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Abstract 
Soil borne phytopathogenic Verticillia constitute increasing yield losses. Due to a 
lack of resistant cultivars as well as appropriate fungicides, the usage of biocontrol 
agents like fluorescent pseudomonads might be a promising option to ecologically 
manage the pest. The impact of different mycotoxins against Verticillium is highly 
media dependent. Pseudomonas fluorescens DSM8569, an isolate from B. napus 
rhizosphere, is able to inhibit fungal growth on surfaces of rich medium containing 
high glucose independent of phenazines or GacA/GacS-regulated toxins but not 
on a complex medium with plant pectins and amino acids. In microfluidic interaction 
channels, this inhibitive potential has been quantified to 80 % growth reduction. An 
impact of a phenazine gene cluster on Verticillium growth on surface media could 
only be determined in a glucose environment. In microchannels filled with liquid 
pectins and amino acids, a phenazine gene cluster could increase the suppressive 
potential of the bacterium for about 30 %. An influence on Verticillium growth by 
genes responsible for single mycotoxins of a GacA/GacS regulation could not be 
proven. The sensor kinase GacS (a global regulator) as well as the response 
regulator GacA fulfill essential functions for fungal control especially on pectins and 
amino acids with an inhibition potential of approx. 30 %. In total, the entire 
regulation system leads to the strongest observed fungal suppression in this study 
of more than 90 %. Hyphal polarity has been altered in presence of the bacterium. 
The strongest effect was observed for P. protegens CHA0 potentially expressing a 
diverse mycotoxin cocktail resulting in more than 80 % curled hyphal tips compared 
to parallel hyphae in the fungal control without bacterium. This phenomenon might 
be interpreted as an evading strategy followed by Verticillium that tries to escape 
the bacterial impact. Fungal genetic response was addressed by sequencing the 
Verticillium transcriptome after co-cultivation with P. protegens CHA0. About one 
third of the total gene set was up-regulated in presence of the bacterium, including 
genes involved in detoxification possibly as a direct reaction to bacterial toxicity. 
The fungus presumably follows a detoxification and evasion strategy and drives 
back processes required for nutrient up-take like plant polysaccharide hydrolases 
associated to its reduced growth activity. In summary it can be considered, that in 
a static environment Verticillia have developed strategies to physically avoid 
fluorescent Pseudomonas by adapting their growth rates and by changing their 
growth direction. Transferring these findings gained from an artificial setup in a 
microfluidic confrontation design to the natural heterogeneous environment in the 
rhizosphere with areas of diverse suppressivness, Verticillium might potentially 
escape from a threatening to a more appropriate ecological niche for survival and 
to approach new host plant roots for infection. If evasion is no option for the fungus, 
like it is during artificial agitated co-cultivation or under natural conditions in the soil 
being located in a very widely spread Pseudomonas population, Verticillium 
possibly utilizes its capability to detoxify antifungal toxins to cope with bacterial 
antagonism.  
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Zusammenfassung 
Bodenbürtige phytopathogene Verticillien führen zu enormen Ernteausfällen. Da 
bislang keine resistenten Kultursorten oder geeignete Fungizide zur Verfügung 
stehen, könnte die Verwendung von Biokontrollbakterien wie fluoreszierenden 
Pseudomonaden eine ökologische Alternative sein. Die Wirkung verschiedener 
Mykotoxine gegen Verticillium ist äußerst medienabhängig. Pseudomonas 
fluorescens DSM8569, ein natürliches Isolat aus der Rhizosphäre von B. napus ist 
in der Lage ohne Phenazine und GacA/GacS-regulierte Toxine das Pilzwachstum 
auf reichhaltigem Oberflächenmedium mit hohem Glukosegehalt zu inhibieren, 
allerdings nicht auf einem Komplexmedium mit Pektinen und Aminosäuren. In 
mikrofluidischen Interaktionskanälen konnte dieses Inhibitionspotential auf 80 % 
Wachstumsreduzierung quantifiziert werden. Ein signifikanter Einfluss eines 
Phenazine-Genclusters auf das Wachstum von Verticillium auf 
Oberflächenmedien konnte nur unter Glukosebedingungen bestimmt werden. In 
Mikrokanälen, gefüllt mit einem Pektin-Aminosäure-Medium, konnte das 
Phenazine-Gencluster das Hemmpotential des Bakteriums zusätzlich um ca. 30 % 
steigern. Gene für einzelne Mykotoxine, die durch ein GacA/GacS System reguliert 
werden, haben jeweils keinen individuellen Einfluss auf das Wachstum von 
Verticillium. Die Sensorkinase GacS (ein globaler Regulator) sowie der 
Antwortregulator GacA zeigen essentielle Funktionen für die Pilzkontrolle, vor 
allem auf einem Pektin-Aminosäure-Medium mit einem Hemmpotential von ca. 
30 %. Insgesamt führt ein vollständiges Regulationssystem, zur stärksten 
beobachteten Pilzhemmung in dieser Studie von über 90 %. Auch die Polarität der 
Hyphen wurde unter Pseudomonaseinfluss verändert. Der stärkste Effekt wurde 
durch P. protegens CHA0 verursacht, mit mehr als 80 % gekräuselten 
Hyphenspitzen im Vergleich zu parallel wachsenden Hyphen der Pilzkontrolle 
ohne Bakterium. Dieses Phänomen könnte als Vermeidungsstrategie durch 
Verticillium interpretiert werden, welcher versucht dem intensiven Einfluss des 
Bakteriums zu entkommen um geeignetere Wurzeln zu infizieren. Pilzliche 
Antworten wurden durch Sequenzierung des Verticillium Transkriptoms nach 
Kokultivierung mit P. protegens CHA0 untersucht. Etwa ein Drittel aller Gene 
wurde in Anwesenheit des Bakteriums hochreguliert, inklusive der Gene, die an 
Detoxifizierung beteiligt sind. Dies könnte möglicherweise als direkte Antwort auf 
die bakterielle Toxizität interpretiert werden. Vermutlich verfolgt der Pilz eine 
Fluchtstrategie und fährt Prozesse zurück, die für die Nährstoffaufnahme 
entscheidend sind, wie etwas Pflanzen-Polysaccharid-Hydrolasen, und während 
reduzierter Wachstumsaktivität weniger benötigt werden. Zusammenfassend lässt 
sich festhalten, dass Verticillium unter statischen Bedingung Strategien entwickelt 
hat, um bestimmten fluoreszierenden Pseudomonaden räumlich auszuweichen, 
etwa durch Anpassung ihrer Wachstumsrate sowie Änderung Ihrer 
Wachstumsrichtung. Versucht man diese Erkenntnisse vom artifziellen 
Versuchsaufbau in einem mikrofluidischen Konfrontationsdesign auf die 
natürlichen heterogenen Bedingungen in der Rhizosphäre mit Bereichen 
unterschiedlicher Suppressivität zu übertragen, so lässt sich schlussfolgern, dass 
Verticillium potentiell versucht, lebensfeindliche Bereich zu verlassen und besser 
geeignete ökologische Lebensräume zu besetzten. Hier könnte der Pilz womöglich 
erhöhte Überlebenschancen vorfinden und somit die Möglichkeit neue 
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Pflanzenwurzeln zu infizieren. Wenn für den Pilz die Fluchtstrategie keine 
Möglichkeit darstellt, etwa während schwenkender Kokultivierung im Labor oder 
unter natürlichen Bedingung im Boden in großräumigen Bereichen hoher 
Pseudomonaskonzentration, könnte Verticillium möglicherweise seine Fähigkeit 
nutzen, um antimykotische Toxine zu detoxifizieren und somit zu versuchen, dem 
bakteriellen Antagonismus standzuhalten.  
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Chapter 1: Introduction 

Fungal plant pathogens 

Fungal plant pathogens rank as one of the most abundant and destructive pests in 

agriculture and lead to numerous complex diseases (Beckman, 1987; Atallah et 

al., 2010; Rodriguez-Moreno et al., 2018). Fungal infection can take place pre-

harvest at growing plants with high yield losses estimated at more than US$ 200 

billion (Birren et al., 2002) or post-harvest with infestation and destruction of crop 

storage. Damage is even increased by production of mycotoxins during storage 

like aflatoxin by Aspergilli (Frisvad et al., 2019) or deoxynivalenol and zearalenon 

secreted by Fusarium spp. (Khaneghah et al., 2018) with harmful impact on human 

health. Thus, phytopathogenic fungi cause a considerable risk in human world food 

affairs in past as well as present and with increasing population probably also in 

future. A broad range of crops can be affected with a huge morphological and 

molecular variability in fungal pathogenic mode of infection (Horbach et al., 2011; 

Jain et al., 2019). Phytopathogenic fungi have different modes of trophic 

relationships to their host plants. There are several Basidiomycota that live 

biotrophicly like Puccinia graminis causing stem rust in cereals (Figueroa et al., 

2018). The biotrophic ascomycete Blumeria graminis is responsible for powdery 

mildew in many plants (Schnepf et al., 2018). A large group of fungal plant 

pathogens that have huge agricultural impact live necrotrophicly, e.g. Fusarium 

graminearum (Wiemann et al., 2013; Brodhun et al., 2013; Bönninghausen et al., 

2019), Botrytis cinerea (Kretschmer et al., 2009; Veloso and van Kan, 2018; 

Petrasch et al., 2019), Alternaria spp. (Tralamazza et al., 2018) or Cochliobolus 

heterostrophus (Kang et al., 2018). The hemibiotrophic phytopathogenic fungi 

change the trophic mode during their life cycle in the plant from biotrophic to 

necrotrophic like Magnaporthe grisea (Park et al., 2013; Figueroa et al., 2018), 

Phytophthora infestans (Rodenburg et al., 2018), Colletotrichum spp. (Yan et al., 

2018) or Verticillium spp. (Pegg and Brady, 2002; Tran et al., 2013; Timpner et al., 

2013; Hoppenau et al., 2014; Bui et al., 2019; Leonard et al., 2020). 
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Life cycle and taxonomy of the vascular plant pathogen 
Verticillium 

Like the genus Trichoderma, the genus Verticillium belongs to the order of the 

Hypocreales of the ascomycetes. Verticillium consists of nine different haploid 

species as well as one amphidiploid species that is an interspecific hybrid out of 

two different haploid parents (Verticillium longisporum). These different Verticillium 

species are spread in temperate regions around the globe (Inderbitzin et al., 2011; 

Carroll et al., 2018). V. dahliae exhibits the broadest host range within the 

Verticillium genus causing wilt disease in more than 200 wooden and non-wooden 

plant species also covering many crops of agricultural interest e.g. cotton, olive, 

lettuce, potato and tomato (Pegg and Brady, 2002; Gordon et al., 2006; Fradin and 

Thomma, 2006; Klostermann et al., 2009; Depotter et al., 2019a). In contrast to 

V. dahliae, V. longisporum has a narrow host range and mainly colonizes 

Brassicaceae like oilseed rape, cauliflower and horseradish (Heale and Karapapa, 

1999; Zeise and von Tiedemann, 2001; Singh et al., 2012; Zheng et al., 2019). The 

symptoms can differ depending on the host plant. In oilseed rape V. longisporum 

infection can lead to stem striping as well as early senescence and stunting of the 

host plant (Depotter et al., 2016 and 2017) whereas for cauliflower wilting 

symptoms similar to V. dahliae are described (Franca et al., 2013). Simultaneously 

to the increasing relevance of oilseed rape as vegetable oil for nutrition and 

regenerative fuel production, also the ecological and economical relevance of 

V. longisporum as a fungal pathogen increases. With progressive global warming, 

the infection intensity of V. longisporum might increase (Siebold and von 

Tiedemann, 2012 and 2013). The intensity of a potential yield loss of oilseed rape 

due to V. longisporum infection depends on the inoculum level and varies from 

cultivar to cultivar but also individually between single plants of the same cultivar 

(Depotter et al., 2019b). Due to its highly melanized resting structures, called 

microsclerotia, that can survive in the soil for many years, it is rather difficult to 

control the expansion of the filamentous soil borne fungus Verticillium (Wilhelm, 

1955; Schnathorst, 1981; Heale and Karapapa, 1999; Yu et al., 2019b; Bui et al., 

2019). Under appropriate environmental conditions, the microsclerotia can 

germinate towards the root and penetrate the root cortex (Figure 1.1). 
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Figure 1.1: Life cycle of the soil borne phytopathogen Verticillium. The 
Verticillium resting structures, so-called microsclerotia, can survive free in the soil 
or in dead host plant material for a long period of time even under harsh climate 
conditions. They start germinating stimulated by root exudates that are specific for 
their respective host plant. The mycelium grows towards the host root and enters 
the plant by penetrating the rhizodermis. Subsequently, the root cortex is colonized 
and the hyphae enter the xylem vessels. This way conidia of the phytopathogenic 
fungus are transported with the transpiration flow within the vascular system 
spreading over the whole plant. First infection symptoms are visible by chlorotic 
and necrotic changes of the leaf surface and lead to a stunted plant phenotype. 
The disease symptoms can be summarized as early senescence of the plant 
development. In the dead plant material, the microsclerotia are formed and get into 
the soil again. There, they remain until a next stimulation via host plant root 
exudates takes place (from Berlanger and Powelson, 2000; drawing by Vickie 
Brewster, colored by Jesse Ewing). 

 

The vascular pathogen Verticillium spreads all over the host by colonizing its xylem 

system (Pegg, 1989; Zhang et al., 2018). Most of the infection time, the fungus 

lives biotrophically and colonizes the xylem vessels of the whole plant without any 
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apparent symptoms. Only in the later necrotrophic infection phase stem striping, 

early senescence and necrosis on leafs of stunted plants can be recognized 

sometimes in coincidence with substantial yield losses (Eynck et al., 2007; Tyvaert 

et al., 2019). 

The amphidiploid V. longisporum is an interspecific 
hybrid of different haploid Verticillia 

Understanding the evolution of V. longisporum is rather complex. V. longisporum 

is an interspecific hybrid of different haploid parental Verticillium species resulting 

in an amphidiploid genome (about 1.8x; Tran et al., 2013; Depotter et al., 2016, 

Fogelqvist et al., 2018). V. longisporum is the only non-haploid species within the 

Verticillium genus. These hybridization events happened at least three times in 

various geographical regions with different parental lineages of V. dahliae and 

further unknown species resulting in three isolates of V. longisporum. Figure 1.2 

shows all four single ancestors of V. longisporum, the two unknown species A1 

and D1 as well as the two V. dahliae lineages D2 and D3. 
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Figure 1.2: Evolution of V. longisporum as an interspecific hybrid of different 
Verticillium species. (a) Phylogenetic tree of respective progenitors of 
V. longisporum. Species A1 and D1 are regarded as unknown species, whereas 
D2 and D3 belong to two different lineages of V. dahliae that already have been 
described. (b) The four ancestors A1, D1, D2 and D3 shown in (a) hybridized in 
three individual hybridization events resulting in three different V. longisporum 
lineages. The unknown species A1 is present in all three hybrids as one parental 
strain: A1/D1, A1/D2 and A1/D3 (from Depotter et al., 2016). 

 

 

The hybrids can be differentiated into A1xD1, A1xD2 and A1xD3 (Tran et al., 

2013). The V. longisporum hybrids belonging to a combination of A1xD1 are 

considered to be virulent in Brassicaceae e.g. the lineage Vl43, that have been 

isolated in Mecklenburg, Germany, and further investigated in this study. The two 

lineages A1xD2, so far only proven to be located in North America (Inderbitzin et 

al., 2011) as well as A1xD3 are not included in this study. The intensity of the 

symptoms depends different parameters like the species of the host plant, the 

nutrition conditions as well as on the specific isolate. 

 

Conidia and resting structures of Verticillium species and 
their impact on plant infection 

The different Verticillium isolates described above cannot only be discriminated 

genetically but also morphologically. All Verticillium species and lineages are 

characterized by asexual spore formation. Figure 1.3 shows differences in its 

physical shapes. 
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Figure 1.3: Morphological comparison of selected Verticillium species and 
isolates with regard to asexual conidia as well as resting structures. (a) 
Morphological differences in conidia and microsclerotia formation of two 
V. longisporum hybrids A1xD1 (virulent strain Vl43) and A1xD3 (avirulent strain 
Vl32) as well as V. dahliae JR2 and V. nonalfalfae (formerly named V. albo-atrum 
strain Va4). (b) Overview about conidia shapes and melanized resting structures 
as differentiators between V. longisporum (A1xD1 and A1xD3), V. dahliae and 
V. nonalfalfae (from Tran et al., 2013, modified). 

 

Microscopy pictures from asexual spores of different Verticillia taken by Tran et al. 

