI) 
were scored as described before (Gawehns et al., 2014), but adding DI=5 when plants 
were dead. A statistical test (Mann-Whitney U) was applied on the FW and DI data using 
PRISM 7.0 (GraphPad). In addition, stems were harvested and surface-sterilized (Di et al., 
2016). Under sterile conditions stem pieces were sectioned (0,5cm thick approximately) at 
the crown- and cotyledon-level and placed on Potato Dextrose Agar (PDA) plates 
supplemented with 100mg/l zeocin to specifically allow growth of Fol007. The plates 
contained 200mg/l streptomycine and 100mg/l penicillin to prevent bacterial growth. 
Plates were incubated in the dark at 25ºC for 4 days allowing the fungus to grow out of 
the stem sections.  
 

Xylem sap collection 

 
Inoculum of Fo47 and wild-type Fol007 (0,5 x 107 spores/ml) and co-inoculum of both 
strains (0,5 x 107 spores/ml each) was used to inoculate four-weeks-old plants as 
described before (Schmidt et al., 2013; Gawehns et al., 2015). At two wpi, once wilt 
disease symptoms appeared, FW and DI were scored and xylem sap was collected from 
mock-treated, Fo47-, Fol007- and Fo47:Fol007-inoculated C32 plants (Bioassay 1) and 
mock-treated and Fol007-inoculated KG324 plants (Bioassay 2). Plants were abundantly 
watered one day and one hour before sap collection. Thereto stems were cut below the 
second true leaf, and plants were placed horizontally and connected to a 12ml- 
polystyrene tube placed on ice. Plants were bleeding for six hours and the collected sap 
was stored at -20ºC until further use (Rep et al., 2002; Krasikov et al., 2011). Bioassays 
were performed four times during four subsequent weeks (i.e. every single repetition 
equals one biological replicate per treatment). Xylem sap from 24 plants was pooled. 
Bioassay 1 was carried out from January to March 2017 and Bioassay 2 from October to 
December 2017. 
 
Sample preparation for nLC-MS/MS 

 
Potential fungal spores were removed from the sap by centrifugation at 800 x g for 10 
min. Xylem sap proteins were concentrated by passing 12ml of cleared sap through 
Amicon Ultra-15 Filter Units (Millipore). After centrifugation at 2500 x g for 15-30 min 
retentates containing the proteins were recovered. A BCA (bicinchoninic acid) assay 
(ThermoFischer) was performed to determine the protein concentration. Based on BCA 
quantification, a volume containing 60 g of protein was trichloroacetic acid/aceton-
precipitated and the pellet was resuspended in SDS loading buffer (2% SDS, 10% 
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glycerol, 60mM TRIS-HCl pH 6,8, 5% -mercaptoethanol, 0,01% bromophenol blue), 
heated at 98ºC for 5 minutes and loaded on a 12% SDS-polyacrylamide gel. Following a 
short electrophoresis, the proteins were stained overnight at 4ºC with Commassie 
PageBlue (ThermoFischer). The bands containing the proteins were excised and cysteine 
reduction and alkylation of the proteins was performed by adding 10mM DTT pH 8 
(incubation at 60ºC for 1 hour) and 20 mM iodoacetamide pH 8 (incubation at room 
temperature in the dark for 30 minutes). Protein-containing gel slices were chopped into 
pieces of approximately 1 mm2 and transferred to 1,5 ml low-binding tubes (Protein 
LoBind microcentrifuge tubes, Eppendorf). Tryptic in-gel digestion was performed 
overnight by adding 50 l of 5ng/ l Trypsin Sequencing Grade (Sigma-Aldrich). In-house 
prepared columns were set up by adding C18 Empore disk and LichroprepC18 column 
material into a 200 l pipette tip and the tryptic peptides were eluted from the column 
with 50 l of 50% acetonitrile. Acetonitrile content was reduced to <5% by reducing the 
volume with a concentrator at 45ºC during 2 hours and readjusting the volume with 
1ml/L HCOOH in water to 50 ul. 
 
nLC-MS/MS and label-free quantification of the proteome 

 
Peptides were analyzed by nLC-MS/MS as previously described (Gawehns et al., 2015). 
Raw data from nLC-MS/MS measurements were analyzed using MaxQuant software 
(Cox and Mann, 2008; Hubner et al., 2010) to identify and label-free quantify the proteins. 
For identification of the proteins, UniProt proteome databases of tomato (UP000004994), 
Fo47 (UP000030766), Fol007 (UP000009097) and an in-house made contaminants 
database (Peng et al., 2012) were included in the Andromeda search engine (Cox et al., 
2014). As before both fungal databases were improved by adding non-annotated 
sequences of effector proteins and predicted putative effectors (Schmidt et al., 2013).The 
mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset 
identifier PXD011072.  
 

Data filtering from the MaxQuant output was carried out with Perseus 1.5.8.5. Proteins 
not detected by at least two peptides - of which at least one was unique and at least one 
was unmodified - were filtered out. Log10 transformation was applied to LFQ (Label-
Free Quantification) intensities. Subsequent bioinformatics analysis was performed with R 
version 3.3.2. 
 

Gene Ontology (GO) analysis 

 
To sequence-annotate the identified xylem sap proteins the online webtool Mercator 
(http://mapman.gabipd.org) was used. Mercator performs i) Blast searches against 
Arabidopsis TAIR 10, swiss-prot and Uniref90 databases, ii) RPS-Blast searches against 
cdd and KOG and iii) an InterPro scan. As described (Gawehns et al., 2015), specific 
MapMan bin-codes were assigned to each protein by Mercator and proteins were 
manually sorted into 10 ontology categories. 
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Secretion analysis 

 
To determine whether the detected xylem sap proteins were secreted extracellularly, 
SecretomeP 2.0 and ApoplastP 1.0 web tools were used. SecretomeP (Bendtsen et al., 
2004) predicts both classical protein secretion via the endoplasmic reticulum-Golgi 
pathway (Kehr et al., 2005) and non-classical protein secretion. SecretomeP was trained 
with mammalian sequences and its accuracy for plant proteomes has been questioned 
(Lonsdale et al., 2016), therefore ApoplastP was used as well. ApoplastP is a machine 
learning method that predicts apoplastic localization of proteins that was trained with 
apoplastic plant and fungal proteins (Sperschneider et al., 2018).  
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Supplementary material 

 

 
 

Figure S1. EMR and RMR reduce susceptibility to Fusarium wilt (Fol007). (A) Ten-days-old 
seedlings of Fol007-susceptible KG52201 and Fol007-resistant KG324 were root dip-inoculated 
with water (mock), Fol007 or a mixture of Fo47:Fol007 (25 replicates for Fo47:Fol007 co-
inoculated KG52201 and Fol007-inoculated KG324 seedlings, 10 replicates for the control 
treatments). Three-weeks-post-inoculation (B) FW and (C) DI were scored (See Materials and 
Methods). The experiment was repeated three times yielding similar results (Figures 1 and S2). 
Error bars represent mean +/- SD (**Pval < 0,01, ***Pval < 0,001, ****Pval < 0,0001). An unpaired 
comparison for FW and DI was performed using the non-parametric Mann-Whitney U test.  
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Figure S2. EMR and RMR reduce susceptibility to Fusarium wilt (Fol007). (A) Ten-days-old 
seedlings of Fol007-susceptible KG52201 and Fol007-resistant KG324 were root dip-inoculated 
with water (mock), Fol007 or a mixture of Fo47:Fol007 (25 replicates for Fo47:Fol007 co-
inoculated KG52201 and Fol007-inoculated KG324 seedlings, 10 replicates for the control 
treatments). Three-weeks-post-inoculation (B) FW and (C) DI were scored (See Materials and 
Methods). The experiment was repeated three times yielding similar results (Figures 1 and S1). 
Error bars represent mean +/- SD (**Pval < 0,01, ***Pval < 0,001, ****Pval < 0,0001). An unpaired 
comparison for FW and DI was performed using the non-parametric Mann-Whitney U test.  
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Figure S3. Fo47 inoculation affects accumulation of specific proteins. (A) Proteins that were 
detected in at least three out of four replicates where labelled as present. Treatments embraced 
mock-inoculated, Fo47-inoculated, Fo47:Fol007-coinoculated and Fol007-inoculated C32 
susceptible tomato plants. The black circle marks proteins that were specifically present in Fo47 
inoculated plants. (B) Volcano plot showing xylem sap protein abundance difference between 
Fo47:Fol007-coinoculated compared to Fo47-inoculated on susceptible C32 plants. Names of the 
DAPs are depicted in Supplementary Table 5. 
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Figure S4. Fo47 colonizes tomato stems (A) To monitor stem colonization by Fo47 three-
weeks-post-inoculation, stem sections at the crown and cotyledon-level were placed on PDA plates 
(10 replicates). Plates were scanned after four days of incubation. (B) Fungal outgrowth of the stem 
sections plotted as a percentage of infected sections. The experiment was repeated three times 
showing the same pattern. 
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The supplementary tables from this chapter can be found online at: 
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02977/full#supplementary-
material 
 
Supplementary Table 1. Tomato proteins identified and label-free quantified in Bioassay 1. 
Samples labelled as ‘Mock’ for the water control, and ‘Endo’, ‘Coinoc’ and ‘Patho’ for Fo47-
inoculated, Fo47:Fol007-coinoculated and Fol007-inoculated C32 susceptible tomato plants. DAPs 
are marked with +. LFQ values are represented in Log10 scale. Sequence coverage (%), molecular 
weight (KDa), GO description and SecretomeP and ApoplastP outputs are provided for all 
proteins.  
 
Supplementary Table 2. Fol007 proteins identified and label-free quantified in Bioassay 1. 
LFQ values are in Log10 scale and 3,9 represent the LFQ cutoff.  
 
Supplementary Table 3. Tomato proteins identified and label-free quantified in Bioassay 2. 
Samples labelled as ‘Mock’ for the water control, and ‘Patho’ for Fol007-inoculated KG324 
resistant tomato plants. DAPs are marked with +. LFQ values are represented in Log10 scale. 
Sequence coverage (%), molecular weight (KDa), GO description and SecretomeP and ApoplastP 
outputs are provided for all the proteins. 
 

Supplementary Table 4. List of PR-5 proteins found in xylem sap of both bioassays. Uniprot 
IDs, names of the proteins, average of LFQ intensities for every treatment of the two bioassays, 
predicted location, GO category, disulphide bonds and length of the proteins are depicted in the 
table. LFQ values are represented in Log10 scale. 
 
Supplementary Table 5. List of xylem sap proteins whose relative abundance changes upon 

co-inoculation of tomato with Fo47:Fol007 comparing to Fo47-inoculated.  

 

Supplementary Table 6. Overview of the peptides matching NP24 and PR-5x proteins.  

 

Supplementary Table 7. Overview of the protein groups detected peptides overlapping with 

NP24 and PR-5x. Filled in green the LFQ intensities obtained by only using unique peptides for 
the protein quantification. LFQ intensities are represented in Log10 scale.  
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Abstract 

 

Endophytic microbes conferring biocontrol are an eco-friendly alternative to control diseases in 
crops. Unfortunately, the use of endophytes to control diseases is not yet widespread as their 
application in agricultural settings is challenging and the outcome variable. Translating strains that 
perform good under lab conditions to the field poses several challenges. One is the scaling up 
inoculum production in a cost-effective manner. Here, we developed a framework to scale up 
inoculum production of Fo47 and assessed inoculum viability, performance in the field and 
beneficial effects for potato. The Fusarium oxysporum endophyte Fo47 is a well-described biocontrol 
agent, isolated from disease suppressive soils in the 80’s. Using mung bean medium, we could 
routine produce 7x108 spores/mL. Using 60 ml of inoculum we could re-isolate the fungus 79 
days after application from 60-70% of the potato plants in a potato field trial performed in Clenze 
(Germany). The presence of the fungus did not negatively affect plant yield or starch production, 
and did not result in increased sensitivity to endogenous pathogens. This protocol can be used to 
assess Fo47 biocontrol potential under field conditions. 
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Introduction 

 

Many phylogenetically diverse soil-inhabiting fungi are harmless endophytic colonizers of plant 
roots. Over the last four decades, endophytes have drawn the attention of the scientific community 
as some enhance plant fitness and increase resilience to pathogens and abiotic stresses, thereby 
potentially reducing pesticide dependency (Alabouvette, 1986; Busby et al., 2016; Ghorbanpour et 
al., 2018; Latz et al., 2018). 
 
Among the diverse microbiota, Fusarium oxysporum (Fo) is ubiquitously present in soils. Fo is 
infamous for causing vascular wilt diseases in over 100 different crops (Edel-Hermann and 
Lecomte, 2019). In fact, Fusarium wilt diseases rank among the most devastating diseases, 
constituting a significant agricultural threat (Dean et al., 2012; Fisher et al., 2012). However, most 
Fo strains are saprotrophs and not able to cause disease. Notably, wilt-disease suppressive soils 
carry Fo endophytes able to colonise plant roots that confer biocontrol against pathogenic Fo 
strains (Alabouvette, 1986). Upon sterilization of these soils their biocontrol capacity is lost, but 
this can be reconstituted by supplementing Fo strains (Tamietti et al., 1993). Biocontrol to Fo 
pathogens has been reported to be a universal feature of non-pathogenic Fo strains (Bao et al., 
2004) and even avirulent Fo pathogens can reduce susceptibility of the host to virulent Fo 
pathogens (Biles and Martyn, 1989; Huertas-Gonzalez et al., 1998). Fo47 is the best studied 
biocontrol-conferring Fo strain and has originally been isolated from wilt-disease suppressive soils 
in Châteaurenard (Alabouvette, 1986). Fo47 does not promote plant growth, but can reduce 
susceptibility to vascular fungal pathogens like Fo (Alabouvette et al., 2009; Aimé et al., 2013; de 
Lamo and Takken, 2020) and Verticillium dahliae (Veloso and Díaz, 2012; Veloso et al., 2016) and 
to non-vascular pathogens such as root-infecting oomycetes Pythium ultimum in cucumber 
(Benhamou et al., 2002) and Phytophthora capsici in pepper (Veloso and Díaz, 2012). The 
mechanisms employed by Fo47 and other Fo’s to confer biocontrol are proposed to consist of 
two components; a direct activity against the root pathogen through mycoparasitism, antibiosis 
and competition for nutrients and root niches (Benhamou et al., 2002; Alabouvette et al., 2009; Le 
Floch et al., 2009), and an indirect activity by inducing a root-specific plant-mediated resistance 
response termed endophyte-mediated resistance (EMR) (de Lamo and Takken, 2020). 
 
Fo47 has been found to reduce susceptibility to root pathogens in various Solanaceae such as 
tomato (Aimé et al., 2013; de Lamo et al., 2018; Constantin et al., 2019), pepper (Veloso and Díaz, 
2012; Veloso et al., 2016) and eggplant (Pantelides et al., 2009; Zhang et al., 2018). The Solanaceae 
family embraces plant species of striking relevance to humans as food source (pepper, tomato, 
eggplant or potato), ornamentals (petunia) or drugs (tobacco) (Kimura and Sinha, 2008). Within 
Solanaceae, potato is one of the few crops that can be cultivated in open fields in northern Europe. 
Therefore, a potato field trial was performed in Clenze (Germany) with the ultimate goal of 
developing a reproducible methodology to test the marketable potential of Fo47 as a biocontrol 
agent. Traits like cost-effective spore production, durability and stability upon storage or tolerance 
to the changing environment of fields are important for biocontrol agents (Spadaro and Gullino, 
2005). Here, we set out to develop cost-effective large scale Fo47 spore formulations and to assess 
resilience of the fungus during storage and in the field. We assessed its ability to colonize potato 
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plants under agricultural conditions in absence or presence of fertilizer and we monitored the 
impact of endophytic colonisation on crop performance.  
 
As a result, we developed a robust method to (1) cost-effectively mass-produce Fo spores for 
potato field experiments, (2) to assess the viability of the generated spores, (3) to inoculate potato 
mother tubers in the field, (4) to monitor successful Fo endophytism under field conditions and 
(5) to measure tuber yield, starch content and diseases. We propose this method to validate the 
suitability of Fo endophytes in crops such as potato as in our hands, Fo47 successfully colonized 
potato without negatively affecting crop performance.  
 

Results 
 

Mung bean medium yields high concentration of viable Fo microconidia  
 
To identify an easy-to-produce and cost-effective medium that allows high Fo47 microconidia 
yields three different media were tested (Figure 1A). As reference NO3 medium (0.17% YNB 
without amino acids or (NH4)2SO4, 3% sucrose and 100 mM KNO3) was used, as this is the 
standard medium for Fo propagation in our lab (Gawehns et al., 2014). However, its relatively 
high cost is prohibitive for mass-scale spore production and field application. As alternative media 
to grow the fungus, brown rice, mung beans and polenta were tested as these products are relatively 
cheap and readily available in supermarkets. Brown rice retains the bran layer that contains 
micronutrients like manganese and iron, which favour sporulation of some fungi (Michal Johnson 
et al., 2011; Li et al., 2012). Mung beans are well-known as a suitable media for growing Fo such 
as banana-infecting Fo f.sp. cubense strains (Bai and Shaner, 1996; Garcia-Bastidas et al., 2019). 
Polenta was taken along as it has been used to propagate microbes (Kocic-Tanackov et al., 2019).  
 
Six days after inoculation, all 1% w/v media were observed to produce a higher number of Fo 
spores than those containing 0.4% w/v (Figure 1A). Mung bean broth was found to be the most 
efficient medium yielding 7x108 spores/mL, followed by NO3 ( 4.8x108 spores/mL), 1% brown 
rice ( 1.6x108 spores/mL) and 1% polenta ( 5.3x107 spores/mL). This result led to selection of 
mung bean medium for large-scale spore production. Next, viability and infectivity of spores 
produced in mung bean medium was assessed. Since plant colonisation by an endophyte is 
laborious to asses and quantify, the tomato pathogen Fol007 was used instead and wilt disease 
symptoms were assessed (Gawehns et al., 2014). Thereto, soil containing 10-days-old tomato 
seedlings was inoculated with spores from mung bean medium by pouring 10, 25 or 50mL of 107 
spores/mL on 12 cm diameter pots. Fusarium wilt disease symptoms were assessed three weeks 
post inoculation (Figure 1B). Except for the mock, wilt disease was observed for all inoculations 
showing that Fo inoculum is viable and able to infect tomato (Figure 1B). In summary, mung 
bean medium is a cost-effective and high spore yielding medium allowing large scale production 
of viable Fo inoculum.   
 

Chapter 6

https://f.sp/


543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo543403-L-bw-deLamo
Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020Processed on: 7-5-2020 PDF page: 105PDF page: 105PDF page: 105PDF page: 105

 
 

Figure 1. Mung bean medium yields high concentration of Fo spores. (A) Microconidia 
concentration of Fo47 inoculated in different media was measured with a counting chamber. Six-days-post-
inoculation 1% mung bean medium was found to contain the highest microconidial concentration followed 
by the commonly used NO3 medium, brown rice and polenta. (B) Viability and infectivity of Fol spores 
produced using mung bean medium was assessed using a tomato bioassay. Different volumes (0, 10, 25 
and 50 mL of 107 spores/ml from left to right) were added to the soil containing 10-day-old tomato plants. 
 
Fo47 colonizes potato plants under green house and field conditions 

 
To determine whether Fo47 spores produced in mung bean medium can colonize potato plants 
and tubers, a small-scale experiment was performed in the greenhouse. Tubers were planted and 
inoculated by pouring 60 ml of water (mock) or Fo47 spores (107 spores/ml) in the planting hole. 
The tuber was subsequently covered with soil. After 42 days, samples from the thickest stem (up 
to the second leaf), mother tuber and root were harvested from each plant. Samples were surfaced-
sterilized and placed on PDA plates containing antibiotics. Four days after incubation, the mycelia 
emerging from the plant material that resembled Fusarium was harvested and gDNA was isolated 
followed by PCR with Fo-specific FEM primers, and Fo47-specific SCAR primers. Four out of 
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seven plants treated with Fo47 spores showed fungal outgrows that were both FEM- and SCAR-
positive, showing that they are effectively colonized by Fo47 (Figure 2A). These data show that 
pouring Fo47 microconidia (harvested from mung bean medium) is an effective method to 
inoculated potato tubers. 
 
Based on this observation, the viability of applying an endophyte in large scale was tested in field 
experiment. Common agriculture practices in the region where the field was located include 
applying fertilization to increase tuber yield. Therefore, to test the influence of fertilization on 
endophytic performance, part of the field remained unfertilized while the other was treated by 
applying N and K fertilization (Figure S1A, B). Two treatments, which consisted of pouring 60 
mL of water (Mock) or Fo47 spores (107 spores/ml) were applied in both parts of the field. Each 
treatment was performed in nine randomly selected plots, where one plot consisted of 40 potato 
tubers (Figure S1A, B). From each plot, one potato plant was harvested 79 days after inoculation 
from the same location in the plot (Figure S1C). The main root below the thickest stem and one 
potato tuber per plant were surface-sterilised to determine the presence of the Fo47 inside the 
plant (Figure 2B). Unlike in the green-house experiment, mycelium resembling Fo grew out of 
five the mock-treated tubers. PCR analysis showed that it was indeed Fo (FEM-positive) but not 
Fo47 (SCAR-negative). Fo47 could be re-isolated from seven and six plants from non-fertilized 
and fertilized plots, respectively (Figure 2B). These data show that fertilization does not affect 
endophytic colonization of potato plants by Fo47 and that our lab protocol can be efficiently 
scaled up to field conditions.  