(2013) show conidia from V. dahliae and V. nonalfalfa (formerly named V. albo-

atrum strain Va4), which have a round egg-shaped structure with a length of 3.5 to 

5.5 µm. In contrast, the conidia from V. longisporum have a long shape that gives 

the species name, with a double length of 7.1 to 8.8 µm (Zeise and von Tiedemann, 

2001). The asexual spores play an important role during plant infection. While initial 

stages of plant infection are dominated by hyphal growth during penetration of the 

root tip and colonization of the root cortex and the xylem vessels, the spores are 

V. nonalfalfae 

(a) 

(b) 
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responsible for a systemic colonialization of the vascular system of the host plant. 

With the transpiration flow, the conidia are translocated throughout the whole plant. 

After spore germination, the hyphae infest increasing areas of the plant and the 

final necrotrophic phase starts causing typical infection symptoms (Eynck et al., 

2007; Depotter et al., 2016). 

When the host plant dies, the fungus starts to produce resting structures in the 

dead plant material. These so-called microsclerotia exhibit a highly increased 

content of melanin and are released to soil with plant debris. They are produced in 

the stem cortex beneath the epidermis in the oilseed rape plant (Depotter et al., 

2016). In contrast to the Verticillium conidia and hyphae that are predominantly 

present in the plant, the microsclerotia also occur in the soil. Since they are quite 

resistant against harsh ecological conditions, like frost, UV light, pH range or 

drought stress the melanized resting structures are able to survive in the soil for 

many years (Pegg and Brady, 2002; Harting et al., 2020). V. dahliae and 

V. longisporum can form microsclerotia in high quantity depending on the nutrition 

composition (Tran et al., 2013). The virulent A1xD1 lineage Vl43 that is 

investigated in this study, can form big microsclerotia complexes made out of 

melanized hyphae in multiple shapes as elongated, compact and also rounded 

cells (Figure 1.3). V. nonalfalfae does not produce any complex microsclerotia but 

instead the fungus is able to embed thick melanin layers in the hyphal cell wall, 

which is visible under the microscope as black mycelium. 

Interactions in the plant rhizosphere 

As a soil borne organism, Verticillium is part of the rhizosphere of several plant 

species. Plant rhizospheres represent highly heterogeneous habitats, which are 

the basis for diverse biocoenoses including complex microbiomes. The microbiota 

are of particular importance for plant growth, health and stress resilience (Compant 

et al., 2019). Biochemical interactions are mainly driven by the secretion of 

secondary metabolites or signaling molecules from the different interaction 

partners as well as impacted by nutritional competition (Shaikh et al., 2018). The 

majority of plant-microbe interactions is characterized by a beneficial ecological 

relationship as many microbes act as decomposer providing the plant with nutrients 
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and organic substances but also remove soil pollutants, and eliminate pathogens 

(Islam, 2018). 

Rhizospheres consist of various bacteria and fungi dynamically interacting in an 

antagonistic or mutualistic way. Nazir et al. (2009) describes microbial 

communication in the rhizosphere as a crucial factor for the vitality of the ground 

substrate and calls it microbial fitness of the soil. In this context, beneficial effects 

of Lyophyllum spp. towards the development of Burkholderia terrae have been 

investigated. Lyophyllum spp. hyphae colonizing the surrounding of Burkholderia 

terrae support transportation and utilization of fungal exudates as nutrients for the 

bacterium (Warmink et al., 2011). In addition, competitive biocoenoses have been 

described. Toxin containing vesicles secreted by Streptomyces lividans result in 

significant growth suppression of Aspergillus proliferans and Verticillium dahliae 

(Schrempf and Merling, 2015). 

Extended knowledge about the function of fungal-bacterial biocoenoses in the 

rhizosphere and their mechanisms of controlling each other may help to invent new 

strategies in using soil-microbes as biocontrol organisms against plant pathogens. 

Natural rhizobacteria as antagonists of microbial 
pathogens 

Agriculturists that are affected by soil borne pathogens in their cultivar can profit 

by the existing microbiota in the rhizosphere or even specifically improve the 

microbial composition in the soil (Gouda et al., 2018; Orozco-Mosqueda et al., 

2018; Compant et al., 2019). Unfortunately, the arsenal of opportunities to react to 

microbial infections in agriculture is rather limited. First, resistant cultivars can be 

chosen to avoid an infection per se. In many cases, resistant cultivars are not 

available or the pathogens can overcome the resistance. Therefore, pesticides are 

often applied resulting in severe ecological and health risks. Alternatively, natural 

rhizosphere microbes can be utilized against phytopathogenic organisms 

(Carmona-Hernandez et al., 2019). This way, a suppressive potential of the soil 

can be specifically build up to counteract the pathogen using existing biological 

capabilities (Sikora, 1992; Steinberg et al., 2019). 
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Different microbes have been characterized as antagonists against pathogens. 

Many filamentous fungi can be utilized to suppress pathogenic growth (Baron et 

al., 2019) like the beneficial rhizofungus Coniothyrium minitans that possesses 

activity against the phytopathogen Sclerotinia sclerotiorum (Zeng et al., 2012). A 

suppressive activity has also been reported for the nematophage Pochonia 

chlamydosporia (formerly named Verticillium chlamydosporia) with strong 

antagonism against plant-pathogenic nematodes (Lin et al., 2018; Uddin et al., 

2019). Also bacteria can be utilized as natural antagonists. Rhizobacteria like 

Bacilli have been identified as effective suppressors of fungal pathogens (Albayrak; 

2019). Bacillus subtilis can be used to control the growth of several 

phytopathogens like Ralstonia solanacearum that can infect tomato plants leading 

to wilting symptoms (Chen et al., 2013). Bacillus subtilis also acts against 

Podosphaera fusca causing powdery mildew diseases in cucurbit by activation of 

plants´s jasmonate- and salicylic acid-dependent defense response (Garcia-

Gutierrez et al., 2013). Bacillus thuringiensis and B. weihenstephanensis strains 

isolated from root-associated soil of field-grown tomatoes exhibit significant 

inhibition potential against the tomato pathogen V. dahliae JR2 but also against 

the oilseed rape pathogen V. longisporum Vl43 (Hollensteiner et al., 2017). Against 

Verticillium wilt in olive Paenibacillus alvei has been identified to be an effective 

antagonist against V. dahliae also in field experiments (Martinez-Garcia et al., 

2015; Markakis et al., 2016). 

During this interplay, the plant, the pathogen and the biocontrol organism are 

intensively communicating and interacting with each other (Figure 1.4). 
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Figure 1.4: Interactions between growth-promoting rhizobacterium, plant, 
pathogen and soil. The interplay of diverse organisms colonizing the soil is rather 
complex and can influence their development directly and indirectly. A plant has to 
cope with a variety of soil born pathogenic species that possess a direct infection 
potential towards the root of specific host plants. The plant itself is able to induce 
systemic resistance (ISR) to repel the infection process. Antagonistic bacteria as 
fluorescent pseudomonads or Bacilli can also be stimulated by root exudates and 
even promote plant growth rate. Plant-beneficial rhizobacteria can also directly 
interact with the plant-pathogenic organisms, often in an antagonistic manner by 
the secretion of toxic metabolites. If the growth-promoting rhizobacteria (PGPR) 
successfully suppress the growth of the pathogen, this has an additional indirect 
plant supporting effect by decreasing the infection intensity of the pathogen (from 
Haas and Défago, 2005). 
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Bacterial and fungal biocontrol organisms can protect host plants against fungal 

pathogens by diverse mechanisms. Many beneficial microorganisms have a direct 

plant growth promotion effect (Khan et al., 2019). Additionally, they are able to 

prime the host plant by inducing systemic resistance with specific secreted elicitors 

like siderophores or O-antigens before a putative pathogen has the chance to 

invade the plant (Conrath et al., 2002; Haas and Défago, 2005; Abuamsha et al., 

2010; Berendsen et al., 2012; Goh et al., 2013; Kupferschmied et al., 2013; 

Kannojia et al., 2019). Besides growth promotion effects, also parasitism of the 

pathogen (mycoparasitism in case of fungal pathogens) plays an important role to 

suppress its infection intensity. A direct competition between the pathogen and the 

biocontrol organism for nutrients or infection spots on the plant surface can lead to 

a suppression of pathogenicity towards the host plant. By secretion of bioactive 

compounds like antibiotics, reactive oxygen species, cyanides, lipopeptides or 

siderophores, the antagonist can also control the growth of the phytopathogen 

(Weller, 2007; Yu et al., 2019a). There is a wide range of organisms with putative 

suppressive properties against pathogens. Bacillus thuringiensis and 

B. licheniformis for example generate their antifungal potential by the production of 

the cell wall degrading enzyme chitinase (Gomaa, 2012). Clonostachys rosea 

detoxifies the mycotoxin zearalenone of Fusarium graminearum by the production 

of zearalenone hydrolases (Kosawang et al., 2014). 

Many different fluorescent pseudomonad species from the group of -

proteobacteria have been discovered as antagonistic rhizobacteria that can install 

a suppressive potential in the rhizosphere expressed by a diverse arsenal of 

bioactive substances (Sahu et al.; 2018; Mishra and Arora, 2018). Pseudomonas 

protegens CHA0 is one of the best characterized antifungal strains and has been 

intensively investigated by different groups (Haas and Défago, 2005; Weller, 2007; 

Flury et al., 2019). A multiple range of antibiotic secondary metabolites like 2,4-

diacetylphloroglucinol (DAPG), biosurfactants, pyoluteorin and hydrogen cyanide 

(HCN) can be secreted by P. protegens CHA0 that are regulated by the two-

component system GacA/GacS (Haas and Défago, 2005; Mazzola, 2007; Yan et 

al., 2018). 
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The GacA/GacS two-component system is part of a complex posttranscriptional 

signal-transduction pathway, that has been discovered in Pseudomonas protegens 

strain CHA0 (Figure 1.5). GacA/GacS initiates the translation of pathogenicity 

related genes. The consequence is synthesis and secretion of bioactive secondary 

metabolites in a stress dependent manner. Key target genes controlled by this 

signal pathway are involved in the synthesis of specific bioactive compounds like 

DAPG (operon phlA,F), HCN (operon hcnABC and anr) or pyoluteorin (plt), are 

constitutively expressed. These operons are constitutively expressed but the 

transcripts are not translated because of the translational repressors RsmA and 

RsmE, which bind to the ribosomal binding site. The GacS sensor kinase is located 

in the membrane and is stimulated by the perception of appropriate environmental 

stress stimuli. This results in phosphorylation of the response regulator GacA, 

which activates the formation of the small regulatory RNAs rsmX, rsmY and rsmZ. 

The regulatory RNAs bind the translational repressors RsmA and RsmE and allow 

the translation of the mRNAs of the target genes (Figure 1.5). Under stress-induced 

derepression, the translation of the target genes phlA,F, hcnABC, anr or plt are 

activated and the resulting enzymes produce the corresponding secondary 

metabolites, which are released by the cell (Laville et al., 1992; Zuber et al., 2003; 

Heeb et al., 2005; Gonzalez et al., 2008; Brencic et al. 2009; Wei et al., 2013; 

Nandi et al., 2015; Traxler and Kolter, 2015; Yan et al., 2018). 
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Figure 1.5: Model of the GacA/GacS signal-transduction pathway in 
Pseudomonas protegens strain CHA0. A diverse pattern of genes coding for 
antifungal compounds, in the figure called ‘target genes’, are constantly expressed: 
the operon phlA,F codes for the enzymes to form 2,4-diacetylphloroglucinol 
(DAPG); the operon hcnABC codes for the enzymes to form hydrogen cyanide 
(HCN); the gene plt codes for pyoluteorin producing enzymes. The respective 
mRNAs are post-transcriptionally inhibited by the small proteins RsmA and RsmE 
binding at the ribosome-binding site (RBS). Stimulated by external signals, e.g. 
specific root exudates, the sensor kinase GacS, an integrated membrane protein, 
is phosphorylated. Along the signal transduction, the phosphate is transferred to 
the response regulator GacA. In this induced form, GacA activates the expression 
of the small RNAs rsmX, rsmY and rsmZ that act as derepressors of RsmA and 
RsmE. This way the translation inhibition of the target mRNAs is nullified under 
inducing conditions caused by the external signal. The synthesis of the bioactive 
toxins as well as their secretion takes place (from Haas and Défago, 2005). 



 

24  
Dissertation Nesemann, 2020 

 
  

Besides the DAPG producer P. protegens CHA0, also the phenazine producer 

P. synxantha 2-79 (formerly named P. fluorescens 2-79) is further investigated in 

this study. Phenazines show a broad-range antibiotic spectrum against many 

different microbial pathogens (Biessy and Filion, 2018). Different phenazine 

derivates are synthesized during the phenazine pathway. P. synxantha 2-79 is 

capable of the production of the well-characterized and highly effective antibiotic 

phenazine-1-carboxylic acid (PCA). Figure 1.6 shows the pathway of PCA with 

multiple steps catalyzed by the seven-gene operon phzABCDEFG (Mavrodi et al., 

1998 and 2006; Biessy and Filion, 2018). 

 
Figure 1.6: Phenazin seven-gene operon and pathway in phenazine-secreting 
Pseudomonas spp. (a) Arrangement of the seven genes phzA-G coding for 
enzymes involved in the phenazine biosynthesis inter alia of P. synxantha 2-79 
(formerly named P. fluorescens 2-79). (b) Function of the seven enzymes PhzA-G 
during the phenazine pathway resulting in the phenazine derivate phenazine-1-
carboxylic acid (PCA). Colored arrows correspond to the gene color of the 
respective phenazine gene from (a) and mark a catalyzed reaction. Dotted black 
arrows symbolize spontaneous and uncatalyzed conversions. Solid black arrows 
during the shikimate pathway indicate further unpresented reactions from 3-deoxy-
D-arabinoheptulosonate-7-phosphate (DAHP) to chorismate. Further 
abbreviations: E4P: erythrose-4-phosphate; PEP: phosphoenolpyruvate; ADIC: 2-
amino-4-deoxychorismic acid; DHHA: trans-2,3-dihydro-3-hydroxyanthranlic acid; 
AOCHC: 6-amino-5-oxo-cyclohex-2-ene-1-carboxylic acid; HHPDC: 
hexahydrophenazine-1,6-dicarboxylic acid; DHPCA: 5,10-dihydrophenazine-1-
carboxylic acid (from Biessy and Filion, 2018; modified). 
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The formation of the secondary metabolite phenazine is connected to the primary 

metabolism of the shikimate pathway, which produces the aromatic amino acids 

phenylalanine, tyrosine and tryptophan. The initial step of the shikimate pathway 

is the conjunction of erythrose 4-phosphate (E4P) from the pentose phosphate 

pathway and phosphoenolpyruvate (PEP) from glycolysis to 3-deoxy-D-

arabinoheptulosonate-7-phosphate (DAHP) catalyzed by the enzyme PhzC. 

Aromatic amino acid biosynthesis continues through shikimate to chorismate. 

Already 1972, shikimate has been described as precursor for phenazine synthesis 

(Longley et al., 1972). In five subsequent enzymatic reactions catalyzed by PhzE, 

PhzD, PhzF, PhzB and PhzG the antibiotic phenazine metabolite phenazine-1-

carboxylic acid (PCA) is formed which is secreted by P. synxantha 2-79 (Mavrodi 

et al., 1998; Biessy and Filion, 2018). The phenazine deficient 2-79 stain used in 

this study lacks the full seven-gene locus and is generally impaired in the 

expression of any phenazine (Mavrodi et al., 1998). 

Aims and structure of this study 

The major goal of this study was to compare the mutual impact on growth of 

phytopathogenic fungal Verticillia and fluorescent pseudomonads as soil bacteria 

during co-cultivation in different settings and with different nutrition. Possible 

suppressive impacts of the bacterium due to different antifungal strain-specific 

capabilities towards fungal growth rate, morphology and expression patterns 

should be analyzed on solid or liquid media with and without spatial limitations. 

Starting point of the thesis was the determination of the genomic potential of two 

selected bacteria (chapters 2 & 3), followed by co-cultivations of Verticillia and 

wildtype and mutant bacterial strains during different nutritional conditions on agar 

plates (chapter 4) and finally in liquid media including a microfluidic confrontation 

assay (chapter 5). 

 

In chapter 2 (Nesemann et al., 2015a) the draft genomic sequence of the beneficial 

rhizobacterium Pseudomonas fluorescens DSM8569 is presented. P. fluorescens 

DSM8569 have been isolated in Rostock, Germany, and have initially been 
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described by Berg and Ballin in 1994. This strain has been selected as a putative 

candidate for growth inhibition of V. longisporum Vl43, infecting oil seed rape, as it 

is a natural isolate of the same rhizosphere. This is why in this study P. fluorescens 

DSM8569 is called P_rhizo. 