 
 
Figure 2. Fo47 is able to colonize green house- and field-grown potato plants. Each potato tuber 
was treated with 60 mL inoculum that contained either water (Mock) or Fo47 (107 spores/mL). (A) Stem, 
roots and tuber were collected 42 days after inoculation of green house-grown potato plants or (B) roots 
and tubers of field-grown potato were harvested 79 days after inoculation. Samples were surfaced-sterilized 
for 3 minutes in 70% ethanol, washed and arranged on PDA plates with antibiotics. Four days after plating, 
gDNA was isolated from the emerging mycelia and used for PCR reactions with SCAR and FEM primers. 
Nine plants per treatment were analysed except for the mock-fertilized treatment where only eight plants 
were analysed. Fo47 was considered as an endophytic colonizer when mycelia emerging from surface-
sterilized root, stem or tuber from one biological sample could be confirmed by PCR with FEM and SCAR 
primers.  
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Figure 3. Potato yield and starch content is affected by fertilization but not by Fo47 application. 
(A) Average tuber yield per plot in each treatment. Every dot represents the yield of a single plot (19 plants 
each) (B) Average percentages of starch accumulated in 5 kg of tubers (Ø > 6.5 cm) per treatment. Each 
dot represents a plot. Data was analysed using a Mann-Whitney test where *P < 0.05 and **P < 0.01.  
 

Tuber weight and starch content are not affected by Fo47 colonization unlike fertilization 

treatment 

 
To assess whether Fo47 has an impact on potato production, the yield and starch content of the 
tubers from the two central rows of every plot were harvested five months after inoculation 
(Figure S1C). The middle rows were selected to avoid edge effects. In total, 19 plants/plot were 
harvested as one was collected during the mid-term sampling to assess Fo47 colonization. Non-
fertilized water (mock)- and Fo47-inoculated plots yielded 28.7 kg and 30.3 kg on average, while 
applying fertilizer increased the yield significantly to 35.1 kg in the mock plots and 35.0 kg in the 
Fo47-inoculated plots (Figure 3A). In contrast, the starch content was significantly reduced in 
fertilized plots as mock and Fo47-inoculated plots without fertilization yielded 21.2% and 20.8% 
starch while fertilized plots yielded 20.0% and 19.6%, respectively (Figure 3B). 
 
Altogether, Fo47 did not negatively affect tuber yield nor starch content, despite being a potato 
endophyte (Figure 3A, B), and regardless of the application of fertilizer. As expected, fertilization 
significantly increased the tuber yield regardless of a Fo47 treatment (Figure 3A). Moreover, 
fertilized plots exhibited a reduced starch content of the tubers.  
 
Black scurf disease symptoms on potato tubers are reduced by fertilization but not by Fo47 

treatment 

 

To assess whether Fo47 colonisation of roots affects the susceptibility of potato plants to 
endogenous pathogens, 20 tubers were selected randomly per plot. Visual inspection of the tubers 
revealed symptoms of scab disease caused by Streptomyces spp. and black scurf caused by Rhizoctonia 
solani. Disease symptoms associated with Fusarium spp. where not observed on the tubers. Scab 
symptoms were omitted for scoring due to the difficulty of consistently assessing the disease level 
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– only black scurf symptoms were assessed. For scoring black scurf disease symptoms, tubers were 
washed to remove dirt and enable detection of sclerotia. A disease index from 0-4 was established 
based on the area covered by sclerotia relative to the total tuber area (Figure 4A). Fo47 treatment 
did not cause a significant reduction in black scurf disease symptoms compared to mock treatment 
in either fertilized or non-fertilized plants (Figure 4B). However, the application of fertilizer 
reduced black scurf disease symptoms in both mock and Fo47-treated plants (Figure 4B). 
 
Discussion 

 

Presently, public perspective and legislation are encouraging the use of alternatives for chemical 
pesticides and fertilizers in agriculture. Fungal endophytes have been successfully implemented as 
biocontrol or biostimulant agents in small scale set-ups such as greenhouses (Gill et al., 2016; de 
Lamo and Takken, 2020). However, one stumbling block in field implementation of endophytes 
as biocontrol agents is a cost-effective protocol for inoculum production. Here, we established a 
cheap, large-scale production method to obtain viable Fo47 microconidia and we confirmed plant 
colonisation of the endophyte under field conditions. 
 
All media tested (NO3, mung beans, brown rice and polenta) were suitable for producing Fo47 
microconidia, with mung bean being the most effective, yielding 7x108 spores/mL. This yield is 
comparable to the 9x107 Fo spores/mL previously described using this medium, (Garcia-
Bastidas et al., 2019), showing that this method is reproducible across different labs. Moreover, 
this medium is not limited to Fo but can also be used to obtain large amounts of spores from other 
fungi such as Rhizopus (Nout et al., 1987). Additionally, we could show that mung bean medium-
produced microconidia proved to “infective” in bioassays by scoring disease symptoms (Figure 

1A), and by being able to re-isolate the endophytic strain from inoculated potato plants (Figure 

2A, B). When comparing NO3 medium with mung bean medium, the latter is not only faster to 
make but also is approximately 180 times cheaper (1 L of NO3 costs 8.5 euros while 1 L of mung 
bean costs 0.0478 euros). Therefore, mung bean medium is good candidate for scaling-up effective 
spore production of fungal endophytes with a low production cost. 
 
Another important aspect in our protocol consisted of determining the effectiveness of Fo47 as 
an endophyte. This is an important step to predict efficiency of a biocontrol agent and pin-point 
possible negative outcomes (e.g. no protection due to low endophytic colonization levels). In our 
field experiment, single Fo47 application at planting time resulted in 60-70% of the plants scoring 
Fo47 positive at mid-harvest. Fertilization treatment which consisted of N and K,  did not affect 
Fo47 colonization of potato plants, showing that, unlike arbuscular mycorrhizal fungi (Ortas, 
2012), common management practices are compatible with Fo47 field application. Notably, Fo47 
could not be re-isolated from newly formed tubers at the final harvest, despite being detectable in 
20% of the tubers during mid-harvest (data not shown). This shows that the fungus is not 
transmitted to the final product and probably has to be re-applied every season.  
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Figure 4. Fertilization, but not Fo47 treatment, reduces black scurf disease symptoms on potato 

tubers. (A) Representative pictures of potato tubers showing black scurf disease symptoms from scale 0-
4. Based on the percentage of the tuber covered by sclerotia, the following scale was used: DI=0, less that 
1%; DI=1, 1% of the tuber covered by sclerotia, DI=2, up to 5% of the tuber covered, DI=3, up to 10%; 
DI=4, sclerotia covers more than 15% of the tuber area. (B) Black scurf disease symptoms on newly 
formed potato tubers. From each plot 20 tubers were selected randomly. Data was analysed using a Mann-
Whitney test where ****P < 0.001. DI= disease index. 
 
Three other important parameters for potato tuber marketability were assessed: yield, starch and 
disease susceptibility in this study. Fo47 treatment did not affect potato tuber yield and starch 
content showing that there was no penalty of endophytic colonization. When assessing disease 
symptoms, however, only scab and black scurf disease symptoms could be observed. This low 
disease incidence is most likely due to the unusually hot and dry conditions during the growing 
season of the field trial (2018). Therefore, we could only show that Fo47 did not affect disease 
susceptibility to black scurf disease.  
 
Fertilization treatment which consisted of addition of N and K, increased potato yield but 
negatively affected the starch content. Sole nitrogen fertilization has been shown to influence 
potato yield, while the effect of K is dependent on pre-existing concentration in the soil 
(Westermann et al., 1994b). Moreover, K and N treatment has been reported to decrease the starch 
content at both ends of the tuber (Westermann et al., 1994a). Our data indicate that the yield 
increase by K and N fertilization is not related to an increase of total starch content, but likely due 
to an increase of the water content in the tuber as also proposed by others (Schippers, 1968). 
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Additionally, fertilization reduced black scurf disease symptoms on the assessed tubers. This is line 
with previous observations that reported an inverse correlation between black scurf disease 
symptoms and N concentration (Rêbarz and Borowczak, 2007; Klikocka, 2009). Three 
mechanisms are proposed to explain this finding: 1) Black scurf symptoms are scored as a 
percentage of the potato surface area. As fertilization could increase the size of the tubers, a similar 
amount of sclerotia would be scored as a lower disease severity. 2) Fertilization can have a direct 
impact on plant defence responses and thereby suppress pathogen colonization (Mur et al., 2017). 
3) Fertilization could impact the pathogen directly by for example altering the pH or by chelating 
minerals.  
 
In summary, we developed and validated an easily scalable method to produce and apply fungal 
endophyte spores to crops. As a proof of concept, Fo47 spores were applied to potato plants, 
without affecting yield or starch content of the treated plants. Colonisation of the plants by Fo47 
was unaffected by common fertilization practices in the region and did not result in increased 
susceptibility to endogenous pathogens, such as black scurf disease. This method is of great 
relevance in order to explore the capacity of fungal biocontrol agents in the field. For example, it 
could be used to test the ability of Fo47 (or other Fo endophytes) to suppress Fusarium wilt disease 
in crops such as tomato or asparagus where Fo endophytes were shown to be efficient under lab 
conditions (de Lamo and Takken, 2020). For further commercialization of fungal endophytes, 
parameters such as shelf-life stability should be tested in future research. 
 
Materials and Methods 

 

Inoculum preparation 

 
Fo47 (Alabouvette, 1986) was grown on potato dextrose agar (PDA) plates for at least five days. 
From these plates, agar plugs from the edge of the colony containing the youngest mycelium were 
used to inoculate ten 250mL-flasks containing 100 ml of mung bean medium, two 1 L-flasks 
containing 0.5 L, two 2 L-flasks containing 1 L and three 5 L-flasks containing 2.5 L for a total of 
11,5 L of 1% mung bean medium (www.mahuna.eu, autoclaved 10 g of intact mung beans/L at 
1200C for at least 20 minutes and over 220kPa). After 6 days of shake-incubation at 150 rpm at 25 
0C the cultures were poured through sterile filter made with a layer of Miracloth (Millipore) without 
applying removing the mycelia and keeping the microconidia generated. The microconidia solution 
was spun down at 700 g for 10 min in a Beckman centrifuge with a JA-10 fixed-angle rotor. The 
pellet containing Fo47 spores was washed with sterile MilliQ water, and after a second 
centrifugation step was re-suspended in 1 L. 
 

Biological materials and inoculation procedure 

 
The above-mentioned concentrated Fo47 spore solution was quantified by a counting chamber, 
subsequently gently diluted to 109 spores/ml by adding MilliQ water, and stored at 40C until field 
application. Pathogen-free seed potatoes of the starch potato cv. Jasia (www.saatzucht-
niehoff.de/) were planted in agricultural soil in Clenze (Germany). Inoculum was prepared in the 
field by adding 50ml of 109 spores/ml to 5 L of tap water which was gently shaked resulting in 107 
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spores/mL inoculum. Each seed potato was inoculated with 60 mL of the latter inoculum by using 
a ladle. 
 