 

In chapter 3 (Nesemann et al., 2015b) the draft genome sequence of P. synxantha 

2-79 is presented. P. synxantha 2-79 (formerly named P. fluorescens 2-79; Weller 

and Cook; 1983) is capable of the synthesis of phenazines. It was analyzed for its 

potential in growth suppression of V. longisporum Vl43. Mazurier et al. (2009) 

showed that P. synxantha 2-79 is capable of secreting antifungal phenazines but 

not of DAPG. This is why in this study P. synxantha 2-79 is called P_phen. 

 

In chapter 4 (Nesemann et al., 2018), virulent phytopathogenic Verticillium strains 

have been selected for co-cultivation with potential natural antagonistic 

rhizobacteria. It was analyzed whether a soil bacterium, derived from a specific 

plant´s rhizosphere (oilseed rape; P_rhizo), differs in its impact on growth towards 

the corresponding fungal plant pathogen of the same plant rhizosphere 

(V. longisporum on oilseed rape) compared to pathogens of other hosts (V. dahliae 

on tomato). Further, it was analyzed, whether different growth conditions as high 

glucose environment or restricted nutrition on a complex pectin containing plant 

medium change the potential biocontrol of fungal growth by bacteria. Various co-

culture experiments of three different Pseudomonas strains combined with two 

fungal pathogens were performed. P. fluorescens DSM8569 (P_rhizo), derived 

from the rhizosphere of oilseed rape. P. synxantha 2-79 produces phenazines 

(P_phen), whereas P. protegens CHA0 (P_DAPG) possesses no genes for 

enzymes for phenazines, but for different other antifungal secondary metabolites, 

including 2,4-diacetylphloroglucinol (DAPG). The haploid fungus V. dahliae JR2 

infects tomato, whereas the amphidiploid V. longisporum Vl43 hybrid fungus 

infects oilseed rape. 

 

In chapter 5, the mutualistic interaction of Verticillium and Pseudomonas was 

analyzed in a microfluidic interaction device with embedded interaction channels. 

The fungus and the bacteria were inoculated on opposite sides of the channels. 
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The narrow microchannels limit the amount of hyphae accessing the channel. They 

were filled with a liquid medium rich in pectins and amino acids. This improves the 

microscopic observance by physically restricting hyphae to grow only in one 

direction. The impact of respective bacterial strains on Verticillium growth was 

quantified and the hyphal growth distance was measured under microscopic 

magnification. This method also allows deeper insights into fungal morphological 

adaption to bacterial impact. The Verticillium transcriptome in interaction with the 

DAPG-producing P. protegens CHA0 (P_DAPG) in liquid media was sequenced to 

gain further information about activated and deferred fungal pathways during 

bacterial co-cultivation. 

 

Finally, chapter 6 is a general discussion regarding the topics presented in the 

single chapters above. 
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Abstract 

Verticillia are phytopathogenic fungi responsible for increasing yield losses in 

numerous economical important crops. The impact of different fluorescent 

pseudomonads on fungal growth was analyzed in microfluidic interaction channels. 

A Brassica-rhizosphere derived Pseudomonas fluorescens, which neither carries 

the genes for phenazine nor 2,4-diacetyphloroglucinol (DAPG) synthesis, reduces 

Verticillium polar hyphal growth by almost 60 % in comparison to E. coli as control 

in a confrontation assay in microfluidic interaction channels filled with a liquid pectin 

and amino acid medium. A Pseudomonas synthaxa with an intact phenazine 

cluster reduces fungal growth by 30 % more than a corresponding mutant strain. 

A DAPG producing Pseudomonas protegens strain can reduce fungal microfluidic 

growth by 90 %. The contribution for this inhibition of the two-component system 

GacA/GacS control system for a response regulator and a sensor kinase 

corresponds to 30 % and includes a 10 % inhibition provided by an intact DAPG 

cluster. An intact phenazine or GacA/GacS system induces in addition a strong 

change in hyphal polarity. This suggests that the fungus attempts to evade the 

confrontation with corresponding bacteria. During liquid media co-cultivation, 

P. protegens alters transcriptional profiles of V. longisporum genes after two hours 

with one third up-regulated genes including detoxification related genes and a 

decrease of a comparable portion of fungal transcripts involved in protein 

biosynthesis, plant infection or nutrition. The fungus presumably follows an evasion 

strategy to escape from bacterial toxicity, which includes avoiding contact by 

changing growth direction through morphological adaption combined with 

intensifying expression of genes coding for detoxifying enzymes. 

 

 

 

Key words: Verticillium, fluorescent pseudomonads, GacA/GacS two-component 

system, DAPG, phenazines, microfluidics, transcriptome analysis 
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Introduction 

Soil is a highly diverse habitat with complex relationships between multiple 

inhabitant species. In particular, bacterial-fungal interactions play a major role for 

microbial fitness in soils (Nazir et al., 2009). The heterogeneous microbiota of the 

rhizosphere of a plant can contain different phytopathogenic species with negative 

impact on agricultural yields. The ascomycete Verticillium longisporum is an 

interspecific hybrid of two haploid parental strains and contains an amphidiploid 

genome. The soil-born pathogen mainly infects Brassicaceae and can survive in 

the soil for many years due to highly melanized resting structures, so called 

microsclerotia (Pegg and Brady, 2002; Harting et al., 2020). After germination in 

the soil, Verticillium hyphae enter the root cortex and colonizes the vascular system 

of its host plant (Eynck et al., 2007; Tran et al., 2014; Zhang et al., 2018). In the 

absence of appropriate fungicides or resistant cultivars, there are hardly any 

strategies available to control the infection process of vascular plant pathogens. 

Besides chemical treatments, it is an approved method in agriculture to use natural 

microorganisms with antagonistic activity from the rhizosphere as biological control 

organisms. By the application of specific bacterial or fungal antagonists as 

biocontrol agents, a suppressive potential towards pathogens can be installed in 

the soil (Sikora, 1992). 

One of the largest groups of biocontrol organisms are fluorescent pseudomonads 

that belong to -proteobacteria and possess well-characterized and distinct 

beneficial properties in the interaction with plants (Haas and Défago, 2005). 

Several compounds secreted by fluorescent pseudomonads with crucial 

antagonistic impact against fungal pathogens could be identified in the recent years 

including 2,4-diacetylphloroglucinol (DAPG), phenazines, biosurfactants, 

pyoluteorin, pyrrolnitrin, hydrogen cyanide (HCN), pyoverdine siderophore, indole-

acetic acid and exoproteases (Haas and Défago, 2005; Mazzola, 2007). 

P. protegens CHA0 has been identified as a biocontrol agent exhibiting one of the 

broadest repertoires of potential antagonistic and plant growth-promoting 

mechanisms so far (Weller, 2007). 

Pseudomonas spp. have been described as an appropriate biocontrol agent 

against Verticillium wilt in literature (Martinez-Garcia et al., 2015; Markakis et al., 



 

56  
Dissertation Nesemann, 2020 

 
  

2016; Deketelaere et al., 2017). Fluorescent pseudomonads can cause 

suppressive effects on the growth of different Verticillium species in co-cultivation 

studies on different agar-containing media (Nesemann et al., 2018). The presence 

of a phenazine gene cluster coding for a single component is sufficient to suppress 

fungal growth under high glucose growth conditions. In a complex pectin medium 

the genetic potential for the secretion of different substances regulated by the two-

component regulatory system GacA/GacS is essential for inhibition. P. protegens 

CHA0 genes controlled by the GacA/GacS signal-transduction pathway include 

phlA and phlF (for DAPG synthesis), hcnABC and anr (for HCN) and plt (for 

pyoluteorin). Corresponding mRNAs are constitutively expressed and are under 

non-inducing conditions posttranscriptionally inhibited by repressors RsmA and 

RsmE, which block translation, synthesis and finally secretion of bioactive 

metabolites. Environmental stress signals trigger autophosphorylation of the 

membrane sensor protein GacS, which transfers subsequently the phosphate 

group to the response regulator GacA. This activates the expression of the small 

RNAs rsmXYZ acting as derepressors of RsmA and RsmE, which bind to the 

ribosomal binding sites of the transcripts for the secondary metabolite producing 

enzymes and prevent translation during non-stress conditions. As a result, the 

translation of enzymes, and subsequently synthesis and secretion of the respective 

toxins can take place (Laville et al., 1992; Zuber et al., 2003; Heeb et al., 2005; 

Gonzalez et al., 2008; Brencic et al. 2009; Wei et al., 2013; Nandi et al., 2015; 

Traxler and Kolter, 2015; Yan et al., 2018; Zhang et al., 2020). 

In this study, the plant pathogen Verticillium longisporum strain Vl43 was analyzed 

with different rhizobacteria in a liquid confrontation assay for better morphological 

observations and compared to previous surface studies for the same fungus 

(Nesemann et al., 2018). These surface studies revealed differences in the 

bacteria-fungus interplay for fluorescent pseudomonads with different potential to 

synthesize bioactive compounds. Verticillium mutant strains deficient in secondary 

metabolism by deleting the global regulator of secondary metabolism LAE1 (Bok 

and Keller, 2004; Bayram et al., 2008; Sarikaya-Bayram et al., 2010) or the 

deneddylase subunit CSN5 resulting in derepressed secondary metabolism 

(Nahlik et al., 2010) showed the same inhibition patterns as wildtype on agar 

surfaces. An inhibitory effect on fungal spore germination was also described 
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recently after co-cultivation of V. dahliae with different fluorescent pseudomonads 

in two liquid media types (Nesemann et al., 2018). In microfluidic interaction 

channels, the growth response of Verticillium hyphae was monitored in presence 

of three distinct Pseudomonas species with differences in their genetic potential. 

The P. synthaxa strain (P_phen) carries genes for phenazine and P. protegens 

(P_DAPG) for DAPG production, respectively. The P. fluorescens strain derives 

from the rhizosphere of oilseed rape (P_rhizo) and carries neither an intact 

phenazine nor DAPG cluster. P_rhizo could suppress Verticillium polar growth in 

confrontation microchannels independently of the presence of phenazines or 

DAPG producing genes. A contribution of 30 % fungal growth inhibition is provided 

by an intact phenazine cluster or as well when the genetic information for a 

complex combination of different GacA/GacS-regulated metabolites including 

DAPG is present in the bacterial genome. The genetic potential for GacA/GacS-

controlled metabolites or phenazines leads to an altered morphology of Verticillium 

hyphae with a polarity change to avoid bacteria. P. protegens induces after two 

hours of co-cultivation alterations in V. longisporum gene expression including up-

regulation of detoxification related genes as well as decreased levels of transcripts 

for protein biosynthesis and degradation of plant polysaccharides. Taken together, 

Verticillium rather follows an evasion and detoxification strategy to avoid contact to 

Pseudomonas. 

 

Material and Methods 

Organisms used in this study 

Bacterial and fungal strains used in this study are listed in table 5.1. 
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Table 5.1 Organisms and strains used in this study. 

*DSMZ - Leibniz Institute - German Collection of Microorganisms and Cell 
Cultures GmbH, Braunschweig, Germany 
organism characteristics reference 
Verticillium longisporum   

V. longisporum 43 wild type - isolated from oilseed 
rape in Mecklenburg, Germany 

Zeise and von 
Tiedemann, 2001 

V. longisporum 
43_Gfp 

green fluorescent Vl43 Tran et al., 2014 

Pseudomonas fluorescens   
P_rhizo (DSM8569) wild type - natural isolate from 

oilseed rape rhizosphere 
DSMZ* 

Pseudomonas synxantha   
P_phen (2-79) wild type, producing phenazines 

(formerly named P. fluorescens) 
Weller and Cook, 
1983 

P_phen∆phz production of phenazines 
blocked 

Mavrodi et al., 
1998 

Pseudomonas protegens   
P_DAPG (CHA0) wild type, producing e.g. DAPG, 

HCN, pyoluteorin 
Stutz et al., 1986 

P_DAPG_mCherry red fluorescent CHA0 Rochat et al., 
2010 

P_DAPG∆gacA::ΩK
mr 

key enzyme in biosynthesis of 
several antibiotics; no production 
of 2,4-DAPG, HCN, pyoluteorin 

Laville et al., 
1992 

P_DAPG∆gacS key enzyme in biosynthesis of 
several antibiotics; no production 
of 2,4-DAPG, HCN, pyoluteorin 

Zuber et al., 2003 

P_DAPG∆gacS_mCh
erry 

red fluorescent CHA0 Keel, unpublished 

P_DAPG∆hcnABC almost no production of HCN Laville et al., 
1998 

P_DAPG∆anr::ΩHgr transcription factor for HCN-
production; 8 % HCN production 
compared to wild type 

Laville et al., 
1998 

P_DAPG∆plt::Tn5 no production of pyoluteorin Maurhofer et al., 
1994 

P_DAPG∆phlA gene in phl-operon for 2,4-DAPG 
synthesis; no production of 2,4-
DAPG 

Schnider-Keel et 
al., 2000 

P_DAPG∆phlF::ΩKmr repressor gene for 2,4-DAPG 
synthesis; enhanced production 
of 2,4-DAPG 

Schnider-Keel et 
al., 2000 

Escherichia coli   
DH5α wild type Meselson and 

Yuan, 1968 
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Cultivation conditions of bacteria and fungi 

Fungi and bacteria were inoculated and cultivated as described in Nesemann et 

al., 2018. 

Microfluid device system 

Detailed interaction studies with Verticillium and Pseudomonas were performed in 

microfluidic interaction devices. Microfluidic applications facilitate miniaturized 

analytics of physical processes in micrometer scale to control pl-µl liquid volumes, 

in this case cultural medium (deMello, 2006). Thus, we were able to follow their 

interaction in vivo on single cell level under the microscope. The devices were 

developed by Stanley et al., 2014. 

Verticillium was pre-cultivated on SXM plates, and inoculated with hyphae on an 

agar block at the one side of the device. After the hyphae passed a narrow bridge 

of 10 µm diameter about 10 to 20 hyphae can grow into an interaction channel. In 

total, 28 parallel channels exist with a diameter of 100 µm and a length of 6650 µm. 

As soon as the hyphal tips reach the beginning of the channel, 40 µl of bacterial 

suspension out of the exponential phase (OD600nm = 1; 5x107 CFU) was applied at 

the opposite site of the channel. A fluid inlet hole is connected to the interaction 

channels. This way, the bacterial cells can distribute within the device. Fungal 

growth behavior and morphology was documented every 24 hours. For better 

optical illustration we used a green-fluorescent-protein(Gfp)-expressing strain of 

V. longisporum Vl43 (Eynck et al., 2007) and P. protegens CHA0 mCherry 

expressing strains P_DAPG (Rochat et al., 2010) and P_DAPG∆gacS (Zuber et 

al., 2003). 

Furthermore, growth tests using the supernatant of P. fluorescens were performed 

in the microfluid device system. For the non-induced supernatant a bacterial culture 

with OD600nm = 1 in SXM was sterile filtered. As the induction of secondary 

metabolite secretion might require the presence of Verticillium, 

V. longisporum_Gfp was pre-cultured in 150 ml liquid SXM for 6 days and 

P. fluorescens culture with OD600nm = 1 in 50 ml SXM. The fungal mycelium was 

filtered by Miracloth and transferred to 120 ml of fresh SXM. Additionally, 30 ml of 
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the overnight Pseudomonas culture was added to a total volume of 150 ml. A co-

cultivation period of 3 hours at 25 °C with agitation at 150 rpm followed. 

Afterwards, the co-culture was filtered again by Miracloth membrane and sterile 

filtered (Filtropur S 0.2, Sarstedt, Nümbrecht, Germany). After the pre-growth of 

Verticillium in the device, the medium was exchanged to 40 µl of the non-induced 

or induced supernatant, respectively. 

The Zeiss Axio Observer Z.1 system (Carl Zeiss AG, Germany) in combination with 

the Laser Lunch System (Model 3iL32, Intelligent Imaging Innovations Inc, 

Colorado, USA) was used to obtain fluorescence microscopy applied with Zeiss 

PlanAPOCHROMAT 40x/1,4oil or Zeiss PlanAPOCHROMAT 100x/1,4oil 

objective, respectively. Pictures were taken with the QuantEM:512SC camera 

(Photometrics, Arizona, USA) and the Slide Book 5.0 imaging software (Intelligent 

Imaging Innovations Inc.) with an exposure time of 150 ms for Gfp and 500 ms for 

mCherry. 