Field fertilization and pesticide application 

 
Some plots were fertilized by adding 120 N kg/ha (7% nitrate, 7% ammonium, 14% urea) and 160 
K kg/ha Korn-Kali 40, 40% K2O, 6% MgO once at planting time. The following pesticides were 
applied: Monceren against Rhizoctonia, Boxer against insects such as Colorado Beetles and Infinito, 
Banjo forte and Shirlan against Phytophthora. 
 
Fungal re-isolation 

 
To determine Fo47 presence on the surface of a tuber, a peel fragment from the mother tuber was 
placed on PDA plates supplemented with 200 mg/l streptomycin and 100 mg/l penicillin. These 
antibiotics were added to prevent bacterial growth without affecting fungal outgrowth. To check 
whether Fo47 was an endophyte, therefore colonizing inner tissues of potato, mother tubers and 
roots were surface-sterilized as described (Constantin et al., 2019). In short, tubers were submerged 
in 70% ethanol for 3 min and washed with sterile water. Mother tuber sections and root slices 
were placed on the above-mentioned PDA plates. All plates were scanned after four days of 
incubation at 250C. To confirm that mycelium outgrowth corresponded to Fo47, gDNA was 
isolated from the mycelium using phenol:chloroform extraction method as described (van Dam et 
al., 2018) and PCR was performed using Fo-specific FEM and Fo47-specific SCAR primers (Edel-
Hermann et al., 2011). When PCR reaction was positive for FEM and SCAR it was considered as 
Fo47. At harvest time, when endophytic and epiphytic colonization of Fo47 on potato tubers was 
assessed the same procedure was followed. 
 

Mid-term sampling 

 
Seventy-nine days after tuber inoculation with Fo47, one plant per plot was collected to assess 
Fo47 colonization. From each plot, the plant from the second column and second row was 
sampled and stored in cool conditions until further analysis (Figure S1C). Fo47 colonization in 
the mother tuber, the lateral root and a stem emerging from the mother tuber was monitored. The 
thickest stem emerging from mother tuber was surface sterilized as described above and two cross-
sections of stem sections from the basal (region of contact with the tuber) and crown level were 
placed on PDA plates to assess Fo47 outgrowth. Additionally, one piece of a lateral root was 
sterilised and incubated on PDA plates to assess fungal outgrowth. Confirmation of Fo47 identity 
was done by PCR as described above. 
 

Harvest 

 
The field was divided into 646 plots (Figure S1A, B). One part of the field was non-fertilized 
(plots 1-405) while the other was fertilized by applying N and K (plots 406-646) (Figure S1A, B). 
Each plot contained 4 rows of 10 potato plants each (40 plants in total) (Figure S1C). A treatment 
consisted of inoculating nine randomly distributed plots (Figure S1B) with 60 ml of water (mock) 
or Fo47 spores (107 spores/ml) to each potato tuber. Only the two central rows of each plot were 
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harvested. The peripheric two rows were not harvested to avoid the edge effects (Figure S1C). 
The tubers from the two middle rows were used to measure yield, and a subset of those were used 
to analysed starch content and Rhizoctonia disease incidence (Figure 4A). Starch content was 
measured according to the commission regulation (EC) No 2235/2003. All the data was analysed 
by performing a Mann-Whitney test through the software PRISM 7.0 (GraphPad). 
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Supplementary material 

 

 
 
Figure S1. Layout of the field trial depicting mock and Fo47 treatments. (A) Picture of the potato 
field taken from a drone two months after planting. (B) Schematic representation of the field depicting the 
plots utilized in this study. Water-inoculated (mock) plots are depicted in white while Fo47-inoculated plots 
are shown in orange. The green plots were fertilized while the brown coloured were not. (C) Each plot 
consisted of 40 potato plants. Biological replicates shown in red were not harvested to avoid edge effects 
in scoring. The yellow-coloured plants were harvested and yield, starch content and disease were 
determined. The green-coloured plants were used to monitor Fo47 colonization. 
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General discussion 

 

Fusarium oxysporum (Fo) is a soilborne filamentous ascomycete (Michielse and Rep, 2009). The 
fungus is best known as the causal agent of Fusarium wilt disease but it can also trigger foot- and 
root-rot.  Wilt disease is a consequence of extensive colonization of the xylem vasculature by the 
fungus leading to typical disease symptoms, such as wilting, stunting and eventual death. 
Pathogenic Fo strains secrete small proteins during infection, of which some are effectors that 
facilitate host infection (Edel-Hermann and Lecomte, 2019). Strains pathogenic on one plant 
species do not usually cause wilt disease in other species, presumably because they lack the cognate 
host-specific effectors (Validov et al., 2011). The number of putative effector proteins in Fo strains 
differs; typically, pathogenic strains harbor larger numbers of effector gene candidates than non-
pathogenic isolates (van Dam et al., 2016; Constantin, 2020). Most of these effector-encoding 
genes are localized on a pathogenicity chromosome and together these determine host-specificity 
(Ma et al., 2010; van Dam et al., 2017). Remarkably, these pathogenicity chromosomes of Fo can 
be horizontally transferred (Ma et al., 2010). For instance, the pathogenicity chromosomes of the 
tomato pathogen Fo f.sp. lycopersici (Fol) and the cucurbit-infecting pathogen Fo f.sp. radicis-
cucumerinum can be transferred to the non-pathogenic Fo47 isolate, converting the latter into a 
vascular-infecting pathogen (Ma et al., 2010; van Dam et al., 2017). 
 
Notwithstanding the large number of pathogenic isolates, pathogenicity is actually the exception 
as the majority of Fo strains are harmless for plants and the host-specificity makes most strains 
non-pathogens on most plant species (Gordon, 2017). Notably, these non-pathogenic strains often 
retain the ability to enter and colonize the roots of a wide variety of host plants and often behave 
as endophytes when inoculated onto a non-host. Root colonization by endophytic strains is 
typically confined to the outer cell layers of the roots (epidermis and outer cortex), whereas 
pathogenic strains usually colonize the xylem vessels of their host resulting in disease symptom 
development (Gordon, 2017). Many endophytic Fo isolates are reported to confer biocontrol to 
root-infecting pathogens such as pathogenic Fo (Elmer, 2004; Bolwerk et al., 2005; Olivain et al., 
2006; Kaur and Singh, 2007; Nahalkova et al., 2008; Aimé et al., 2013), Verticillium dahliae (Veloso 
and Díaz, 2012), Pythium ultimum (Benhamou et al., 2002) or Phytophthora capsici (Veloso and Díaz, 
2012). Co-inoculation, or prior inoculation, of an endophytic and a pathogenic strain can reduce 
disease symptom development and in some cases fully prevent disease onset (Alabouvette, 1986; 
Tamietti et al., 1993). Biocontrol is the result of the combination of two actors : 1) direct 
antagonism of the endophyte to the root pathogen, reducing its virulence (Benhamou et al., 2002) 
and 2) indirect protection by triggering a plant response called endophyte-mediated resistance 
(EMR). The EMR response results in a reduced disease susceptibility of the colonized roots. The 
ability to induce EMR appears to be a shared property among members of the Fusarium oxysporum 
species complex (Constantin, 2020). The mechanisms underlying EMR are not well understood 
and form the main focus of this thesis. In this chapter, our data generated concerning the tri-
partite Fo47-Fol-tomato system are discussed in the context of the current molecular 
understanding of EMR in plants. A thorough understanding of the molecular mechanisms 
underlying EMR is not only of fundamental interest, but also aids in translating the use of 
biocontrol strains to agriculture to combat pathogens.  
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Reduced tomato susceptibility to Fol by Fo47: direct antagonism or a plant-

mediated response?  

 

As detailed in this thesis, Fo47 reduces susceptibility of tomato to Fol when the roots are co-
inoculated with both strains. Fo47-mediated biocontrol can be caused by direct antagonism to Fol 
and/or to the induction of EMR. The contribution of the latter can be monitored using a split-
root assay in which the endophyte and pathogen and physically separated. Split-root inoculation 
of tomato, chickpea and eggplant have revealed that various Fo endophytes, including Fo47, can 
trigger a systemic EMR response that reduces susceptibility to pathogenic Fo (Duijff et al., 1998; 
Kaur and Singh, 2007; Pantelides et al., 2009). The relative contribution of direct antagonism and 
EMR to biocontrol in our Fo47-Fol-tomato setup is unknown. Some Fo strains are better in 
competing with pathogens while others are better EMR-inducers (Fravel et al., 2003). The effective 
spore ratio, endophyte versus pathogen, required to suppress disease can provide clues to the main 
mechanism involved. When high endophyte doses are required, then protection is more likely to 
rely on direct competition between the strains e.g. for niches on the roots where the fungus can 
enter and/or acquire nutrients. When low inoculum doses suffice to mount a robust resistance 
response, then protection is likely to be mostly plant-mediated (Fravel et al., 2003). In previous 
studies, the concentration of Fo47 employed to reduce susceptibility to Fol was ten-fold higher 
than that of Fol (Duijff et al., 1999). However, in our setup a ratio 1:1 confers an equally strong 
disease reduction as higher Fo47 doses, which suggest that the observed biocontrol involves plant-
mediated EMR. Furthermore, despite co-existing on the root surface and in the outer cortex, Fo47 
and Fol are physically separated at later stages of infection as only the pathogen colonizes the stele 
(Nahalkova et al., 2008; Gordon, 2017). Although Fol can still colonize the vasculature and secrete 
effectors such as Avr2 (chapter 5) disease progression and extensive Fol proliferation is strongly 
reduced in the presence of Fo47. These observations provide additional support for a plant-
mediated component to be involved in the observed biocontrol. Of note, in cucumber osmiophylic 
depositions in the vasculature and papillae are formed around invading hyphae of P. ultimum, but  
only in the presence of Fo47 (Benhamou et al., 2002), implying a plant resistance response 
triggered by Fo47. Furthermore, Fo47 and Fol do not appear to compete for infection sites on the 
root (Olivain et al., 2006). When both are co-inoculated on tomato roots they colonize the same 
spots on the surfaces and cortex, but even when excess Fo47 spore concentrations are used then 
Fol is still able to colonize these root niches and infect the host. This observation suggests a 
marginal role for niche competition between Fo47 and Fol as main cause of biocontrol. Altogether, 
although antagonism between Fo47 and Fol cannot be excluded, the co-inoculation setup 
employed in this study is suitable to study EMR.   
 
Is Fusarium oxysporum-triggered EMR independent of Pattern-triggered 

immunity? 

 
Plants can recognize microbe-associated molecular patterns (MAMPs) from invading microbes by 
pattern recognition receptors (PRRs) located at the plant cell surface (Macho and Zipfel, 2014). 
MAMP detection leads to induction of a local and broad-spectrum resistance response known as 
pattern-triggered immunity (PTI) (Jones and Dangl, 2006). Typical PTI responses include 
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generation of reactive oxygen species (ROS), phosphorylation of mitogen-activated protein 
kinases (MAPKs) leading to the transcriptional activation of defence-related genes, and 
accumulation of callose deposits at the cell wall confining invading microbes (Bigeard et al., 2015; 
Chuberre et al., 2018). Virulence of Fo pathogens is facilitated by effector secretion, some of which 
can result in evasion of, or compromised PTI responses. For instance, virulence of Fo f.sp. 
vasinfectum toward cotton requires secretion of a chitin deacetylase (PDA1) to convert the highly 
immunogenic MAMP chitin into the less immunogenic compound chitosan (Gao et al., 2019). 
This conversion allows the fungus to evade recognition by the plant’s chitin PRR receptor to 
trigger PTI. Full virulence of Fol towards tomato involves secretion of the effector Avr2 
(Houterman et al., 2009). Avr2 enters tomato cells and compromises PTI signalling upon exposure 
to a bacterial MAMP derivative (Di et al., 2016; Di et al., 2017). Contrarily, unlike Fo pathogens 
endophytes such as Fo47 are reported to trigger PTI responses in plant cell cultures (Olivain et al., 
2003; Humbert et al., 2015) and to trigger papillae formation in pea root upon host colonization 
(Benhamou and Garand, 2001). Whether triggering PTI responses in roots is key for Fo 
endophytes to trigger EMR was unknown. Therefore, the potential involvement of PTI to mount 
an EMR response in tomato was studied (chapter 3). To assess this, a transgenic MM- spAvr2-30 
tomato line that produces the fungal effector protein Avr2 was selected. This line exhibits a 
compromised PTI response upon treatment with the bacterial MAMP-derivative flg22 and is 
hyper-susceptible to Fol, Verticillium dahliae and to the bacterial pathogen Pseudomonas syringae (Di 
et al., 2017). Since this line accumulates a fungal effector conferring hyper-susceptibility to fungal 
vascular pathogens, it was hypothesized that PTI elicited by fungal elicitors would also be 
compromised. Indeed, in chapter 3 it is shown that MM- spAvr2-30 plants exert a compromised 
PTI towards a fungal MAMP, as callose depositions were reduced as compared to wild-type plants. 
Subsequently, colonization of this PTI-compromised tomato by Fo endophytes was assessed in 
roots by qPCR and in stems by incubating stem sections on agar plates and monitoring fungal 
outgrowth. The tomato-Fo endophyte interaction was found to be restricted by PTI as the MM-

spAvr2-30 tomato line allowed more extensive root- and stem-colonization than wild-type plants. 
Noteworthy, the biocontrol conferred by tomato Fo endophytes towards Fol was unaltered in 
MM- spAvr2-30 plants. This observation suggests that EMR acts independent of PTI signalling. 
Since a local PTI response had been reported to be indispensable to trigger systemic resistance 
responses in plants (Houterman et al., 2009), this finding was unexpected.  
 
A limitation of the MM- spAvr2-30 line is that PTI responses like the ROS burst, MAPK 
phosphorylation or callose depositions are not fully blocked (Di et al., 2017) and can be restored 
by high MAMP concentrations (data not shown). These observations imply that PTI is merely 
reduced and not abolished. Hence, to fully exclude the potential involvement of PTI in EMR a 
tomato line should be generated that has a completely compromised PTI response. In Arabidopsis, 
a PTI-compromised line is available; the bak1-5/bkk1-1/cerk1 (bbc) mutant that is blind to bacterial 
infection (Xin et al., 2016). BAK1 is a leucine-rich repeat (LRR) receptor-like kinase (RLK) located 
at the plasma membrane that is recruited by numerous PRRs as a co-receptor upon MAMP 
recognition. BAK1 recruitment allows transphosphorylation of the respective kinase domains of 
the interacting RLKs resulting in the activation of downstream signaling (Macho and Zipfel, 2014). 
BKK1 is a homologue of BAK1 showing functional redundancy in bak1-5 lines (Roux et al., 2011). 
CERK1 is LysM-RLK PRR that mediates recognition of chitin and bacterial peptidoglycan and 
subsequently activates PTI (Miya et al., 2007; Willmann et al., 2011). However, it is imaginable that 
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there are Fo MAMPs that are recognized in a BAK1/BKK1/CERK1-independent manner, 
resulting in a residual PTI response in a such a mutant. The presence of such potential Fo MAMPs 
can be investigated upon infection of the Arabidopsis bbc mutant and monitoring whether PTI is 
induced. If Fo MAMPs appear to be absent, then mutation of the BAK1/BKK1/CERK1 orthologs 
in tomato could result in a line that is blind to Fo and does not trigger PTI upon inoculation. An 
alternative approach to generate a PTI mutant is by mutating the PRR receptors themselves. 
Unfortunately, tomato Fo PRRs have not yet been identified, but the RLK MIK2 in Arabidopsis 
was shown to be required to activate PTI upon exposure to Fo MAMPs (Coleman et al., 2019). 
Knocking out homologues of MIK2 in tomato might be a strategy to generate a mutant that does 
not trigger PTI towards exposure to Fo. However, as it is unlikely that Fo produces only a single 
MAMP being recognised by a single tomato PRR receptor, a knockout of all putative Fo-detecting 
PRRs will be required to generate a fully ‘Fo-blind’ tomato line using this strategy. 
 
Another possible approach to compromise PTI is to identify and mutate the tomato host target 
of Avr2. Avr2 compromises PTI responses suggesting that Avr2 interacts with a host protein 
involved in PTI signaling. Currently this target is unknown but the fact that Avr2 compromises 
PTI responses upon treatments with both bacterial (flg22) and fungal (chitosan) MAMPs, indicates 
that the host target of Avr2 is unlikely a PRR, as these MAMPs have different receptors (Gomez-
Gomez and Boller, 2000; Hind et al., 2016; Gubaeva et al., 2018). The effector target therefore 
must be a shared signalling component downstream of PRR receptors and be localised 
intracellularly, as the effector exerts its virulence function in the cytosol (Di et al., 2016). Since in 
MM- spAvr2-30 plants early PTI responses such as ROS accumulation and phosphorylation of 
MAPKs are compromised upon flg22 treatment (Di et al., 2017) and also a late response (callose 
depositions) is reduced upon chitosan application (chapter 3), the effector target must act at an 
early step in signalling where the response pathways have not yet diverged. Potential targets are 
components of the MAPK pathway, whose phosphorylation in Arabidopsis activates transcription 
factors regulating defence gene expression and callose deposition (Frey et al., 2014; Xu et al., 2016; 
Jiang et al., 2019). Other potential targets acting upstream in the signalling pathway are receptor-
like cytoplasmic kinases (RLCK) interacting with the plasma membrane-located PRRs complexes. 
In Arabidopsis, the RLCK Botrytis-induced kinase (BIK1) is required for activating flg22- and 
chitin-triggered MAPK cascade (Macho and Zipfel, 2014) and for phosphorylation of RbohD that 
generates reactive oxygen species (ROS) upon MAMP perception (Li et al., 2014). BIK1 is a known 
target for effectors and the Pseudomonas syringae effector AvrPphB has been shown to catalyse its 
cleavage, resulting in compromised PTI signalling (Block and Alfano, 2011). TPK1b is a BIK1 
orthologue of tomato (AbuQamar et al., 2008) that can functionally complement disease resistance 
of the Arabidopsis bik1 mutant, indicating that they have a similar function (AbuQamar et al., 
2008). TPK1b represents a potential target of Avr2, but other RLCKs currently cannot be excluded 
as potential targets for this effector. Further research will hopefully unveil the target(s) of Avr2 
through e.g. co-immunoprecipitation and/or pulldown assays. A knockout of this host gene might 
fully compromise PTI signaling, unlike the effect conferred by Avr2 on the encoded protein. All 
in all, generating a ‘PTI-blind’ tomato mutant is required to fully exclude involvement of PTI in 
Fo-induced EMR. Nevertheless, the functional EMR response observed in PTI-knockdown Avr2 
tomato lines suggest that these two immune responses act independently from each other.  
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Has the xylem sap proteome of tomato the potential to contain Fol and 

prevent disease development?  

 
The vasculature represents an important interface between tomato and Fol. Fol colonizes 
aboveground tissues through the xylem vessels, which is a prerequisite for the onset and 
development of wilt disease. The fungus secretes effectors, metabolites and enzymes in the 
extracellular spaces of the host to facilitate infection, but the plant secretome may counteract 
infection and restrict fungal growth. The interaction between both secretomes determines whether 
the fungus or the plant will thrive, or whether both co-exist and the plant can contain the fungus 
in the absence of disease symptoms (Vincent et al., 2020). Phytoalexins, phenolic compounds and 
pathogenesis-related (PR) proteins are reported to have antimicrobial activity towards vascular 
pathogens (Yadeta and Thomma, 2013). Since EMR dampens Fusarium wilt disease progression, 
it was hypothesized that specific xylem sap-localized tomato proteins and/or metabolites targeting 
Fol could be involved. To identify potential EMR-induced changes the tomato xylem sap 
proteome was analyzed in response to the presence of the endophyte, pathogen or both (chapter 
5). Like EMR, Resistance (R) proteins can prevent Fusarium wilt disease of isolates harboring a 
corresponding Avirulence (Avr) factor upon detection of the latter, thereby starting effector-
triggered immunity (ETI). To investigate whether R gene and EMR induce similar responses also 
the xylem sap proteome changes of I-2 resistant lines inoculated with an avirulent Fol isolate were 
determined (chapter 5). Subsequently, all identified proteomes were compared and over 300 
proteins could be identified. Whereas not a single fungal protein was found in xylem sap of 
resistant plants, 13 were identified in Fo47:Fol co-inoculated plants. This implies a more extensive 
colonization of the vasculature by Fol in the latter interaction, which correlates with the higher 
disease index and reduced fresh weight observed upon EMR as compared to resistant plants 
infected with Fol (chapter 5). Induction of EMR was found to correlate with increased 
accumulation of a ß-glucanase (45-fold) and NP24 (33-fold), while in Fol-infected resistant tomato 
plants a significantly higher accumulation of only one protein was observed: PR-5x (158-fold). PR-
5x and NP24 are both PR-5 isoforms sharing high sequence similarity, suggesting a similarity in 
the response towards Fol in both immune responses.  
 