Transcriptome sequencing and analysis 

Nine cultures of Verticillium longisporum 43 have been precultivated for five days 

with 1x106 spores in 150 ml of liquid SXM at 25 °C with 150 rpm. The total amount 

of 1.350 ml of fungal culture was pooled and slightly sedimented. The top 350 ml 

medium was discarded and the remaining 1000 ml culture was equally distributed 

to eight 500 ml flasks with 125 ml of culture each. Additionally, six cultures of 

Pseudomonas protegens CHA0 were grown at the same conditions (in 150 ml 

SXM at 25 °C with 150 rpm) up to an OD600nm = 1 (5x107 CFU). The single cultures 

were pooled and concentrated to an OD600nm = 3 by centrifuging at 5000 g and 

resuspended in fresh SXM. Six of the eight flasks filled with 125 ml fungal culture 

were immediately mixed with 25 ml of bacterial culture (OD600nm = 3), leading to a 

co-culture of V. longisporum Vl43 and P. protegens CHA0 with a final 

OD600nm = 0,5. At the same time the two remaining flasks with 125 ml fungal culture 

were mixed with 25 ml fresh SXM and served as an untreated control. The six co-

cultures and the two pure fungal cultures were further incubated at the same 

conditions as described before. The co-cultures as well as the fungal control 

cultures without bacteria were harvested after 120 min by filtering the cultures 
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through Miracloth filters and directly shock-frozen in liquid N2. RNA extraction was 

performed by using the RNeasy Plant Mini Kit from Qiagen (Hilden, Germany). 

RNA sequencing was performed by GATC Biotech AG (Konstanz, Germany). The 

sequences are released at NCBI under the Accession-number SRP068348; 

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348. By selecting the poly-A+-part 

of the eukaryotic mRNA, only the fungal RNA was sequenced. All V. longisporum 

Vl43 transcripts have been mapped against V. dahliae JR2 (VDAG_JR2v.4.0; de 

Jounge et al., 2012; deposited at www.fungi.ensembl.org/Verticillium 

_dahliaejr2/Info/Index; Howe et al., 2019). A filter and cluster analysis of all 

transcripts was performed using the MarVis-Cluster interface (Kaever et al., 2009) 

within the MarVis-Suite software (Kaever et al., 2015; http://marvis.gobics.de) into 

three groups representing the down-, non- and up-regulated fungal genes when 

the bacterium is present. The complete transcriptomic dataset has been 

automatically annotated by Ensembl- (Howe et al., 2019) and Gene Ontology (GO; 

Ashburner et al., 2000; Gene Ontology Consortium, 2019) database. For 

subsequent functional characterization only transcripts with adjusted p-values 

(padj) of < 0,01 were chosen to ensure that only candidates are included with 

highest probability that Verticillium gene regulation reflects Pseudomonas 

treatment. To identify most up- and down-regulated genes for further analysis, 

transcripts with Log2_Fold_Change > 4 were regarded as most up-regulated and 

transcripts with Log2_Fold_Change < -3 were regarded as most down-regulated 

ones. This selected dataset was manually annotated by amino-acid sequence 

BLAST for domain prediction in SMART (http://smart.embl-heidelberg.de/; Letunic 

et al., 2015 and 2018). Based on this annotation the candidates have been 

manually assigned to functional categories. 

  

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348
http://www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index
http://www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index
http://marvis.gobics.de/
http://smart.embl-heidelberg.de/
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Results 

90 % of Verticillia polar hyphal growth can be reduced by fluorescent 
pseudomonads in confrontation assays. 

Growth of Verticillia within microchannels is unaffected by E. coli. Fungal growth 

inhibition by bacteria in SXM containing pectin and amino acids was analyzed 

when single polar hyphae were grown in microchannels filled with liquid SXM. 

Confrontation assays with single hyphae of V. longisporum, which constitutively 

express green fluorescent protein (Gfp; Tran et al., 2014) and different 

Pseudomonas strains were performed in microfluidic devices. The length of 

labeled hyphae growing within these interaction channels was measured after 7 

days using fluorescence microscopy. Fungi and bacteria were inoculated at 

opposing ends of the device. After 7 days the hyphae reached the end of the 

channel when bacteria are absent. The fungal growth rate of approximately 950 µm 

per day (µm d-1) did not change substantially upon inoculation with E. coli cells or 

cell free supernatants of Pseudomonas spp. Hyphae cultivated in physiological salt 

solution instead of SXM showed poor growth, suggesting a rather low nutrition 

effect by the agar inoculation block (Figure 5.1). 

 

Verticillia polar hyphal microchannel growth is reduced by almost 60 % by 
rhizosphere fluorescent pseudomonads without intact phenazine or DAPG 
gene cluster. Confrontation assays in microfluidic devices of V. longisporum with 

the rhizosphere isolate of rapeseed (P. fluorescens DSM8569, P_rhizo) lacking a 

phenazine or DAPG cluster reduced the fungal growth rate by more than half to 

397 µm d-1 in comparison to 950 µm d-1 of V. longisporum hyphae grown without 

inhibition. These data suggest a strong potential of rhizosphere pseudomonads to 

inhibit fungal growth in a confrontation assay with physical constraints in a liquid 

pectin amino acid medium, which is independent of the genetic potential to produce 

either phenazines or DAPG. 

 

Verticillia polar hyphal microchannel growth is reduced by 70 % due to 
rhizosphere fluorescent pseudomonads with intact phenazine gene cluster. 



 

63  
Dissertation Nesemann, 2020 

 
  

The presence of an intact phenazine cluster (P. synxantha 2-79, P_phen), reduced 

the fungal growth rate in microchannels containing pectin amino acid to almost a 

third (hyphae grew 286 µm d-1 compared to 950 µm d-1 without bacteria). The 

analysis of the phenazine cluster deletion strain P_phen∆phz resulted in fungal 

growth of 546 µm d-1 (approximately 60 % of wildtype fungal growth) and revealed 

that an intact phenazine cluster can contribute to about 30 % of fungal growth 

reduction caused by the bacteria (Figure 5.1). 
 

Verticillia polar hyphal microchannel growth is reduced by 90 % due to 
rhizosphere fluorescent pseudomonads with intact compared to defective 
DAPG gene cluster. The presence of an intact DAPG cluster (P. protegens CHA0, 

P_DAPG, constitutively expressing the red fluorescent protein, Rfp) only enabled 

the fungus to grow 67 µm d-1 corresponding to less than 10 % of the wildtype 

fungus resulting in the largest observed reduction in Verticillium growth rate (more 

than 90 %) of the conditions tested using the microfluidic assay. A mutant strain 

defective in the DAPG cluster (∆phlA deletion) improved fungal growth from 

67 µm d-1 to 182 µm d-1 (compared to 950 µm per day without bacteria) and 

revealed that the DAPG cluster contributes to about 10 % of the bacteria-induced 

fungal growth inhibition (Figure 5.1). 
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Figure 5.1: Co-cultivation in microfluidic devices of V. longisporum Vl43 and 
different wild type fluorescent pseudomonads as well as deletion strains 
lacking genomic potential for phenazine or DAPG. Co-cultivation was 
performed in liquid simulated xylem medium containing complex plant molecules 
such as pectin. V. longisporum Vl43 (Vl) was inoculated at the fungal inoculation 
site. The device was incubated until the hyphae entered the microchannels. As 
soon as the fungal hyphae reached the beginning of the interaction channels 
fluorescent pseudomonads were inoculated at the opposite end of the channel. 
Bacteria spread throughout the device. Hyphal growth is displayed in mm (scale 
bar = 10 µm). The diagram shows the arithmetic average of all measured values. 
The amount of biological replicates (n) is given, respectively. V. longisporum 
expressing the green fluorescent protein was co-cultivated with: the Brassica 
rhizosphere isolate P_rhizo (P. fluorescens DSM8569); the phenazine-producing 
P_phen wild type (WT: P. synxantha 2-79) and the phenazine deficient deletion 
strain (∆phz); the DAPG-producing P_DAPG (WT: P. protegens CHA0), 
expressing the red fluorescent protein and deletion strains lacking one essential 
gene for DAPG synthesis phlA (∆phlA). Further, V. longisporum was treated with 
sterile supernatant of P_DAPG mono-culture (P), sterile supernatant of P_DAPG 
and V. longisporum co-culture (Vl+P) as well as 0.96 % NaCl. Co-cultivation with 
E. coli served as a neutral control. 

 

An intact GacA/GacS regulatory system of fluorescent pseudomonads 
can contribute to 30 % bacterial inhibition potential against Verticillia 
hyphal growth in microchannels. 

An intact DAPG cluster compared to an intact phenazine cluster can contribute to 

the growth inhibition of fluorescent pseudomonades in microchannels to 10 % and 

30 %, respectively. Increased DAPG secretion by deleting the  ∆phlF gene for the 

inhibitor PhlF did not result in a further reduction of the fungal growth rate 

(P_DAPG∆phlF; Figure 5.2). An additional contribution of 50 % of fungal growth 

inhibition (as in P_rhizo) can be independent of the presence of either an intact 

DAPG or phenazine cluster. Several bacterial mycotoxin gene clusters including 

the DAPG cluster are under control of the bacterial GacA/GacS two component 

system. Deletion in P. protegens CHA0 (P_DAPG) of either the gacA or gacS gene 

leads to a recovery in the hyphal growth rate of Verticillium from 67 µm d-1 to 

336 µm d-1 (P_DAPG∆gacA) or 299 µm d-1 (P_DAPG∆gacS) compared to 

approximately 950 µm per day fungal growth without bacterial inhibition (Figure 

5.2). This suggests that the two-component system coordinates a substantial 

portion of 30 % of the bacterial potential to inhibit fungal growth. Several additional 



 

66  
Dissertation Nesemann, 2020 

 
  

bacterial mutant strains revealed GacA/GacS mediated contributions of the genes 

for HCN-production (∆hcnABC lacks three essential genes for formation of HCN 

and ∆anr deficient in HCN secretion) and for pyoluteorin synthesis (∆plt) lacking 

the essential gene for pyoluteorin synthesis (Figure 5.2). 
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Figure 5.2: Co-cultivation in microfluidic devices of V. longisporum Vl43 and 
wild type fluorescent pseudomonads as well as deletion strains missing 
regulators for multiple or single metabolite synthesis. Co-cultivation was 
performed in liquid simulated xylem medium containing pectin, which mimics 
conditions in dead plant material. V. longisporum Vl43 (Vl) was inoculated on an 
agar block at the fungal inoculation site and incubated until the mycelium grew into 
the channel. As soon as the fungal hyphae reached the entrance to the interaction 
channels fluorescent pseudomonads were inoculated at the opposite end of the 
channel. Bacteria spread throughout the whole channel. Hyphal growth is 
displayed in mm (scale bar = 10 µm). The diagram shows the arithmetic average 
of all measured values. The amount of biological replicates (n) is given, 
respectively. V. longisporum expressing the green fluorescent protein was co-
cultivated with a DAPG producing P_DAPG (P. protegens CHA0) and compared 
to the following deletion strains: ∆phlF - lacking the inhibitor of DAPG-production 
leading to increased DAPG secretion; ∆hcnABC - lacking essential genes for HCN-
production; ∆anr - lacking the HCN regulator anr with deficient HCN secretion; ∆plt 
- lacking the essential gene for pyoluteorin synthesis; one of the two units for 
regulation of multiple toxin production gacA (∆gacA) or gacS (∆gacS; expressing 
the red fluorescent protein). 

 
In summary, a complex combination of several bacterial genes and gene clusters 

for bioactive compounds can together provoke a Pseudomonas-mediated 

inhibition of the fungal V. longisporum growth in microchannels filled with liquid 

SXM medium in a confrontation assay. More than 90 % fungal growth inhibitions 

could be monitored including different contributions as 30 % of GacA/GacS-

controlled genes, including the DAPG cluster, or a 30 % contribution of the genes 

for phenazine. 

Phenazines and GacA/GacS-controlled metabolites of fluorescent 
pseudomonads change polarity of Verticillium hyphae. 

Besides the distinct growth inhibition of Verticillium hyphae in presence of different 

fluorescent pseudomonads also the bacterial impact on the morphology of 

Verticillium has been investigated. V. longisporum grows in a straight manner 

parallel to the channel wall in the microfluidic devices. Polar fungal growth was 

neither affected by E. coli, Pseudomonas cell-free supernatants nor a 0.96 % NaCl 

solution (Figure 5.3). 
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Figure 5.3: Alteration in hyphal polarity of V. longisporum Vl43 during co-
cultivation with different wild type fluorescent pseudomonads as well as 
deletion strains. (a) V. longisporum Vl43 expressing the green fluorescent protein 
was co-cultivated with the Brassica rhizosphere isolate P_rhizo (P. fluorescens 
DSM8569); the phenazine-producing P_phen wild type (P. synxantha 2-79) and 
the phenazine deficient deletion strain (∆phz); the DAPG producing P_DAPG (WT: 
P. protegens CHA0) expressing the red fluorescent protein and deletion strains 
lacking one essential gene for DAPG synthesis phlA (∆phlA) or one of the two units 
for regulation of multiple toxin production gacA (∆gacA) or gacS (∆gacS; 
expressing the red fluorescent protein). Co-cultivation with E. coli served as a 
neutral control. (b) V. longisporum expressing the green fluorescent protein was 
co-cultivated with a DAPG producing P_DAPG (P. protegens CHA0) and 
compared to the following deletion strains: ∆phlF - lacking the inhibitor of DAPG-
production leading to increased DAPG secretion; ∆hcnABC - lacking the essential 
gene for HCN-production; ∆anr - lacking the HCN regulator anr with deficient HCN 
secretion; ∆plt - lacking essential gene for pyoluteorin synthesis. Furthermore, 
V. longisporum was treated with sterile supernatant of P_DAPG mono-culture (P), 
sterile supernatant of P_DAPG and V. longisporum co-culture (Vl+P) and 0.96 % 
NaCl. (scale bars = 10 µm; note: different magnification in picture Vl+P∆gacS) The 
relative amount of hyphal tips possessing a curled phenotype compared to the 
fungal control without bacteria is displayed in the diagram. The diagram shows the 
arithmetic average of all measured values derived from two biological replicates. 
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Confrontations of Verticillium with pseudomonads did not result in an observable 

formation of enriched bacterium associations in fungal proximity. Closer inspection 

of polar fungal growth of V. longisporum in confrontation with Pseudomonas spp. 

revealed a curly tip phenotype and changes in growth direction. The rapeseed 

rhizosphere P. fluorescens DSM8569 (P_rhizo) affected almost one third of hyphal 

tips. Phenazine-producing P. synxantha 2-79 (P_phen) led to about 50 % of tips 

being curled, whereas P. protegens CHA0 (P_DAPG) resulted in a mostly curly 

phenotype (83 %) (Figure 5.3a). 

 
Confrontation experiments with the mutant strains P_DAPG∆phlF, 

P_DAPG∆hcnABC, P_DAPG∆anr, P_DAPG∆plt impaired in either single 

metabolite synthesis of DAPG, HCN or pyoluteorin showed a comparable curled 

phenotype compared to bacterial wildtype. However, the curly phenotype was not 

observed in confrontation experiments involving the phenazine deficient strain 

P_phen∆phz. In addition, deletion of either of the translational control network 

genes, gacA and gacS of P. protegens P_DAPG, reduced the curly phenotype by 

more than 80 % to 13 % for P_DAPG∆gacA and more than 60 % to 37 % for 

P_DAPG∆gacS (Figure 5.3). 

 

These data indicate that the genetic information for phenazines and GacA/GacS-

dependent bacterial metabolites induce polar changes in fungal hyphae. Changes 

in growth direction, which are rather restricted within the channel of the microfluidic 

devices, might allow the hyphae in nature to avoid bacteria. 
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P. protegens alters transcriptional profiles of V. longisporum genes 
including up-regulation of detoxification related genes and decreased 
levels of transcripts for protein biosynthesis and plant polysaccharide 
degradation. 

P. protegens CHA0 (P_DAPG) had the greatest impact of 90 % polar growth 

inhibition in microfluidic device confrontation assays using liquid SXM pectin/amino 

acids medium. A snapshot of an initial transcriptional fungal response on the 

bacterium in a non-constrained liquid environment was analyzed after two hours of 

co-cultivation. Therefore, V. longisporum was precultured in liquid SXM for six days 

and then mixed with P_DAPG. Mycelia in the presence of bacteria were harvested 

after two hours of further cultivation and compared to corresponding fungal control 

samples in the absence of bacteria. Total bacterial and fungal RNAs were isolated 

and fungal RNAs were sequenced (NCBI-Accession-number SRP068348; 

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348). The reads were mapped to 

the genome of V. dahliae JR2 (de Jonge et al., 2012). 11,439 sequenced fungal 

transcripts were clustered using the MarVis-Cluster tool (Kaever et al., 2009) as a 

function of the MarVis-Suite software (Kaever et al., 2015; http://marvis.gobics.de). 