PR-5 proteins can be classified into two groups, osmotins and thaumatin-like proteins (TLPs) (Anil 
Kumar et al., 2015). TLPs taste sweet unlike osmotins (Richardson et al., 1987; Anil Kumar et al., 
2015), which were originally identified in tobacco being induced upon salt stress (Singh et al., 
1985). Osmotin overexpression in transgenic tomato, potato or tobacco confers increased 
tolerance to salinity (Anil Kumar et al., 2015). Many osmotins and TLPs exert antimicrobial activity 
towards filamentous plant pathogens such as, Phytophthora infestans (Woloshuk et al., 1991), Fo, 
Phytophthora capsici (Mani et al., 2012), Fusarium verticilloides, Fusarium solani (Zhang et al., 2018b) and 
Alternaria alternata (Guo et al., 2016). Some PR-5s exert their antimicrobial activity by increasing 
membrane permeability via formation of pores in the plasma membranes of fungi and oomycetes 
(Vigers et al., 1992). PR-5 isoforms have also been suggested to exert their antimicrobial effect by 
binding to cell wall-localized phosphomannoproteins or receptor-like proteins in the plasma 
membrane. (Woloshuk et al., 1991; Vigers et al., 1992; Abad et al., 1996; de Freitas et al., 2011; 
Misra et al., 2016). In addition, a barley TLP has been shown to bind 1,3- -glucans that are present 
in microbial cell walls (Osmond et al., 2001) and several peach TLPs also bind glucans and exert 
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-glucanase activity (Palacin et al., 2010). Notably, the other protein significantly upregulated in 
xylem sap during EMR is a -glucanase, whose antimicrobial activity is linked to its ability to bind 
and hydrolyze -glucans (Stintzi et al., 1993). Besides a direct antimicrobial effect by degrading the 
fungal cell wall, -glucanases can also enhance plant immunity by releasing immunogenic -1,6-
glucans, which are fungal- and oomycete-specific MAMPs that can trigger immune responses in 
plants (Fesel and Zuccaro, 2016). A tobacco osmotin has been shown to trigger apoptosis in yeast 
upon binding to a plasma membrane receptor involved in the RAS2/cAMP signaling, providing 
another means of how these proteins act as antimicrobial agents (Narasimhan et al., 2005). To 
assess the potential contribution of NP24 and PR-5x in restricting xylem vessel colonization by 
Fol, two pilot experiments were performed in my project (data not shown). Simultaneous silencing 
of NP24 and PR-5x in tomato by Tobacco Rattle Virus-induced gene silencing resulted in a slightly 
increased susceptibility to Fol, together with an unexpected increase in plant weight. Heterologous 
overexpression of tomato NP24 and PR-5x in N. benthamiana leaves through agroinfiltration using 
the pTRBO vector (Lindbo, 2007) resulted in high accumulation of PR-5x or NP24 in the apoplast. 
Fol microconidia exposed to isolated apoplastic fluid containing high concentrations of these PR-
5 proteins showed growth deformations and formation of vacuolar structures, implying a direct 
antifungal activity of these proteins, as such responses were not observed using apoplastic fluid 
isolated from plants overexpressing RFP.  
 
PR-5x (x = xylem) was originally identified in tomato xylem sap as being induced upon Fol 
infection. Expression of the gene is root-specific and strongly induced upon Fol inoculation of I-
resistant lines (Rep et al., 2002). In situ RNA:RNA hybridization using a PR-5 probe showed that 
expression of the gene is restricted to the tomato vasculature within root and crown (Kavroulakis 
et al., 2006). Interestingly, PR-5x expression is upregulated when tomato is grown in suppressive 
compost, but not when cultivated in fertilized Sphagnum peat (Kavroulakis et al., 2006). Possibly 
the presence of beneficial microbes in the compost triggers PR-5 expression like Fo47 induces 
expression of the PR-5-isoform NP24. Analogously, the biocontrol yeast Cryptococcus laurentii, which 
reduces black rot caused by A. alternata in tomato fruits, was found to induce PR-5 expression in 
tomato. Some plant pathogens, like V. dahliae, Botrytis cinerea or Blumeria graminis, specifically target 
PR-5s with secreted effectors (Pennington et al., 2016; Gonzalez et al., 2017; Zhang et al., 2019), 
indicating that these PR-5 proteins are important host factors for the pathogen to manipulate and 
cause disease. Indeed, Arabidopsis lines overexpressing PdPR5-1 from plum exhibited increased 
tolerance towards Monilinia fructicola (El-kereamy et al., 2011). CRISPR/Cas9 could be employed 
to generate PR-5x and NP24 knockout lines in tomato cv. Motelle. With this Fol race 1- and race 
2-resistant variety it will be possible to evaluate whether avirulent Fol races (especially race 2 was 
found to strongly increase PR-5x levels in xylem sap) can break I or I-2 mediated resistance. If 
resistance is broken, then it would identify these PR-5 isoforms as the main contributor to Fol 
resistance in ETI. Inoculation with a virulent race 3 on these knockout lines could unveil whether 
these proteins affect disease susceptibility. Furthermore, these lines will also be instrumental to 
assess involvement of these proteins in Fo-induced EMR when they are co-inoculated with Fo47 
and Fol. PR-5x and NP24 overexpressing lines can provide additional support for a potential 
involvement of these proteins in controlling Fol. To mimic the vasculature-specific expression of 
PR-5 (Kavroulakis et al., 2006), and to minimize the risk of unwanted phenotypes due to aberrant 
accumulation patterns of the protein, it would be preferable to use a xylem-specific promoter, like 
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the one from the xylem-specific expressed Xsp10 (Krasikov et al., 2011) to drive expression of PR-
5.  
 
Effective containment of Fol by Fo47-based EMR is unlikely to be attributed solely to the 
accumulation of a single PR-5 isoform within the xylem vessels during later stages of infection. 
Xylem sap was collected two weeks post inoculation, but it is known that the proteome is affected 
already one week post infection (Rep et al., 2002). Even earlier changes in the xylem sap 
composition are likely as the root transcriptome is altered as early as 72 hours Fo post inoculation 
(Lanubile et al., 2015). Also, the tomato metabolome may play a role in EMR, and xylem sap 
metabolites could be a subject of study. In fact, the phenolic compounds caffeic and chlorogenic 
acid are upregulated or primed by Fo47 in pepper and these are toxic towards V. dahliae (Veloso 
et al., 2016). These phenolic acids can also be cross-linked to cellulose in a ROS-catalyzed process 
resulting in lignification of the cell wall (McLusky et al., 1999; Bubna et al., 2011; O'Brien et al., 
2012). Fo47 triggers the formation of callose-containing papillae when penetrating host cells and 
induces a systemic response resulting in enhanced papilla formation upon subsequent infection 
with the root pathogen P. ultimum (Benhamou et al., 2002). Whether callose depositions and 
lignification contribute to EMR could be investigated using GFP- or RFP-expressing Fo and 
histochemical staining of these cell wall components (Ursache et al., 2018), or by the deployment 
of, e.g. a callose synthase mutants in tomato (Huibers et al., 2013).  
 
The nature of the mobile signal(s) triggering a systemic EMR response in roots is unknown. The 
defence phytohormones jasmonic acid (JA) and salicylic acid (SA) are transported through the 
plant vasculature (Tamogami et al., 2012; Maruri-Lopez et al., 2019). However, these 
phytohormones, and ethylene, appear not to be involved in EMR (Constantin et al., 2019). It is 
imaginable that the EMR signal moves through the vasculature and the compounds transducing 
the signal could be identified using metabolomics of the xylem or phloem sap. Identification of 
the compounds involved could result in triggering EMR to protect plants toward pathogens 
without the need of an endophyte.  
 
 
Unlike Fo endophytes, avirulent Fol protects poorly against virulent Fol in 

tomato: What is going on?  

 
As mentioned above, specific PR-5 isoforms accumulate in tomato xylem sap during EMR (i.e., in 
tomato co-inoculated with endophytic Fo47 and virulent Fol) and in an incompatible interaction 
between avirulent Fol and I-2-containing tomato. The similarity of these two resistance responses, 
and the notion that avirulent Fol strains behave as endophytes in resistant tomato varieties (van 
der Does et al., 2018), incited me to test whether avirulent Fol reduces susceptibility to virulent 
Fol to a similar extent as Fo47. An avirulent Fol infecting I-2-containing resistant tomato plants 
was expected to strongly reduce susceptibility of the plant to simultaneously inoculated virulent 
Fol isolate. This hypothesis was based on the finding that PR-5x accumulates to high levels in 
resistant plants inoculated with an avirulent Fol strain, where ETI is activated. ETI responses are 
typically enhanced and accelerated PTI responses, resulting sometimes in a hypersensitive (cell 
death) response (HR) that together contain the pathogen at the infection site (Jones and Dangl, 
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2006). I-2-containing tomato constitutively expresses the I-2 R gene in the xylem adjacent cells and 
in cell around sites of lateral root formation (Mes et al., 2000). I-2 is a nucleotide-binding LRR 
(NB-LRR)-type immune receptor that induces ETI upon recognition of the Fol effector protein 
Avr2 (van Ooijen et al., 2007; Ma et al., 2013). Notably, not all R proteins are localized 
intracellularly. For instance, the tomato I resistance gene encodes a receptor-like protein (RLP) 
that is localized at the plasma membrane where it mediates recognition of the Fol effector Avr1 
(Catanzariti et al., 2017). We set out to investigate whether ETI triggered at the plasma membrane 
by I and/or intracellularly by I-2 reduces susceptibility towards a co-inoculated virulent Fol isolate. 
In addition, we assessed whether these immune responses are additive and whether they reduce 
susceptibility to a similar extent as Fo47-induced EMR. The tomato variety Motelle, which harbors 
I and I-2 conferring resistance to Fol race 1 and race 2, respectively (Laterrot, 1993), was selected 
(Chapter 4). Race 1 Fol secretes the effectors Avr1 and Avr2, whose recognition by tomato I and 
I-2 triggers ETI, leading to resistance. Race 2 Fol does not have Avr1 and therefore only triggers 
I-2 (Houterman et al., 2008). Motelle seedlings were co-inoculated with a pathogenic race 3 isolate 
(Fol029) and an avirulent Fol strain activating I and/or I-2. Avirulent Fol strains were found to 
only slightly reduce susceptibility to Fol029 (a phenomenon called ‘cross protection’) and no 
additive protection was observed using isolates that carry both effectors. EMR triggered by Fo47 
was assessed in parallel and was observed to result in a stronger protection to wilt disease than 
cross protection. Therefore, either PR-5x does not accumulate when avirulent Fol is co-inoculated 
with virulent Fol029, or its accumulation in the sap is not sufficient to contain virulent Fol.  
 
While avirulent pathogens confer marginal protection to a virulent Fol isolate, protection 
conferred by the non-host pathogen Fom (melon pathogen) is as strong as that induced by Fo47 
(chapter 3). Likewise, the non-host pathogen Fo f.sp. cucumerinum (cucumber pathogen) has been 
reported to significantly reduce susceptibility to pathogenic Fo f.sp. niveum in watermelon (Biles 
and Martyn, 1989). Also Fol has been shown to reduce disease symptom development caused by 
the vascular pathogen V. dahliae in pepper (Díaz et al., 2005). Why protection conferred by 
avirulent Fol pathogens is much weaker than that of non-host pathogens towards virulent strains 
is unknown. Enhanced protection by the former was foreseen as avirulent pathogens trigger ETI 
and, as the fungus can be detected in the plant and behaves as an endophyte (van der Does et al., 
2018), possibly also EMR. Indeed, avirulent Fol was found colonize the hypocotyls of resistant 
tomato and to reach the cotyledon level, while Fo47 or non-host Fom are poor stem colonizers 
and were not observed above the crown region (chapter 4). It is tempting to speculate that the lack 
of particular host-specific effectors in the non-host strain prevents the fungus from 
hijacking/compromising the host’s immune system, thereby allowing the latter to mount an EMR 
response. In support of this idea, the non-host pathogen Fom has been shown to induce host cell 
death and immune responses in tomato roots (Alabouvette et al., 2009), while host cell death and 
other immune signaling responses like Ca2+ influx, ROS accumulation, extracellular alkalization or 
papillae formation upon host cell penetration are barely induced upon Fol inoculation (chapter 2) 
(Benhamou and Garand, 2001; Olivain et al., 2003; Humbert et al., 2015; Gordon, 2017). Possibly 
these responses are required to trigger EMR. Host-specific effectors suppressing immune 
responses have indeed been identified in Fol. One example of a host-specific effector secreted by 
Fol that reduces host defense response is Fol Avr2. This effector enters the host cells and 
compromises PTI signaling including ROS burst, MAPK signaling, growth reduction and callose 
deposition (Di et al., 2016; Di et al., 2017).  Interestingly, the effector moves from cell-to-cell 
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through plasmodesmata in a process facilitated by another Fol effector (Six5) to suppress immune 
response ahead of the spreading fungus (Cao et al., 2018). Altogether, these data suggest that Fo47 
or Fom, both lacking the proper tomato-specific effectors, induce host responses like ROS 
generation, callose depositions or host cell death limiting endophyte colonization and resulting in 
an EMR response. Future research should clarify the (in)dispensability of these host responses for 
EMR. Co-inoculation of a Fo47 strain carrying the Fol pathogenicity chromosome (with the Six 
effector genes) with Fol on susceptible tomato plants did not result in a reduction in disease 
susceptibility (data not shown), implying that the induction of EMR requires the absence of host-
specific effectors in the biocontrol-conferring strain.  
 
Recently, host cell damage has been reported as essential factor to trigger a PTI response in the 
differentiated zone of Arabidopsis roots (Zhou et al., 2020). Spontaneous cell death, or cell death 
induced by the formation of lateral roots, nematode feeding, or pathogen presence, triggers PRR 
expression in adjacent neighbouring cells, enabling them to perceive MAMPs and mount a PTI 
response. Whether Fo-induced EMR relies on induction of host cell death, and hence enables the 
root to mount PTI, is currently unknown. Of interest, biocontrol-conferring fungal endophytes 
like Harpophora oryzae or Serendipita indica have been shown to induce cell death upon root 
colonisation (Deshmukh et al., 2006; Su et al., 2013). Cell death triggered by S. indica has been 
proposed to be instrumental for biocontrol, as overexpression of the cell death-suppressing Bax 
inhibitor 1 (BI-1) gene compromises the biocontrol potential of this endophyte in barley (Zuccaro 
et al., 2019). Whether a similar mechanism applies to Fo endophytes is unclear, but a mutagenesis 
screen of tomato Fo endophytes such as Fom24 and Fo47 showed that the mutants that had lost 
the capacity to induce cell death in the root also lost their ability to trigger EMR, despite retaining 
the capability of colonizing the host (Alabouvette et al., 2009). Cloning these genes in the 
mutagenized Fom24 and Fo47 strains (Alabouvette et al., 2009) could provide molecular insight 
in the underlying processes. Furthermore, tomato lines in which cell death is suppressed by 
overexpressing the cell death inhibitor gene BI-1 (Bax inhibitor 1) (Scotton et al., 2017) or a caspase 
inhibitor (Lincoln et al., 2002) could be instrumental to assess involvement of cell death in EMR. 
Alternatively, tomato lines showing spontaneous cell death in roots could be monitored for an 
altered EMR response. If EMR is potentiated in these mutants it provides support for a functional 
relation between these responses. mlo mutants resistant to powdery mildew often show 
spontaneous cell death in their leaf mesophyll (Piffanelli et al., 2002; Acevedo-Garcia et al., 2014). 
Of note, a mlo barley mutant shows a reduced colonization of its roots by the biocontrol-conferring 
root endophyte S. indica (Hilbert et al., 2019). Reduced colonization correlated with a stronger host 
defence response including enhanced papillae formation. S. indica triggers host cell death during 
later colonization stages of barley, but this late response was impaired in the mlo mutant. Whether 
early host cell death occurs in roots of an mlo mutant is unknown. Finally, Arabidopsis PTI-
reporter lines where mVenus accumulates in the nucleus upon MAMP recognition (Vermeer et 
al., 2014; Poncini et al., 2017) could be (co-) inoculated with wild-type Fo47 and/or GFP-labelled 
Arabidopsis pathogen Fo5176 to assess whether root cells become responsive to the pathogen 
only in the presence of the endophyte, and whether this response is preceded by cell death.  
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Does Fo47 have the potential of being used as a biocontrol agent in 

agriculture?  

 
Fo47 has been reported to confer biocontrol in different setups by various research groups 
worldwide (see chapter 2). The endophyte was originally isolated from wilt disease-suppressive 
soils (Alabouvette, 1986), where it was found to increase resilience of crops towards pathogenic 
Fo isolates. Notwithstanding these beneficial properties, and despite being investigated for over 
three decades, Fo endophytes are not commercially used as biocontrol agents. Two attempts to 
market Fo endophyte formulations that I know of are Fusaclean (Nature Plant Protection, France) 
and Biofox (SIAPA, Italy). To study the potential to apply Fo47 in agriculture, we joined a potato 
field trial organized by INOQ GmbH in 2018 with the goal of developing a framework for large-
scale production of Fo47 propagules, to assess its endophytic ability under field conditions and to 
monitor its effect on the crop (chapter 6). High amounts of viable Fo47 microconidia could be 
produced on 1% mung bean media. Fo47 was found to colonize potato plants in the field and the 
fungus could be re-isolated from roots or tubers of around 70% of the plants. The fungus did not 
negatively affect yield nor starch content of the plants. Unfortunately, biocontrol by Fo47 to typical 
potato diseases could not be assessed due to the extremely dry summer, which resulted in the 
absence of most common potato diseases. Only black scurf caused by Rhizoctonia solani could be 
scored and Fo47 was found to not affect disease incidence. Whether the fungus can provide 
protection to other pathogenic microbes remains a question for future research.   
 
Previous trials with Fo endophytes revealed that the positive effects observed under controlled 
laboratory settings do not always translate well to field conditions. For instance, application of 
Fo47 in tomato fields reduced susceptibility to Fol only transiently and to a different extent within 
subsequent years (Fuchs et al., 1999). Moreover, application of Fo47 in asparagus fields did not 
reduce susceptibility to Foa despite doing so under lab conditions (Blok et al., 1997). So while Fo 
endophytes in disease suppressive soils can protect crops to Fusarium wilt disease (Alabouvette, 
1986; Tamietti et al., 1993), these findings cannot be reproduced in agricultural settings upon Fo 
application, implying the presence of unknown factors that contribute to the effectiveness of 
biocontrol. To identify these factors, research could focus on the contribution of soil composition 
and microbiome to the effectiveness of Fo47-mediated biocontrol, or to the formulation, 
preparation and application of the inoculum. In fact, the soil type influences the biocontrol 
performance of different Fo endophytes (Larkin and Fravel, 2002) and Fo47-mediated biocontrol 
is enhanced when applied together with biocontrol-conferring bacteria like actinomycetes (Zhang 
et al., 2018a) or Pseudomonas putida (Duijff et al., 1999). A potential stumbling block to implementing 
Fo endophytes in the field is the fact that endophytism and pathogenicity are one chromosome 
away. Horizontal transfer of Fo pathogens to Fo47 turns the latter into a pathogen (Ma et al., 2010; 
van Dam et al., 2017) and occurrence of this phenomenon in nature could jeopardize efforts to 
implement biocontrol with Fo. This potential threat should be evaluated prior to implementing a 
biocontrol strategy with Fo endophytes. 
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Outlook 

 

Resistance breeding generally focusses on introgressing dominant resistance genes into crops to 
control plant pathogens. This resistance is sooner or later overcome, and although it can take 
decades for Fo to do so (probably due to its asexual reproduction), there is a need for alternatives. 
Future research should focus on identifying plant traits involved in recruitment of beneficial 
endophytes and in potentiating EMR. Incorporation of these traits in breeding schemes could 
result in crops with an increase resilience towards root pathogens.   
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Summary 
 

Fusarium oxysporum (Fo) is a root-colonizer that can be detrimental, beneficial or neutral to the 
infected host. Fo pathogens are mostly known as vascular-colonizing pathogens causing Fusarium 
wilt disease. Nonetheless, most Fo strains are harmless root endophytes that can confer biocontrol 
to various root pathogens. This biocontrol is conferred either directly by antagonizing the 
pathogens, or indirectly by the induction of a plant-mediated immune response called endophyte-
mediated resistance (EMR). In Chapter 2 the differences between Fo endophytes and Fo 
pathogens are discussed together with the molecular mechanisms underlying EMR. Briefly, Fo 
pathogens harbor pathogenicity chromosomes carrying effectors that determine host-specific 
pathogenicity. These chromosomes can be horizontally transferred to a Fo endophyte, converting 
the latter into a pathogen. Root colonization by endophytic Fo strains is mostly constrained to the 
epidermis and the apoplast of the root cortex. Fo pathogens, however, can reach the stele and 
proliferate in the vasculature. While colonization by endophytic Fo triggers localized host cell 
death and induction of early immune response and papilla formation, Fo pathogens effectively 
compromise these responses, probably by the secretion of effector proteins. Pre- or co-inoculation 
of plants with a Fo endophyte and a pathogen can reduce disease onset and development, despite 
allowing the pathogen to colonize the vasculature to some extent. Fo endophyte-triggered EMR 
appears to be correlated with the induction of host cell death and accumulation of two plant 
proteins, NP24 (a PR-5) and a -glucanase, in the xylem sap. A model summarizes our molecular 
understanding of EMR and identifies the caveats in our knowledge.  A potential contribution of 
the use of endophytes to reduce vascular diseases in agriculture is discussed. 
 

In Chapter 3 the role of Pattern-triggered immunity (PTI) in the tomato-Fo endophyte interaction 
is investigated. Also, the involvement of this innate immune response in the ability of Fo to trigger 
EMR to halt pathogenic Fo f.sp. lycopersici (Fol) is studied. A transgenic tomato line carrying the 
Fol effector gene Avr2 was selected as it was hypothesized that this effector compromises PTI. 
Indeed, the line was shown to exert a deficient PTI response when exposed to either the bacterial 
flagellin-derived flg22 peptide or to the fungal polysaccharide chitosan. Fo47, and the melon-
infecting Fom strain that acts as a tomato endophyte, both hyper-colonize the Avr2 line as 
compare to wilt-type tomato. Nevertheless, the Fo47- or Fom-induced EMR restricting Fol disease 
symptom development remained intact. Taken together, PTI restricts host colonisation by 
endophytes, but is not involved in EMR.  
 