4,020 fungal genes representing 35 % of the total amount of fungal transcripts were 

down-regulated in the presence of P. protegens P_DAPG. The expression of an 

almost equal amount of 4,277 genes (37 %) was induced by co-cultivation with 

P. protegens. The remaining 2,895 transcripts representing one quarter of the total 

gene set, were not differentially expressed. 247 transcripts differed too much 

between the two replicates and remained as unclassified. The transcriptome 

dataset was statistically filtered using MarVis-Filter to identify and select robustly 

regulated gene candidates (Figure 5.4). 

  

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348
http://marvis.gobics.de/
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Figure 5.4: Transcriptome analysis of V. longisporum Vl43 after 
unconstrained co-cultivation with P. protegens CHA0 (P_DAPG). Different 
liquid cultures of V. longisporum in simulated xylem medium (SXM) were pooled 
after 5 days. The fungal cultures were further cultivated in the presence or absence 
of P. protegens for 120 min. Bacterial and fungal total RNA was extracted and 
fungal mRNA was sequenced. Two individual replicates were obtained. (a) The 
heat map shows a one-dimensional self-organizing map of all 11,439 sequenced 
fungal Verticillium transcripts classified in MarVis-Cluster. The lines underneath the 
heatmap mark the cluster borders that describe similar expression profiles, 
respectively. Transcripts that show an inconsistent expression profile have been 
regarded as unclassified. The colors code for transcript frequency as normalized 
quantities according to the color scale right to the heat map. Red indicates 
transcripts with high abundance; blue indicates transcripts with low abundance. (b) 
Most up-regulated candidates with Log2_Fold_Change > 4 and padj < 0,01 and 
most down-regulated candidates with Log2_Fold_Change < -3 and padj < 0,01 
were manually assigned to functional categories. The percentage of transcripts 
referring to the specific functional category (left: down-regulated, right: up-
regulated) is depicted. Bold figures mark the biggest differences between the 
down- and the up-regulated transcripts indicating the functional categories with the 
most impact on Verticillium expression due to the presence of Pseudomonas. The 
transcripts belonging to these categories are listed in Table 5.2, S5 and S6. 
 

After an automated annotation with the Ensembl- (Howe et al., 2019) and Gene 

Ontology (GO; Ashburner et al., 2000; Gene Ontology Consortium, 2019) database 

all transcripts with an adjusted p-value (padj) < 0,01 were chosen for further 

analysis. The automated annotation of all transcripts with Log2_Fold_Change > 4 

(most up-regulated genes) and transcripts with Log2_Fold_Change < -3 (most 

down-regulated genes) has been manually curated by additional amino-acid 

sequence BLAST for domain prediction in SMART (http://smart.embl-

heidelberg.de/; Letunic et al. 2015 and 2018) and sorted to functional categories 

(Figure 5.4b). The complete dataset is attached in Annex Tables S5, S6 and S7. 

 
Out of the complete dataset of 4020 differentially down-regulated Verticillium 

genes due to Pseudomonas co-cultivation 105 genes belong to the most down-

regulated genes with a Log2_Fold_Change < -3 and padj< 0,01 (Figure 5.4). 

Bacterial co-cultivation leads to an overall decrease of 14 out of 105 most down-

regulated transcripts for general fungal protein synthesis which is consistent to the 

observed lower fungal growth rate (Figure 5.4b). Many transcripts putatively 

involved in degradation of plant polysaccharides like fungal pectin lyases, 

methylesterases and cell wall glycosyl hydrolases are down-regulated. In total, 12 

http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
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out of 105 most down-regulated Verticillium genes belong to processes of plant 

degradation, which comprises a ratio of 11,4 %. In comparison, only 2 out of 79 

most up-regulated genes refer to plant degradation, which is a ratio of 2,5 %. This 

slows down plant material breakage for nutrition uptake, which could be correlated 

to the Pseudomonas induced decrease of Verticillium growth in a pectin medium 

mimicking plant environment. The transcription of genes for different putative 

endopeptidases (VDAG_JR2_Chr5g09370a: -4,8 Log2_Fold; 

VDAG_JR2_Chr2g04680a: -3,7 Log2_Fold; VDAG_JR2_Chr5g04770a: -3,3 

Log2_Fold; Table S6) has also been reduced, which suggests less proteolytic 

activity of Verticillium. 

 

79 out of 4277 genes belong to the most up-regulated differentially regulated genes 

with a Log2_Fold_Change > 4 and padj< 0,01. Inhibition of fungal growth during 

Pseudomonas co-cultivation might be reflected by six transcripts encoding proteins 

with potential functions in detoxification reactions out of the 79 most up-regulated 

Verticillium (Table 5.2). 

 

Table 5.2. Most up- regulated Verticillium related genes related to 
detoxification reactions after 120 min of Pseudomonas co-cultivation. The 
reads of V. longisporum Vl43 have been mapped to the V. dahliae genome of JR2. 
Most up-regulated genes related to detoxification of cyanide or reactive oxygen 
species with Log2_Fold Change >4 are shown. Genes were automatically 
annotated and manually curated and assigned to functional categories (entire list 
in Table S5 & S6). E-values describe similarities to the SMART database. The 
complete transcriptomic dataset is deposited at NCBI under the accession-number 
SRP068348; http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348. Gene-IDs refer 
to genome assembly of V. dahliae JR2 (VDAG_JR2v.4.0; de Jonge et al., 2012) 
deposited at www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index (Howe et 
al., 2019). Log2_FC = Log2_Fold_Change; *Possible predicted function according 
to domain description at www.smart.embl-heidelberg.de (Letunic et al. 2015 and 
2018) 
  

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348
http://www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index
http://www.smart.embl-heidelberg.de/
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Gene-ID padj Log2 
_FC 

Domain 
name Predicted domain function* e-

value 

VDAG_JR2_C
hr7g05440a 

1,4e-288 6,6 RPE65 Oxidoreductase activity, acting on 
single donors with incorporation of 
molecular oxygen; in plants 
scavengers of oxygen radicals (in 
vertebrates retinal pigment 
epithelium 65 kDa protein (RPE65)) 

3,2e-102 

VDAG_JR2_C
hr3g06110a 

2,2e-250 6,2 CN_hyd
rolase 

Cyanide hydratase of pathogenic 
fungi; putatively detoxifies HCN 

7,4e-42 

VDAG_JR2_C
hr1g24680a 

1,1e-171 5,8 GFA Glutathione-dependent 
formaldehyde-activating enzyme 
(GFA); carbon-sulfur lyase activity; 
catalyzes the first step in 
detoxification of formaldehyde 

1,1e-10 

VDAG_JR2_C
hr5g10540a 

4,4e-8 5,0 Pyr_red
ox_2 

Pyridine nucleotide-disulfide 
oxidoreductases; e.g. glutathione 
reductase (i.a. ROS-defense), 
thioredoxin reductase (i.a. cell wall 
integrity) 

7,4e-8 

VDAG_JR2_C
hr3g09580a 

2,6e-175 4,9 DSBA Key component (A) of the disulfide 
bond (DSB) family; thiol disulfide 
oxidoreductase; sub-family of 
thioredoxin family; catalyzes 
oxidation of cysteine residues of e.g. 
toxins, virulence factors, adhesion 
machinery, and motility structures 

4,6e-16 

VDAG_JR2_C
hr4g00930a 

1,1e-11 4,6 GST_N
_3 

Glutathione-S-transferase; catalyzes 
conjugation of glutathione to 
xenobiotic substrates for 
detoxification 

8,6e-11 

 

An elevated gene expression of transcripts for genes that putatively function as 

cyanide hydratase (VDAG_JR2_Chr3g06110a; 6,2 Log2_Fold), thioredoxin 

(VDAG_JR2_Chr3g09580a; 4,9 Log2_Fold) or Glutathione-S-transferase 

(VDAG_JR2_Chr4g00930a; 4,6 Log2_Fold) might represent a potential detoxifying 

response to a possible GacA/GacS-controlled HCN secretion or further toxins 

secreted by Pseudomonas. The toxin HCN is a respiratory inhibitor and inactivates 

the essential enzyme cytochrome C oxidase that is responsible for electron 

transport in the respiratory chain (Rich, 2017). Cyanide hydratases detoxify HCN 

and are probably exclusively produced by filamentous fungi (Martinkova et al., 

2015; Benedik and Sewell, 2017). VDAG_JR2_Chr3g06110a shows high 

sequence similarity to cyanide hydratases of other fungal genera like Fusarium, 

Colletotrichum, Pochonia, Neurospora, Metarhizium, Ophiocordyceps, 
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Stachybotrys, Aspergillus and Trichoderma (Protein BLAST; Fig. S2). The role of 

the cyanide hydratase enzyme (chy) for HCN detoxification in Fusarium solani 

(Genbank accession-number AJ310936.1) was investigated by Barclay et al. 

(2002) and it shows sequence homology to VDAG_JR2_Chr3g06110a with an 

identity of 84 % (Figure S2). The putative Pyridine nucleotide-disulfide 

oxidoreductases VDAG_JR2_Chr5g10540a refers to detoxification of reactive 

oxygen species (ROS) (Karplus and Schulz, 1987; Kuriyan et al., 1991; Schiering 

et al., 1991; Fernandez and Wilson, 2014) which can be produced by 

Pseudomonas spp. and are commonly released to the environment during 

interaction with other microbes (Jayamohan et al., 2018). 

Co-cultivation of Pseudomonas with Verticillium, which inhibits fungal growth, 

correlates to changes in the fungal transcriptome even after a bacterial exposure 

of only two hours resulting in increased transcription of various detoxification 

enzymes as e.g. for HCN. The bacterial co-cultivation also leads to a reduced 

transcription for protein synthesis by Verticillium correlating to a reduced growth 

rate and reduces transcription of genes required for plant material acquisition. 
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Discussion 

Two different co-cultivation set-ups in liquid pectin amino acid medium have been 

chosen for Pseudomonas species with Verticillium longisporum. Depending on the 

conditions of the environment in which the interaction takes places, the fungus 

behaves accordingly. (i) If Verticillium has the option to escape from bacterial 

impact, the fungus tries to evade into areas with less bacterial and toxic 

concentration. Under Pseudomonas influence, this fungal behavior could be 

observed in a microfluidic confrontation assay in which the hyphal tips begin to curl 

and change their linear polar growth pattern even under physically constrained 

circumstances. (ii) If evasion is no option for the fungus as it is the case in an 

agitated liquid flask co-cultivation where a constant mixing leads to recurring close 

contact between fungus and bacterium, V. longisporum tries to withstand the 

antifungal conditions by detoxification. In a differential expression analysis during 

flask co-cultivation it has been shown that the fungus increases the expression of 

detoxification related genes to cope with the bacterium. Additionally, the fungus 

down-regulates the expression of genes involved in protein biosynthesis and plant 

polysaccharide degradation. As under natural conditions there are zones with 

heterogeneous suppressive concentrations in the rhizosphere the evasion strategy 

is expected to be the more relevant one for Verticillium in nature. This hypothesis 

is supported by previous observations with Pseudomonas-Verticillium co-

cultivation on surfaces that show a pronounced fungal free zone around the 

bacterial colony giving the impression that Verticillium strictly follows a specific 

distance to the bacterium. The size of this inhibition zone depends on the nutritional 

conditions of the medium as well as the genetic abilities of the bacterium to produce 

antifungal secondary metabolites (Nesemann et al., 2018). 

The observed polarity alteration in Verticillium hyphal growth induced by the 

presence of the bacterium were possibly caused by phenazines or GacA/GacS 

induced bacterial compounds, but not by DAPG itself. DAPG-induced polarity 

effects have been described for the phytopathogenic fungus Aphanomyces 

cochlioides (Islam and Fukushi, 2003) or for Pythium ultimum (de Souza et al., 

2003), but were so far not observed for Verticillium. 
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The presence of a phenazine cluster in the bacterial genome resulted in different 

effects on fungal growth, depending on the growth conditions. In a previous study 

(Nesemann at el., 2018) we determined a nutrition dependent impact on the 

antagonistic relevance of bacterial phenazines. In a surface interaction study on 

solid agar under rich nutrition with high amounts of glucose, a phenazine gene 

cluster could be identified as one crucial factor for Verticillium growth inhibition, 

whereas in poor amino acids and pectin environment the fungal growth 

suppression was independent from phenazines. However, in confrontation assays 

in liquid pectin amino acid medium phenazines seem to be an alternative strategy 

to the two-component GacA/GacS system regulating multiple antifungal 

compounds for fungal control. The presence of the phenazine cluster caused 30 % 

inhibition of fungal growth, as well as a curly tip phenotype at the apex of the 

hyphae leading to polarity changes in the fungal growth direction. 

Verticillium hyphae show a similar curly phenotype as well as a growth suppression 

when co-cultivated with the natural isolate from oilseed rape rhizosphere (P_rhizo), 

although in reduced intensity. P_rhizo neither possesses the genetical ability to 

synthesize phenazines nor a genetically fully functional GacA/GacS system as it 

lacks the regulatory small RNAs rsmX and rsmZ (Nesemann et al., 2015a and 

2018). This leads to the hypothesis that P_rhizo produces other than the bioactive 

substances discussed above play a role to evoke the observed alteration in fungal 

polarity as well as inhibition in hyphal growth. Further investigation would be 

necessary to gain a better understanding what Pseudomonas molecules are 

responsible for this phenomenon. 

Besides the evasion strategy, Verticillium also follows a detoxification approach 

against Pseudomonas. The transcriptional response to the presence of the 

bacterium includes an increased expression of genes responsible for fungal 

detoxification suggesting that the fungus has developed protection mechanisms 

against secreted mycotoxins like DAPG or cyanide. Barclay et al. clarified the 

mechanism of cyanide hydratase enzyme (chy) in Fusarium solani to detoxify 

cyanide complexes in a substrate-regulated manner. Evolutionary conservation 

has been described and sequence homology could be shown to Gloeocerospora 

sorghi, Fusarium lateritium and Leptosphaeria maculans as it is shown in this study 

to the V. dahliae gene VDAG_JR2_Chr3g06110a. The up-regulated gene 
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VDAG_JR2_Chr5g10540a putatively belongs to the family of pyridine nucleotide-

disulfide oxidoreductases including enzymes that also might be involved in 

detoxification like glutathione reductase (Karplus and Schulz, 1987) or thioredoxin 

reductase (Kuriyan et al., 1991). Glutathione reductase catalyzes the reduction of 

glutathione-disulfide to glutathione and this way recycling its capacity of 

neutralizing reactive oxygen species (ROS) as an antioxidant. In 2014, Fernandez 

and Wilson investigated the role of glutathione reductase as well as thioredoxin 

reductase of Magnaporthe oryzae during rice blast disease. Glutathione reductase 

but not thioredoxin was essential for the detoxification of ROS produced by the 

plant. Thioredoxin but not glutathione reductase was shown to be important for cell 

wall integrity in Magnaporthe oryzae. 

A direct and distinct response for all Verticillium gene candidates that seem to be 

differentially expressed in Pseudomonas presence cannot be postulated and might 

also belong to a general or indirect reaction due to changing cultivation conditions 

such as competition for nutrients. The expression increase of 

VDAG_JR2_Chr1g24680a showing sequence similarity to the formaldehyde 

detoxifying domain GFA (Lupas et al., 2015; Chen et al., 2016) or of 

VDAG_JR2_Chr7g05440a carrying a domain involved in photo protection are not 

necessarily a close answer to Pseudomonas co-cultivation as it is not assumed 

that Pseudomonas releases formaldehyde in its surrounding or causes photo 

inhibition. 

The slow-down in fungal growth was accompanied by a reduction in transcription 

levels of genes coding for plant polysaccharide breakdown putatively used for 

fungal nutrition. This finding coincides with results of a transcriptomic profiling of 

the fungal plant pathogen Rhizoctonia solani challenged by the antagonistic 

bacteria Serratia proteamaculans and S. plymuthica (Gkarmiri et al., 2015). A 

significant down-regulation of genes coding for plant degrading enzymes like 

pectin lyases or glycoside hydrolases has been observed in Rhizoctonia during 

bacterial co-cultivation. 

Taken together, the results of this Verticillium-Pseudomonas interaction study 

suggest a detoxification and evasion strategy of the fungus. In a suppressive 

environment induced by different antifungal bioactive compounds such as DAPG, 

HCN or phenazines that have been expressed by antagonistic rhizobacteria, 
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Verticillium tries to grow towards less suppressive areas in order to avoid close 

contact to the bacterium. If the fungus has no option to escape from bacterial 

impact, he increases the expression of genes related to detoxification while 

decreasing processes involved in protein biosynthesis and plant polysaccharide 

degradation.  
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Chapter 6: Discussion 

Growth control of Verticillium by fluorescent 
pseudomonads 

This study investigated physical and molecular interaction between virulent 

Verticillium strains and different rhizobacteria in situ. All used bacterial strains 

belong to fluorescent pseudomonads. A visual growth suppression of the 

bacterium due to fungal impact has never been observed in this study. This 

includes co-cultivations in different media on solid surfaces or in liquids and 

confrontations in channels filled with liquid media. The bacterium could inhibit 

fungal growth. This bacterial antagonism against hyphal growth was expressed 

towards fungi that have been isolated out of the identical rhizosphere as well as 

out of others. The findings lead to the hypothesis that the fungus itself ultimately 

possesses rather little chances to actively keep the bacterium under control. 

Instead, a withdrawal strategy is followed by the fungus physically evading the 

bacterial influence when possible. Pathways that correspond to detoxification of 

external bioactive compounds are induced. The expression of genes involved in 

cellular processes that can be reduced under suppressed growth activity like 

protein synthesis and plant polysaccharide degradation is down-regulated. 

Relevance of fungal secondary metabolism during 
interaction with fluorescent pseudomonads 

In microbial interactions, secondary metabolism can play a crucial role (Koehl et 

al., 2019; Korenblum and Aharoni, 2019) and filamentous fungi cover a wide range 

of bioactive secondary metabolites to be secreted into their surrounding (Bayram 

and Braus, 2012; Keller, 2019). The regulatory genes for epigenetic Lae1 

methyltransferase (Sarikaya-Bayram et al., 2015) and Csn5 deneddylase (Braus 

et al., 2010), which both contribute to the control of the expression of secondary 

metabolism genes in fungi have been investigated. The putative methyltransferase 

was originally found in Aspergillus nidulans, called LaeA, and is described as a 

global regulator of secondary metabolism crucial of biosynthesis of e.g. aflatoxin, 
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penicillin and sterigmatocystin. Additionally, an important morphological role of 

LaeA could be found in A. nidulans to be involved in asexual development in a 

light-dependent manner (Bayram and Braus, 2012; Lan et al., 2020). Csn5 is the 

fifth subunit of the COP9-signalosome, a multiprotein complex consisting out of in 

total eight subunits and activating the cullin-RING E3 ubiquitin ligases responsible 

for protein degradation by the proteasome (Gerke and Braus, 2014; Meister et al., 

2019). However, for both, Lae1 as well as Csn5, no impact on bacterial-fungal 

interaction could be determined (Nesemann et al., 2018). To investigate fungal 

genetic adaption during bacterial co-cultivation the Verticillium transcriptomic 

profile has been sequenced under the influence of P. protegens CHA0 (P_DAPG). 

P. protegens CHA0 contains a GacA/GacS two-component system and is 

genetically equipped with the ability to release a cocktail of different bioactive 

compounds including DAPG (Haas and Défago, 2005). A significant involvement 

of fungal secondary metabolism could also not be identified in the transcriptome 

dataset. For other pathogenic fungi co-cultivated with bacteria, a specific 

transcriptional activation of secondary metabolite clusters has been described 

previously. In bacteria-induced Aspergillus nidulans the synthesis of different 

natural products including polyketides is enhanced and requires a Saga/Ada-

mediated histone acetylation (Schroeckh et al., 2009; Nützmann et al., 2011). 

The impact of phenazines and the GacA/GacS regulation 
system on fungal growth highly depends on nutrition. 

In contrast to fungal regulatory genes in secondary metabolism, the ability of 

fluorescent pseudomonads to secrete a heterogeneous panel of secondary 

metabolites with bioactive antibiotic properties has been well-explored (Sahu et al., 

2018; Shah et al., 2020).  The bacterial regulatory genes for the GacA/GacS 

translational control for the production of different bioactive metabolites and 

exoenzymes plays an important role for the different facets of the bacterial-fungal 

interaction (Yan et al., 2018; Mishra and Arora, 2018; Zhang et al., 2020). This 

study revealed that in most situations a complex combination of genes for several 

bacterial metabolites or mycotoxins rather than a gene for a single toxin provides 

Pseudomonas-mediated effects on vegetative Verticillium growth. In addition, 
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genes involved in the production of bacterial phenazines had a major impact on 

fungal growth in optimal growth conditions with fast turnover glucose available. The 

bacterial genetic potential to synthesize phenazines was not required for fungal 

growth suppression when the co-cultivation took place in an environment 

containing high amounts of amino acids and complex pectins that are rather 

intricate to digest. The deleted phenazine gene cluster resulting in a deficient 

phenazines biosynthesis pathway could be compensated under the appropriate 

nutritional conditions. 

For the two-component system GacA/GacS that regulates a variety of genes 

encoding for a cocktail of antifungal metabolites (Haas and Défago, 2005; Yan et 

al., 2018; Zhang et al., 2020), the nutritional impact appears in an opposite way 

compared to phenazines. The genes for the bacterial GacA translational regulator 

as well as for the sensor protein GacS were essential to suppress fungal growth 

on high amino acids and pectins. Only a poor inhibition potential could be shown 

for GacA and GacS on optimal growth surfaces with high amounts of glucose. The 

GacA/GacS genetic network regulates the formation of mycotoxins, such as 2,4-

diacetylphloroglucinol, pyoluteorin and hydrogen cyanide, which on their own were 

unable to control fungal vegetative growth. Due to the shown relevance of the 

GacA/GacS system for fungal growth suppression, it can be assumed that also 

under natural conditions in the rhizosphere a cocktail of several Pseudomonas 

mycotoxins rather than a specific single one is relevant for the suppression of 

Verticillium. The strong nutrition impact of the surrounding for the respective 

chosen antagonistic pathway might also be reflected by the heterogeneous natural 

conditions and potentially supports the hypothesis of a diverse interplay of several 

antifungal compounds. 

During this study, different Pseudomonas strains with individual genetic properties 

to synthesize antifungal compounds have been chosen for Verticillium co-

cultivation. A specific measurement of the actually secreted molecules as well as 

a general omics approach has not been performed yet. This is why, it has to be 

taken into account that the results that are presented here can be considered as 

an indication of which antifungal metabolites are key to explain the observations 

but not as a strong evidence so far. A subsequent metabolomic investigation during 

the Verticillium-Pseudomonas interaction would give further important insights into 
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the fungal and bacterial metabolites that play a crucial role in this interaction. This 

metabolomic dataset might also include fungal candidates that potentially trigger 

the membrane associated sensor kinase GacS as a first step to activate GacA and 

start the whole two-component regulation system for release of toxic substances. 

For the GacA/GacS system of P. aeruginosa, a multikinase network it has been 

described that at least consists out of the two sensor kinases GacS and RetS that 

are able to detect and integrate external signals (Francis et al., 2018; Francis and 

Porter, 2019; Mancl et al., 2019). RetS possesses different mechanisms to inhibit 

the autophosphorilation of GacS and this way to block the activation of the 

subsequent signal transduction. For P. aeruginosa, this regulation is crucial for the 

expressing virulence factors. This level of understanding is so far lacking for 

P. protegens or P. synxantha in general but also in interaction with Verticillium. 

The fungal detoxification and evasion strategy 

The bacterial repertoire of multiple bioactive compounds activated in the described 

nutritional manner and secreted into its environment leads to heavy 

rearrangements and reactions by the fungus. In microfluidic channels, the 

interaction of the oilseed rape pathogen V. longisporum Vl43 with different 

fluorescent pseudomonads was visualized in vivo. In 7 mm long and only 100 µm 

wide micro racing channels, the hyphal growth direction was predefined in one 

direction. This way, the inhibition potential of different treatments could be 

quantified and compared. A Verticillium growth suppression of up to 90 % was 

induced by P. protegens CHA0 due to an additional DAPG gene cluster. Besides 

a pure growth inhibition, also a morphological alteration was observed. In an 

unstressed situation without the co-cultivation of bacteria, the hyphae showed a 

highly straight and parallel polar growth manner. Under stressed conditions, 

different Pseudomonas strains were able to influence this Verticillium growth 

pattern to a meanwhile highly curled hyphal tip. This can be interpreted as a fungal 

strategy to evade the bacterial influence and escape to an area with less 

suppressive potential. Under these artificial laboratory conditions, the 

concentration of bacterial organisms and this way also the concentration of 

antifungal metabolites in the interaction medium was highly enlarged and the 
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microchannels were completely filled with bacterial cells. Under natural conditions, 

where many other biotic factors also influence the distribution and abundance of 

the bacterial antagonist, this evading strategy might be a successful strategy giving 

the fungus the chance to infect another root in a region of the rhizosphere with less 

antifungal impact. 

Fungal evasion strategies to cope with host recognition is not only discussed as 

physical avoidance by translocation like we observed it for Verticillium but also by 

further morphological adaptations to withstand the host antagonism at the same 

place (Hernández-Chávez et al., 2017). Compared to plant pathogens like 

Verticillium, the knowledge for human pathogens is a lot wider. Main focus of 

human pathogens is to evade active surveillance mechanisms of mammalian hosts 

by phagocytosis that might be partially transferable to plant pathogens. Different 

strategies have been described, e.g.: (i) Compositional changes in the cell wall by 

increasing the amount of polysaccharide structures like chitin or melanin. Melanin 

storage to mechanically strengthen the cell wall has been described for 

Paracoccidioides brasiliensis and Sporothrix schenckii (Nosanchuk and 

Casadevall, 2006). Since it is known that Verticillium also embeds melanin in the 

microsclerotia (Tran et al., 2014), this might be a possible reaction in the 

Pseudomonas-Verticillium interaction as well. (ii) Formation of capsules as 

physical barrier to protect the cell from its environment. Cryptococcus neoformans 

possesses a large capsule, which is considered to be its main virulence factor to 

cause meningitis disease (Doering, 2009). (iii) So-called titan cells show a blown 

up cell size of 14 to 20-fold (Okagaki et al., 2010) some even up to 300-fold 

(Crabtree et al., 2012) compared to their normal size. Titan cells of C. neoformans 

are significantly more resistant against oxidative stress (Zaragoza et al., 2013; 

Okagaki et al., 2012). (iv) Asteroid bodies are concentric and spiked formations of 

extracellular components surrounding a central fungal cell giving the enlarged 

complex a crown-like structure. Asteroid bodies protect the central cell against its 

suppressive environment and have been found in different fungal genera including 

Aspergillus, Candida, Sporothrix, Histoplasma (Daniel Da Rosa et al., 2008). The 

given examples represent physical barrier systems of fungal cells to make them 

more resistant to harsh chemical conditions induced by their host. The listed 

techniques give the fungi to ability to physically stay within and withstand the 
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suppressive environment. The need to escape to other regions of less 

suppressivness is not necessary in this case. Compared to our observations in the 

microfluidic confrontation devices, at the first glace none of the mentioned 

structures could be recognized for Verticillium. Following the hypothesis, that 

Verticillium is potentially not capable to build comparable morphological structures 

to increase its resistance against Pseudomonas, Verticillium chose an alternative 

escape strategy. 

In an agitated interaction environment, this evasion/escape strategy cannot be 

applied by the fungus as the mixing motion leads to constantly recurring close 

contact between the fungus and the bacterium. A differential expression analysis 

of the fungal transcriptome has been performed under stressed and unstressed 

conditions triggered by co-cultivation with P. protegens CHA0 (P_DAPG). Cellular 

processes that can be renounced due to hyphal growth reduction are down-

regulated. This refers to genes that are involved in general protein biosynthesis but 

also to genes specifically coding for degradation of complex plant materials like 

pectins. On the one hand, this can be interpreted as a provision to not invest 

cellular energy in further growth. On the other hand, less activity in plant cell wall 

lyses can also resemble a slowdown in food breakdown. Since Verticillium 

dramatically reduces growth, the need of energy supply is also decreased. 

Besides down-regulating pathways that can be saved under less growth behavior, 

Verticillium induces the transcription of genes associated with detoxification. It can 

be assumed that the fungus is able to specifically focus and prioritize only the 

required pathways to cope with the bacterial toxicity. 

Compared to the detoxification and evasion strategy followed by Verticillium to 

handle Pseudomonas’ antagonism, for Aspergillus fumigatus a wait-and-see 

strategy has been described when living in human blood (Irmer et al., 2015). Both, 

the conditions for A. fumigatus to survive in blood as well as the situation for 

Verticillium surrounded by a high cell density culture of fluorescent pseudomonads 

are suppressive but the fungal reactions are different. Irmer et al. found a down-

regulated pattern of genes involved in up-take mechanisms as well as in energy-

consuming metabolic processes. The hyphal behavior was interpreted as a resting 

mycelium stage lacking hardly any growth. The capabilities of A. fumigatus to take 

up sufficient nutrients are highly restricted leading to limited energy resources in 
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the cell. Compared to the observations for Verticillium, Aspergillus fails in 

establishing sufficient self-defense mechanisms combined with growth activity. An 

active withdrawal like it has been investigated for Verticillium as a reaction on the 

vicinity of Pseudomonas was not described for Aspergillus in a blood cultivation. 

 

Taken together, the results can be interpreted as a detoxification and evasion 

strategy followed by Verticillium to withstand the suppression caused by 

Pseudomonas. The fungus tries to evade the bacterial impact aiming to reach 

areas with less suppressive potential to infect its host plant. Transferring this 

Verticillium strategy to the natural conditions in the highly heterogeneous 

environment of the rhizosphere including plenty of influencing factors it will most 

likely not always be successful in terms of survival. In large areas with concentrated 

antagonistic species, the fungus might not be able to evade this suppressive zone. 

In this situation, Verticillium possibly activates detoxifying reactions but only up to 

a certain extent. Under an ecological perspective, it can be assumed that in large-

scale suppressive areas, the Verticillium evasion and detoxification strategy will be 

limited. 

The positive and negative connotation of beneficials and 
pathogens as an anthropocentric view 

The described relationship between the mutualistic bacterium, possessing a 

positive connotation, and the opportunistic fungus with a negative attribute, is a 

rather anthropocentric interpretation of their antagonism going on in the 

rhizosphere. On the one hand, this judgment is driven by the target of minimizing 

pathogenic damage of crops gaining maximal yield for the farmer. On the other 

hand, the beneficial and opportunistic roles of the two players are not constantly 

fixed and defined. Closely related species using very similar defense and 

pathogenicity techniques are considered as either pathogens or beneficial growth 

promoting and biocontrol agents depending on the respective view. Rodriguez et 

al. (2019) described this phenomenon as “Friends and Foes: Closely related 

beneficial and pathogens”. In a phylogenetic dendrogramm (Figure 6.1), they 
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compared the evolutionary relationship of mutualistic bacteria in black and 

pathogenic bacteria in red. 

 
 

 
Figure 6.1: Phylogenetic dendrogramm to compare mutualistic and 
opportunistic bacterial species. The degrees of evolutionary relationship based 
on genomic differences are presented for different bacterial species. Taxonomic 
classification has been performed for the phyla Firmicutes, Actinobacteria and 
Proteobacteria. The Proteobacteria are further differentiated into the classes 
Alpha-, Beta- and Gamma-Proteobacteria. Species regarded as mutualistic are 
shown in black. Species regarded as opportunistic are shown in red. The yellow 
mark highlights the close relationship between the plant pathogen Pseudomonas 
syringae pv. tomato DC3000 and the beneficial biocontrol agent P. protegens 
CHA0 (modified; from Rodriguez et al., 2019). 
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Rodriguez et al. (2019) also presented different pseudomonads including the 

human pathogenic P. aeruginosa, the phytopathogenic P. syringae and beneficial 

fluorescent pseudomonads, like the DAPG producing strain P. protegens CHA0 

that was also investigated in this study. In the diagram it is indicated that the 

phytopathogenic strain Pseudomonas syringae pv. tomato DC3000 in red (Xin and 

He, 2013) is closely related to the beneficial strain P. protegens CHA0 in black. 