Besides Fo strains, also avirulent Fo strains can reduce susceptibility to subsequent, or co- 
inoculation with a virulent Fo pathogen via a mechanism called ‘cross protection’. Cross protection 
is triggered upon activation of a resistance (R) protein of the host following recognition of a 
cognate effector of the pathogen. In Chapter 4, it is investigated whether cross protection induced 
by avirulent Fo’s employ a similar mechanism as EMR triggered by Fo endophytes. EMR induced 
by endophytic Fo47 in tomato was found to reduce susceptibility to Fol more effectively than 
cross protection triggered by avirulent Fol strains. These observations imply that EMR and cross 
protection employ distinct mechanisms to reduce host susceptibility to pathogenic and virulent Fo 
isolates. 
 
The vasculature is the main interface between Fol and tomato and the ability of the host to restrict 
the pathogen in the vasculature determines whether disease ensues. Both Fo endophytes and R 
proteins can induce resistance to Fol in tomato resulting in a highly reduced colonization of the 
vasculature. Although the outcome of both interactions is similar, it was unknown whether the 
underlying molecular mechanisms acting in the vasculature are similar. Therefore, in Chapter 5 
the xylem sap proteomes of Fo47/Fol/Tomato tri-partite interactions (where EMR occurs) and 
incompatible interactions between Fol and resistant tomato harboring the R gene I-2 were 
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analyzed. The xylem sap proteomes of EMR and incompatible interactions were found to be 
remarkably similar. In Fol-infected resistant tomato the PR-5x protein was the only protein (out 
of more than 300) that was significantly induced (158-fold vs mock). Co-inoculation of Fol and 
Fo47 induced the accumulation of a ß-glucanase and another PR-5 isoform (NP24). Whether the 
induced accumulation of xylem sap-localized PR-5 proteins is causal to the resistance response is 
subject of future study.  
 

The biocontrol conferred by Fo endophytes could provide a sustainable alternative to the 
employment of pesticides in agriculture. Therefore, in Chapter 6 a methodology to mass-produce 
Fo47 spores, assess their infectivity in agricultural settings, and monitor their potential beneficial 
effects in potato fields was developed. 1% mung bean medium yields high concentrations of 
infectious Fo47 spores that successfully colonizes potato tubers and roots in the field. Despite 
colonizing the plant, Fo47 did not negatively affect the fitness of the crop. The dry summer of 
2018 in Clenze (Germany) was not conductive for most pathogens and only Rhizoctonia solani 
infection could be assessed. Fo47 did not affect disease symptoms induced by R. solani.  This 
protocol can be used as a stepping stone to assess Fo47 biocontrol potential in detail under field 
conditions. 
 
The data generated is this project are summarized and discussed in Chapter 7. Potential 
mechanisms involved in EMR are considered and discussed together with directions for future 
research.  
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Samenvatting 

Fusarium oxysporum (Fo) is een wortel-koloniserende filamenteuze schimmel die een negatief, 
positief, of neutraal effect kan hebben op de gastheer die het infecteert. Fo pathogenen zijn vooral 
bekend als vaat-koloniserende pathogenen die Fusarium-verwelkingsziekte veroorzaakt. Echter, de 
meeste Fo stammen zijn ongevaarlijke wortelendofyten die bio-bescherming (“biocontrol”) geven 
tegen wortel pathogenen. Deze “biocontrol” wordt direct, door pathogenen tegen te gaan 
overgebracht, of indirect, door de plant-gemedieerde immuunrespons, genaamd endofyt-
gemedieerde resistentie (Endophyte Mediated Resistance; EMR) te induceren. In Hoofdstuk 2 
worden de verschillen tussen Fo endofyten en Fo pathogenen besproken, samen met de 
moleculaire mechanismen die ten grondslag liggen aan EMR. Fo pathogenen bezitten 
pathogeniciteitschromosomen die effectoren bevatten die gastheer-specifieke pathogeniciteit 
bepalen. Deze chromosomen kunnen horizontaal worden overgegeven aan een Fo endofyt, 
waardoor deze endofyt in een pathogeen wordt veranderd. Wortel-kolonisatie door endofytische 
Fo stammen is over het algemeen beperkt tot de epidermis en de apoplast van de wortel-cortex. 
Fo pathogenen, daarentegen, kunnen de stele bereiken en prolifereren in het vaatstelsel. Terwijl de 
kolonisatie door endofytische Fo stammen lokale celdood, inductie van vroege immuunresponsen 
en papilla formatie veroorzaakt, kunnen Fo pathogenen deze responsen effectief verstoren, 
waarschijnlijk door de secretie van effector proteïnes. Pre- of co-inoculatie van planten met een Fo 
endofyt en een pathogeen kunnen het optreden en ontwikkeling van ziekte reduceren, ondanks dat 
dit wel toestaat dat de pathogeen het vaatstelsel tot op zekere hoogte koloniseert. Fo endofyt-
veroorzaakte EMR lijkt te correleren met de inductie van celdood van gastheer cellen en de 
accumulatie van twee planten proteïnes, NP24 (een PR-5 proteïne) en een -glucanase in het 
xyleem sap Een model vat onze moleculaire inzichten van EMR samen en identificeert de gaten in 
onze kennis. Een potentiele contributie van het toepassen van endofyten om vasculaire ziekte te 
reduceren in de landbouw wordt bediscussieerd.  
 
In Hoofdstuk 3 wordt de rol van “Pattern-Triggered Immunity” (PTI) in de tomaat-Fo endofyt 
interactie onderzocht. Tevens is de betrokkenheid van de aangeboren immuun respons bij het 
vermogen van Fo om EMR te activeren om pathogene Fo f. sp. lycopersici (Fol) te stoppen is 
bestudeerd. Een transgene tomatenlijn die het Fol effector-gen Avr2 bezit werd geselecteerd voor 
analyse, aangezien het gesuggereerd is dat deze effector PTI zou compromitteren. Inderdaad, deze 
lijn laat een zeer gereduceerde PTI respons zien wanneer deze wordt blootgesteld aan, of de flg22 
peptide van bacteriële oorsprong, of de schimmel polysaccharide chitosan. Fo47 en de meloen-
infecterende Fom stam, die endofyt is op tomaat, kunnen beide de Avr2 lijn hyper-koloniseren, in 
vergelijking met wild-type tomaat. Desondanks blijft de Fo47 of Fom-geïnduceerde EMR, die Fol 
veroorzaakte ziektesymptomen beperkt, intact. Samenvattend, PTI beperkt gastheer kolonisatie 
door endofyten, maar is niet betrokken bij EMR.  
 
Naast Fo stammen, kunnen avirulente Fo stammen ook de vatbaarheid tegen gecoinoculeerde, of 
achtereenvolgens geïnoculeerde virulente Fo pathogeen verminderen, doormiddel van een 
mechanisme dat “kruis-bescherming” (cross-protection) wordt genoemd. “Cross-protection” 
wordt geactiveerd na activatie van een resistentie (R) proteïne van de gastheer na herkenning van 
een bijbehorende effector van de pathogeen. In Hoofdstuk 4 wordt bestudeerd of “cross-
protection” die veroorzaakt wordt door avirulente Fo’s via een zelfde mechanisme tot stand komt 
als EMR door Fo endofyten. Resultaten lieten zien dat EMR, veroorzaakt door endofytische Fo47 
in tomaat, de vatbaarheid voor Fol veel effectiever reduceerde dan “cross-protection” veroorzaakt 
door avirulente Fol stammen. Deze observaties impliceren dat EMR en “cross-protection” 
verschillende mechanismen gebruiken om gastheer vatbaarheid tegen pathogene en virulente Fo 
isolaten te reduceren.  
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Het vaatstelsel is de belangrijkste interface tussen Fol en de tomatenplant en het vermogen van de 
gastheer om pathogenen te beperken tot het vaatstelsel bepaalt of ziekte ontstaat. Zowel Fo 
endofyten als R proteïnes kunnen resistentie tegen Fol induceren in tomaat, wat resulteert in flink 
verminderde kolonisatie van het vaatstelsel. Ook al is de uitkomst van beide interacties 
vergelijkbaar, het was niet bekend of de onderliggende mechanismen die actief zijn in het vaatstelsel 
vergelijkbaar zijn. Daarom werden in Hoofdstuk 5 de proteomen van het xyleem sap van de 
Fo47/Fol/Tomaar drieledige interacties (waar EMR voorkomt) en incompatibele interacties tussen 
Fol en resistente tomaat met het R gen I-2 geanalyseerd. Het xyleem sap-proteoom van EMR en 
incompatibele interacties bleek opvallend vergelijkbaar. In Fol-geïnfecteerde resistente tomaten 
was het PR-5x proteïne het enige proteïne (van meer dan 300) dat significant geïnduceerd was (158-
fold ten opzichte van de “mock” controle). Co-inoculatie van Fol en Fo47 induceerde de 
accumulatie van een ß-glucanase en een andere PR-5 isoform (NP24). Of de geïnduceerde 
accumulatie van xyleem sap-gelokaliseerde PR-5 proteïnes causaal is voor de resistentie respons is 
materie voor toekomstige studies. 
 
 
De “biocontrol” die wordt veroorzaakt door Fo endofyten zou een duurzaam alternatief kunnen 
zijn voor het inzetten van pesticiden in de landbouw. Daarom werd in Hoofdstuk 6 een methode 
ontwikkeld voor de massaproductie van Fo47 sporen, het bepalen van hun infectiviteit in een 
landbouw setting en het toe zien op potentiële positieve effecten in aardappel velden. 1% mung-
boon medium levert hoge concentraties infecteerbare Fo47 sporen, die succesvol aardappel knollen 
en wortels in het veld kunnen infecteren, op. Ondanks het koloniseren van de plant, had Fo47 geen 
negatief effect op de gezondheid van het gewas. De droge zomer van 2018 in Clenze (Duitsland), 
was niet geschikt voor de meeste pathogenen en alleen een Rhizoctonia solani infectie kon worden 
vastgesteld. Fo47 had geen effect op ziekte symptomen geïnduceerd door R. solani. Het ontwikkelde 
protocol kan worden gebruikt als een eerste stap om Fo47 “biocontrol” potentieel te kunnen 
bestuderen in veld-condities.  
 
De data die werd gegenereerd in dit project zijn samengevat en bediscussieerd in Hoofdstuk 7. 
Potentiële mechanismen betrokken bij EMR worden besproken, samen met mogelijkheden voor 
toekomstig onderzoek.  
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laboratorio. Y, por supuesto, ese arroz de los montes que cocinaste allá por 2018 y que espero 
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