Within the Verticillium genus, a quite similar phenomenon is described. Verticillia 

can be regarded as a rather heterogeneous genus including species that are plant 

pathogens like V. longisporum or V. dahliae as well as species that are virulent 

against insects, fungi or nematodes (Fahleson et al., 2004). Verticillia that infect 

nematode cysts are grouped to Pochonia (Sung et al., 2001). The mutualistic 

nematophage Pochonia chlamydosporia (formerly named Verticillium 

chlamydosporia) is closely related to the opportunistic V. longisporum or V. dahliae 

and has been widely characterized as a nematode antagonist utilized as a 

biocontrol agent in agriculture (Lin et al., 2018; Uddin et al., 2019). Particularly 

interesting in this regard is the described biocontrol effect even within the 

Verticillium genus. The endophytic biocontrol agent Verticillium Vt305 has been 

identified as V. isaacii (Franca et al., 2013) and protects cauliflower against 

Verticillium wilt (Tyvaert et al., 2014). 

Not only within the Verticillium genus we find closely related species with rather 

opposite characteristics, but even different lineages within the V. longisporum 

species. In this study, the experiments have been performed with the isolate Vl43 

from oilseed rape, which is a plant pathogenic lineage in Brassicaceae (Timpner 

et al., 2013). The closely related strain Vl32 has been isolated from the same host 

in the same region, but it does not show any virulence in B. napus (Tran et al., 

2013).  

These examples underline the statement that antagonistic properties of microbes 

are used to strengthen their own position compared to the competitors. Their 

defense and pathogenic mechanisms can be very similar or even identical used by 

sometimes closely related species. Whether this antagonism is judged as positive 

or negative is in close proximity to each other and goes back to the 

anthropomorphic behalf. 
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Main findings of Verticillium´s interaction to cope with the 
impact of Pseudomonas 

The general investigations of this study are summarized in the model of Figure 6.2. 

 
Figure 6.2: Model simplifying the three-dimensional interaction of a host plant, 
an antagonistic rhizobacterium (Pseudomonas) and a plant pathogen 
(Verticillium). Different fluorescent pseudomonads like P. fluorescens DSM8569 
(P_rhizo) have been isolated out of the rhizosphere of Brassicaceae. In literature, a 
direct plant growth promoting effect due to root colonization by Pseudomonas has 
been described. Soil borne plant pathogens also interact directly with its host plant 
infecting the roots and colonizing the whole plant. As response, the plant can activate 
an inducible systemic resistance (ISR) to cope with fungal pathogenicity. The bacterial-
fungal interaction is rather antagonistic. Depending on the nutritional environment, 
different suppressive bioactive compounds are relevant. In high glucose conditions, 
phenazines play a crucial role for P. synxantha 2-79 (P_phen) to dominate fungal 
growth parameters. Under plant mimicking circumstances with high content of amino 
acids and pectin, P. protegens CHA0 (P_DAPG) secrets antifungal metabolites like 
DAPG, HCN and pyoluteorin regulated by the two-component system GacA/GacS. 
Verticillium is highly suppressed in growth as well as it is interfered in its cellular 
polarity. Detoxification related genes like putative cyanide hydratase are up-regulated 
to possibly detoxify HCN secreted by Pseudomonas. Processes for further plant 
infection and fungal nutrition down-regulated explained by the decreased expression 
of pectate lyases coding genes. The observed fungal reactions can rather be 
interpreted as a detoxification and evasion strategy to escape from the bacterial 
antagonism. At the end, multiple suppressive effects on Verticillium by the presence 
of Pseudomonas indirectly lead to plant protection and constitute the biocontrol 
potential of the soil. 
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By stockpiling melanin, Verticillium reaches distinct robustness in a dormant stage, 

so-called microsclerotia, to survive up to 15 years in the soil during harsh 

temperature conditions without infecting a host plant in between (Pegg, 1989; Pegg 

and Brady 2002; Tran et al., 2014). Specific plant molecules secreted by the roots 

of a host plant awake the fungal resting structure and start the Verticillium life cycle 

(Zhou et al., 2006; Eynck et al., 2007). Verticillium hyphae grow towards the host 

root passing the rhizosphere, which is a multifactorial conglomerate consisting of 

a diverse microbiome as well as varying abiotic factors (Mohanram and Kumar, 

2019). Fluorescent pseudomonads are typically part of the rhizosphere 

biocoenosis of B. napus, one host plant of V. longisporum (Berg and Ballin, 1994). 

They possess different antagonistic strategies to suppress Verticillium growth on 

its way to their host root. Curled hyphal tip extension might reflect an appropriate 

fungal strategy under the physiological conditions of the rhizosphere to avoid 

antagonistic bacterial crowds and to reach less competitive environments targeting 

another root that might be more appropriate to be infected. This observation might 

be interpreted as an evading strategy by the fungus. Co-cultivation of the fungus 

with the bacterium results in a down-regulation of genes for plant cell wall 

degrading enzymes such as pectin lyase. This could be a specific reaction of the 

fungus to change its strategy from nutrition in conditions without bacterial stress in 

a plant simulating environment, to a withdrawal strategy to reach less suppressive 

conditions. 

The transcriptional response of Verticillium in the presence of the bacterium 

indicates that the fungus also prepares itself for detoxification against 

Pseudomonas’ mycotoxins. GacA/GacS-controlled bacterial hydrogen cyanide 

can occupy the oxygen binding-site of the respiratory chain in mitochondria and 

inactivates cytochromes, resulting in impaired respiration (Cooper and Brown, 

2008). The fungus increases the transcription of the putative fungal cyanate lyase 

transcripts in the presence of the bacteria, presumably as a response that leads to 

the detoxification of the bacterial metabolite HCN. The induction of Verticillium 

transcripts for predicted thioredoxin can also be interpreted as a protective 

approach, because the protein is capable to detoxify reactive oxygen species. 
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During this study, neither morphologically nor genetically strong indications were 

observed that would support the theory of an active fungal counterstrike to 

suppress the vitality of the bacterium. All findings rather draw a picture of an 

avoiding fungus that tries to defend itself and evades the bacterium. Cellular 

pathways that are crucial for detoxification and protection are elevated whereas 

hyphal growth as well as corresponding processes related to further nutrient up-

take or general protein biosynthesis are driven back. In a potential biocontrol 

setting, the fungal growth suppression due to the presence of the bacterium could 

result in a biocontrol effect indirectly protecting the crop plant against fungal 

pathogenicity.  

 

It should be noted that the view on the described bacterial-fungal interaction in this 

study has a highly artificial and abstract angle. It has to be considered that the 

interaction investigated separately in this study naturally takes place in the plant 

rhizosphere, a highly dynamic and multifactorial location, where countless abiotic 

and biotic factors install an individual environment for all organisms to interact with 

each other (Dash et al., 2019; Mohanram and Kumar, 2019; Rodriguez et al., 2019; 

Pathan et al., 2020). 

For the investigation of single influencing factors, it was necessary in this study to 

reduce the complexity as much as possible. This goes along with a reduction of 

the experimental set up to only two players, one fungus and one bacterium, as well 

as controlling the nutritional environment in specific growth media. The setting of 

the interaction was predefined and simplified compared to natural conditions as 

well, either in surface co-cultivation experiments on agar surfaces or in liquid 

medium with and without physical restriction. Especially the interaction studies in 

the microfluidic devices were necessary to investigate fungal morphological 

behavior under Pseudomonas co-cultivation in detail. However, at the same time 

this set-up dramatically changes the natural situation in the rhizosphere, where 

normally less physical growth limitation occurs. 

It also has to be considered that the simplification process that is necessary for 

scientific purposes can also be accompanied by mistakes. In this 

Verticillium/Pseudomonas co-cultivation study, the fungus was inoculated by 

spores and the interaction predominantly took place in the developmental stages 
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of spores and hyphae but only less microsclerotia. Contrary, in the soil, where the 

interaction with Pseudomonas naturally takes place, Verticillium mostly starts 

germinating out of the stage of microsclerotia before it develops hyphae to 

approach the roots, which was not addressed during this experimental setup. 

Due to high experimental costs or laborious individual work, the number of 

biological replicates for the transcriptomic approach as well as for the microfluidic 

interaction studies was rather limited. Consequentely, the data interpretation has 

to be made carefully. 

In this regard, all findings of this study have to be interpreted tentatively with 

respect to the fact that the highly complex and multifactorial natural network in the 

soil has been simplified dramatically. Therefore, the results have to be embedded 

and transferred to a broader ecological scope. 

Outlook 

In the present work, the potential of fluorescent pseudomonads isolated from the 

rhizosphere has been examined to suppress the growth of soil borne 

phytopathogenic Verticillia in situ. In a next step, it would be interesting to know if 

these findings can be transferred to an in planta set up as a biocontrol agent. A big 

selection of putatively active biocontrol agents with promising inhibition potential 

against Verticillium in vitro has been collected in literature already. However, many 

of these candidates lack the evidence for their antagonism in planta to increase 

the vitality of infected plants or avoid plant infection (Deketelaere et al., 2017). 

Further research is needed to evaluate the biocontrol potential of the three 

Pseudomonas isolates selected for this study towards Verticillium in planta. Initial 

approaches in planta to model the interaction of all three players – plant, bacterium 

and fungus – have been performed already but results are not shown due to a lack 

of consistency. Biocontrol experiments have been done in a greenhouse with little 

possibilities to adjust abiotic factors like light, temperature and humidity, but even 

biotic factors like vine louse infestation. These results could not be confirmed in 

growth chambers under more controlled circumstances. To create solid data, a 

robust experimental design has to be composed. In planta knowledge would 
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narrow down the gap transferring the described findings of this study into practical 

usage in agriculture. 

In further plant experiments, a preinoculation realized as a coating seeds of oilseed 

rape with lyophilized antagonistic bacteria adhering to the seed surface should also 

be investigated. This way, a suppressive potential of the rhizosphere, as described 

by Sikora et al. (1992) and Steinberg et al. (2019) can initially be installed limiting 

the pathogenic intensity of virulent fungi already at the beginning of a cultivation 

period. Particularly, different biocontrol agents could be preinoculated at the same 

time covering a broader spectrum of relevant growth conditions. By combining 

P. fluorescens DSM8569 (P_rhizo), expressing still unknown antifungal 

metabolites, P. synxantha 2-79 (P_phen), producing phenazines and P. protegens 

(CHA0), secreting DAPG, pyoluteorin and HCN, the chances of biocontrol success 

would be increased. 

Another topic that remains unaddressed in the Verticillium-Pseudomonas 

interaction so far, are the trigger factors to activate the Pseudomonas sensor 

kinase GacS that is integrated in the cell membrane and responsible to detect 

specific external activation signals to start the signal transduction in the two-

component system. It is still unclear whether the activation of GacS goes back to 

a general induction based on an unspecific reaction like reduced nutrition or due 

to rather specific recognition motifs of Verticillium structures, enzymes or 

metabolites. A metabolomics analysis of the Verticillium-Pseudomonas co-

cultivation could be a valuable addition to gain further insights to relevant trigger 

signals of GacS. 

Closing remark 

This study shows that fluorescent pseudomonads possess many different 

strategies that are effective to oppose against phytopathogenic antagonists under 

various interaction conditions. This antagonistic potential should be used more 

regularly in agriculture with respect to ecologically responsible and sustainable 

management particularly of the soil ecosystems but also of contiguous aquatic 

ecosystems and grasslands. The current industrialized agriculture, that is highly 

price-driven by the consuming market, is considered to be one of the most crucial 
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factors for ecological depreciation and species extinction on a global scale (Golson 

et al., 2015; Sanchez-Bayou and Wyckhuys, 2019). This includes homogenized 

field structures of huge size lacking substructures like hedges, woodland and areas 

of dense undergrowth, as well as intensified application of pesticides. Further 

evaluation of the ecological potential using antagonistic rhizobacteria for effective 

biocontrol of phytopathogens should be realized. This might contribute to a 

reduced usage of pesticides. The practical usage of applying bacteria to the 

ecosystem especially the final concentration of the biocontrol agents in the 

rhizosphere still has to be carefully balanced to avoid unintentional negative side 

effects due to the artificial influence. 
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Supplementary material for Chapter 5 

 

 
Figure S2: Multiple sequence alignment of cyanide hydratase enzymes in 
V. dahliae compared to Fusarium solani. The amino acid sequence of the 
putative cyanide hydratase in V. dahliae JR2 (VDAG_JR2_Chr3g06110a; subject) 
was aligned with the sequence of cyanide hydratase in F. solani (Genbank 
accession-number AJ310936.1; query). Sequence alignment was performed at 
NCBI Genbank (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table S5 List of up-regulated Verticillium genes after 120 min of 
Pseudomonas co-cultivation. The reads of V. longisporum Vl43 have been 
mapped to the V. dahliae genome of JR2. Most up-regulated Verticillium genes 
with Log2_Fold_Change > 4 and padj < 0,01 have been chosen for further 
analysis. Genes were automatically annotated and manually curated regarding 
conserved domains. Predicted gene functionality was assigned to functional 
categories manually. The e-value describes the similarity of the respective 
V. dahliae amino acid sequence to the domain sequence in the SMART database. 
The complete transcriptomic dataset is deposited at NCBI under the accession-
number SRP068348; http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348. Gene-
IDs refer to genome assembly of V. dahliae JR2 (VDAG_JR2v.4.0; de Jonge et al., 
2012) deposited at www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index 
(Howe et al., 2019). 
*Possible predicted function according to domain description at www.smart.embl-
heidelberg.de (Letunic et al. 2015 and 2018) 
 

ID padj Log
2FC 

Dom
ain 

name 
Putative function / description* E-

value 

Sourc
e 

datab
ase   

  
    

Amino acid metabolism 
  
VDAG_JR2_
Chr4g10630a
-00001 

2,56E-
011 

5,56 Cycla
se 

Kynurenine formamidase; 
arylformamidase activity; catalyzes 
hydrolysis of N-formyl-L-kynurenine to 
L-kynurenine, second step in 
kynurenine pathway of tryptophan 
degradation 

3,10E
-011 

Pfam 

VDAG_JR2_
Chr4g00950a
-00001 

1,24E-
006 

4,94 TauD TauD/TfdA taurine catabolism 
dioxygenases; in Escherichia coli 
required for utilization of taurine (2-
aminoethanesulphonic acid) as sulphur 
source and expressed only under 
conditions of sulphate starvation 

3,70E
-036 

Pfam 

VDAG_JR2_
Chr1g23480a
-00001 

1,79E-
115 

4,25 GATa
se 

Glutamine amidotransferase; catalyses 
removal of ammonia group from 
glutamine and transfers it to a substrate 
to form new carbon-nitrogen group 

2,90E
-015 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr3g00260a
-00001 

1,99E-
108 

4,13 YbjQ
_1 

Putative heavy-metal-binding; similarity 
to Selenium binding 

7,20E
-032 

Pfam/
UniPr
ot/Inte
rpro   

  
    

Carbon metabolism 
  
VDAG_JR2_
Chr5g04460a
-00001 

0,00E
+000 

6,23 Cupin
_1 

Oxalate decarboxylase; involved in 
glyoxylate and dicarboxylate 
metabolism 

2,80E
-028 

Pfam 

VDAG_JR2_
Chr7g02830a
-00001 

1,40E-
030 

5,50 Epim
erase 

Utilizes NAD as a cofactor and uses 
nucleotide-sugar substrates for a variety 
of chemical reactions; coenzyme 
binding; catalytic activity; e.g. 

4,00E
-007 

Pfam/
UniPr
ot 

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348
http://www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index
http://www.smart.embl-heidelberg.de/
http://www.smart.embl-heidelberg.de/
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conversion of UDP-galactose to UDP-
glucose during galactose metabolism 

VDAG_JR2_
Chr2g00240a
-00001 

1,70E-
115 

5,28 Glyco
_hydr
o_24 

Glycoside hydrolase of family 24: 
hydrolyzes glycosidic bonds 

1,10E
-016 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr3g12620a
-00001 

1,44E-
005 

4,92 ADH_
zinc_
N 

Zinc-containing alcohol dehydrogenase 2,80E
-010 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr2g07170a
-00001 

4,85E-
156 

4,41 Lacta
mase
_B 

Beta-lactamase; catalyzes S-D-lactoyl-
glutathione to glutathione and D-lactic 
acid; Pyruvate metabolism; possibly 
also transporter for DNA-uptake 

2,87E
-020 

Pfam/
Interp
ro 

VDAG_JR2_
Chr2g01440a
-00001 

4,78E-
251 

4,37 TPP-
enzy
me 

Thiamine pyrophosphate (vitamin B1); 
cofactor; involved in many aldehyd-
transfer reactions; prosthetic group of 
e.g. transketolase in pentosephosphat 
pathway, pyruvate dehydrogenase, - 
oxidase, - decarboxylase 

7,30E
-036 

Pfam/
Interp
ro 

VDAG_JR2_
Chr4g10640a
-00001 

1,58E-
229 

4,31 Alded
h 

Aldehyde dehydrogenase; catalyzes 
reaction of aldehydes to carboxylic 
acids and reverse (redox) 

2,20E
-078 

Pfam/
Interp
ro 

VDAG_JR2_
Chr1g29310a
-00001 

1,09E-
126 

4,27 ADH_
N 

Alcohol dehydrogenase GroES-like 
domain; catalyzes reaction alcohols to 
aldehydes and reverse (redox) 

2,10E
-006 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr4g12020a
-00001 

3,44E-
020 

4,23 ADH_
N 

Alcohol dehydrogenase GroES-like 
domain; catalyzes reaction alcohols to 
aldehydes and reverse (redox) 

2,10E
-006 

Pfam/
UniPr
ot   

  
    

Degradation of plant polysaccharides 
  
VDAG_JR2_
Chr1g00390a
-00001 

4,81E-
226 

5,36 Cu-
oxida
se 

Multi-copper oxidase; copper-containing 
oxidase enzymes; acts on phenols and 
similar substrates, performing one-
electron oxidations, leading to 
crosslinking; in fungi laccase / Urishiol 
oxidase; in Pleurotus ostreatus, involved 
in degradation of lignin 

2,50E
-040 

Pfam 

VDAG_JR2_
Chr2g04470a
-00001 

8,06E-
018 

4,44 Glyco
_hydr
o_7 

Exoglucanases and cellobiohydrolases: 
conversion of cellulose to glucose 

1,40E
-182 

Pfam/
Interp
ro   

  
    

Detoxification 
  
VDAG_JR2_
Chr7g05440a
-00001 

1,37E-
288 

6,64 RPE6
5 

Oxidoreductase activity, acting on single 
donors with incorporation of molecular 
oxygen, incorporation of two atoms of 
oxygen; in plants scavengers of oxygen 
radicals (in vertebrates retinal pigment 
epithelium 65 kDa protein (RPE65)) 

3,20E
-102 

Pfam 

VDAG_JR2_
Chr3g06110a
-00001 

2,18E-
250 

6,22 CN_h
ydrol
ase 

Cyanide hydratase (EC 4.2.1.66) of 
pathogenic fungi, which detoxifies HCN 

7.4e-
42 

Pfam 

VDAG_JR2_
Chr1g24680a
-00001 

1,10E-
171 

5,77 GFA Glutathione-dependent formaldehyde-
activating enzyme (GFA); carbon-sulfur 
lyase activity; catalyzes the first step in 
detoxification of formaldehyde 

1,10E
-010 

Pfam/
UniPr
ot 
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VDAG_JR2_
Chr5g10540a
-00001 

4,36E-
008 

5,00 Pyr_r
edox
_2 

Pyridine nucleotide-disulfide 
oxidoreductases (Pyr_redox_2); NAD 
binding domain within a larger FAD 
binding domain; e.g. glutathione 
reductase (reduction of glutathione 
disulfide to glutathione – ROS-defense), 
thioredoxin reductase (reduction of 
thioredoxin- ROS control), mercuric 
reductase (reduction of Hg2+ to Hg0 - 
converts toxic mercury ions into 
relatively inert elemental mercury) 

7,40E
-008 

Pfam 

VDAG_JR2_
Chr3g09580a
-00001 

2,62E-
175 

4,88 DSB
A 

Key component (A) of the Dsb (disulfide 
bond) family of enzymes; is a bacterial 
thiol disulfide oxidoreductase; catalyzes 
intrachain disulfide bond formation as 
peptides emerge into the cell's 
periplasm; sub-family of the Thioredoxin 
family; catalyzes oxidation of a pair of 
cysteine residues on normally secreted 
substrate proteins including important 
toxins, virulence factors, adhesion 
machinery, and motility structures 

4,60E
-016 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr4g00930a
-00001 

1,05E-
011 

4,59 GST_
N_3 

Glutathione S-transferase: catalylzes 
conjugation of glutathione to xenobiotic 
substrates for detoxification 

8,60E
-011 

Pfam/
UniPr
ot   

  
    

Chromosomal organization / DNA repair 
  
VDAG_JR2_
Chr2g06150a
-00001 

5,92E-
167 

4,37 SMC
_Nse
1 

Non-structural maintenance of 
chromosomes (SMC); essential role in 
genomic stability; involved in DNA repair 
and DNA metabolism 

3,40E
-072 

Pfam/
Interp
ro 

  
  

    

Energy 
  
VDAG_JR2_
Chr5g03930a
-00001 

1,02E-
126 

5,22 Oxido
red_F
MN 

NADH:flavin oxidoreductase / NADH 
oxidase; uses FMN/FAD as cofactor; 
catalytic activity, oxidoreductase activity 

1,60E
-090 

Pfam 

VDAG_JR2_
Chr8g07330a
-00001 

5,95E-
254 

5,15 AOX Alternative oxidase (AOX); part of 
mitochondrial electron transport chain 

1,60E
-093 

Pfam 

VDAG_JR2_
Chr6g10000a
-00001 

2,20E-
035 

4,97 NAD(
P)-
bindin
g 
Ross
mann
-fold 

Structural motif in proteins that bind 
nucleotides, such as enzyme cofactors 
FAD, NAD+, and NADP+ 

8,80E
-013 

Pfam/
Super
family 

VDAG_JR2_
Chr2g01950a
-00001 

2,58E-
064 

4,61 Ytp1 Putative mitochondrial electron transport 
protein 

4,70E
-114 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr4g10710a
-00001 

6,47E-
013 

4,43 Acyl-
CoA_
dh 

Acyl-CoA dehydrogenase; catalyzes 
initial step in each cycle of fatty acid β-
oxidation; flavoprotein, mitochondrial 

9,00E
-019 

Pfam/
Interp
ro 

VDAG_JR2_
Chr1g22790a
-00001 

6,03E-
049 

4,32 FAD_
bindin
g_6 

Oxidodrductase FAD-/NAD-binding 
domain; involved in mitochondrial 

3,00E-015 
and 8,2E-020 
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and 
NAD_
bindin
g_1 

electron chain e.g. in NADH-cytochrome 
b5 reductase 

  
  

    

Protein - metabolism/biosynthesis/regulation 
  
VDAG_JR2_
Chr4g08470a
-00001 

5,74E-
004 

5,37 ZnF_
C2H2 

Zink finger nucleic acid binding 8,81E
-002 

Pfam 

VDAG_JR2_
Chr2g01450a
-00001 

1,29E-
077 

4,15 THU
MP 

Named after thiouridine synthases, RNA 
methylases and pseudouridine 
synthases (THUMP); involved in RNA 
modification 

3,40E
-003 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr4g05910a
-00001 

3,68E-
059 

4,09 RPT1 Proteasome-activating ATPase activity; 
ATP binding; protein catabolic process 

1,97E
-067 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr2g04990a
-00001 

6,20E-
080 

4,02 TRN
A-
synt_
2 

Aminoacyl-tRNA synthetase; catalyzes 
attachment of amino acid to its cognate 
transfer RNA molecule for protein 
translation 

7,70E
-040 

Pfam/
Interp
ro 

  
  

    

Transport 
  
VDAG_JR2_
Chr4g00860a
-00001 

5,72E-
243 

5,29 ABC2
-
mem
brane 

ATP-Binding Cassette (ABC) 
superfamily; uses hydrolysis of ATP to 
translocate a variety of compounds 
across biological membranes 

1,20E
-030 

Pfam 

VDAG_JR2_
Chr3g13170a
-00001 

3,62E-
040 

5,14 Sugar
_tr 

Transmembrane transport of sugar and 
other molecules; major facilitator 
superfamily MFS 

1,40E
-052 

Pfam 

VDAG_JR2_
Chr1g28420a
-00001 

1,75E-
256 

5,04 MFS_
1 

Major Facilitator Superfamily (MFS); 
single-polypeptide secondary carriers 
transporting small solutes in response to 
chemiosmotic ion gradients 

9,40E
-042 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr1g00400a
-00001 

1,17E-
087 

4,42 FTR1 Iron ion transmembrane transporter 
activity; permease 

1,60E
-063 

Pfam/
Interp
ro 

VDAG_JR2_
Chr4g09800a
-00001 

7,89E-
169 

4,18 MFS_
1 

Major Facilitator Superfamily (MFS), 
single-polypeptide secondary carriers 
transporting small solutes in response to 
chemiosmotic ion gradients 

1,40E
-022 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr1g22630a
-00001 

3,36E-
164 

4,15 MFS_
1 

Major Facilitator Superfamily (MFS), 
single-polypeptide secondary carriers 
transporting small solutes in response to 
chemiosmotic ion gradients 

7,20E
-009 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr3g11870a
-00001 

1,41E-
117 

4,13 Sugar
_tr 

Transmembrane transport of sugar and 
other molecules; major facilitator 
superfamily MFS 

2,20E
-132 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr4g08540a
-00001 

6,62E-
085 

4,02 Sulf_t
ransp 

Transport of sulphur-containing 
molecules; integral membrane protein 

1,20E
-035 

Pfam/
UniPr
ot   

  
    

Others 
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VDAG_JR2_
Chr4g10650a
-00001 

6,17E-
003 

6,01 Abhy
drola
se_5 

Alpha/beta hydrolase; superfamily of 
hydrolytic enzymes of widely differing 
phylogenetic origin; included in 
proteases, lipases, peroxidases, 
esterases, epoxide hydrolases and 
dehalogenases 

2,20E
-008 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr5g10380a
-00001 

2,27E-
003 

5,93 GAL4 Gal4; positive regulator for gene 
expression of galactose-induced genes 
of S. Cerevisiae; only in fungi. 

2,35E
-007 

UniPr
ot 

VDAG_JR2_
Chr6g05240a
-00001 

2,21E-
003 

4,67 Adhy
drola
se_5 

Alpha/beta hydrolase; superfamily of 
hydrolytic enzymes of widely differing 
phylogenetic origin; included in 
proteases, lipases, peroxidases, 
esterases, epoxide hydrolases and 
dehalogenases 

2,00E
-054 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr8g10540a
-00001 

2,65E-
064 

4,23 KR Polyketide synthase ketoreductase; 
catalyzes first step in reductive 
modification of the beta-carbonyl 
centres in growing polyketide chain 

5,30E
-009 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr8g01720a
-00001 

1,92E-
067 

4,02 CFE
M 

Eight cysteine-containing domain 
present in fungal extracellular 
membrane proteins (for Magnaporthe 
grisea described as protein in fungal 
pathogenesis) 

2,60E
-004 

Pfam/
UniPr
ot 

  
  

    

Unknown 
  
VDAG_JR2_
Chr2g10250a
-00001 

3,27E-
007 

8,39 - Unknown - - 

VDAG_JR2_
Chr2g01460a
-00001 

2,76E-
166 

7,24 - Unknown - - 

VDAG_JR2_
Chr5g02060a
-00001 

1,61E-
003 

6,58 - Unknown 
 

UniPr
ot 

VDAG_JR2_
Chr5g04450a
-00001 

7,55E-
222 

6,17 DUF1
275 

Unknown 4,50E
-041 

Pfam 

VDAG_JR2_
Chr2g00050a
-00001 

2,05E-
003 

6,17 EthD Ethyl tert-butyl ether degradation 
(EthD); putatively involved in 
degradation of ethyl tert-butyl ether 
(ETBE); EthD synthesis induced by 
ETBE; exact function is unknown 

2,30E
-022 

Pfam 

VDAG_JR2_
Chr1g10360a
-00001 

5,99E-
172 

5,83 - Unknown - - 

VDAG_JR2_
Chr1g11690a
-00001 

9,70E-
018 

5,77 - Unknown - - 

VDAG_JR2_
Chr1g28990a
-00001 

6,08E-
003 

5,51 - Unknown - - 

VDAG_JR2_
Chr4g12370a
-00001 

8,21E-
007 

5,30 - Unknown - - 
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VDAG_JR2_
Chr5g01940a
-00001 

2,10E-
006 

5,27 - Unknown - - 

VDAG_JR2_
Chr2g07850a
-00001 

4,26E-
006 

5,22 - Unknown - - 

VDAG_JR2_
Chr4g07760a
-00001 

7,77E-
003 

5,06 - Unknown - - 

VDAG_JR2_
Chr1g20620a
-00001 

2,81E-
181 

5,00 - Unknown - - 

VDAG_JR2_
Chr2g10220a
-00001 

1,91E-
010 

4,83 - Uncharacterized protein within V. 
dahliae VdLS.17 G2XFL9_VERDV 

- UniPr
ot 

VDAG_JR2_
Chr2g03260a
-00001 

8,84E-
175 

4,76 - Unknown - - 

VDAG_JR2_
Chr5g10520a
-00001 

2,05E-
055 

4,60 - Unknown - - 

VDAG_JR2_
Chr2g05140a
-00001 

3,10E-
003 

4,58 - Unknown - - 

VDAG_JR2_
Chr6g04720a
-00001 

2,02E-
051 

4,52 - Unknown - - 

VDAG_JR2_
Chr8g01890a
-00001 

4,53E-
044 

4,52 - uncharacterized protein within V. 
dahliae VdLS.17 G2XFL9_VERDV 

- UniPr
ot 

VDAG_JR2_
Chr4g11670a
-00001 

1,30E-
006 

4,48 - Unknown - - 

VDAG_JR2_
Chr3g09400a
-00001 

4,68E-
009 

4,46 - Unknown - - 

VDAG_JR2_
Chr1g27610a
-00001 

1,08E-
045 

4,44 DUF4
360 

Domain of unknown funktion 3,10E
-066 

Pfam/
UniPr
ot/Inte
rpro 

VDAG_JR2_
Chr1g27430a
-00001 

4,63E-
007 

4,32 - Uncharacterized protein within V. 
dahliae VdLS.17 G2XFL9_VERDV 

- UniPr
ot 

VDAG_JR2_
Chr1g29320a
-00001 

1,81E-
055 

4,27 DUF3
533 

Domain of unknown funktion 1,80E
-113 

Pfam/
Interp
ro 

VDAG_JR2_
Chr6g01730a
-00001 

8,80E-
066 

4,26 - Unknown - - 

VDAG_JR2_
Chr5g10340a
-00001 

5,30E-
004 

4,25 - Unknown - - 

VDAG_JR2_
Chr5g05720a
-00001 

1,59E-
136 

4,24 - Unknown - - 

VDAG_JR2_
Chr7g05430a
-00001 

1,39E-
087 

4,24 - Unknown - - 
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VDAG_JR2_
Chr3g11760a
-00001 

5,84E-
006 

4,24 - Unknown - - 

VDAG_JR2_
Chr4g10800a
-00001 

1,22E-
048 

4,11 DUF3
433 

Domain of unknown funktion 2,10E
-020 

Pfam/
UniPr
ot 

VDAG_JR2_
Chr2g08090a
-00001 

4,20E-
005 

4,10 - Unknown - - 

VDAG_JR2_
Chr8g10750a
-00001 

4,09E-
074 

4,08 - Unknown - - 

VDAG_JR2_
Chr5g05540a
-00001 

5,35E-
032 

4,05 - Unknown - - 

VDAG_JR2_
Chr6g10010a
-00001 

1,22E-
023 

4,04 - Unknown - - 
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Table S6 List of down-regulated Verticillium genes after 120 min of 
Pseudomonas co-cultivation. The reads of V. longisporum Vl43 have been 
mapped to the V. dahliae genome of JR2. Most down-regulated Verticillium genes 
with Log2_Fold_Change > -3 and padj < 0,01 have been chosen for further 
analysis. Genes were automatically annotated and manually curated regarding 
conserved domains. Predicted gene functionality was assigned to functional 
categories manually. The e-value describes the similarity of the respective 
V. dahliae amino acid sequence to the domain sequence in the SMART database. 
The complete transcriptomic dataset is deposited at NCBI under the accession-
number SRP068348; http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348. Gene-
IDs refer to genome assembly of V. dahliae JR2 (VDAG_JR2v.4.0; de Jonge et al., 
2012) deposited at www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index. 
(Howe et al., 2019). 
*Possible predicted function according to domain description at www.smart.embl-
heidelberg.de (Letunic et al. 2015 and 2018) 
 

ID padj Log2
_FC 

Domain 
name 

Putative function / 
description* 

E-
value 

Source 
database 

 
 

   
 

  
Amino acid metabolism 
  
VDAG_JR2_Ch
r5g01710a-
00001 

1,99E
-043 

-4,05 
Asparagin
ase_II 

Catalyzes the hydrolysis of 
L-asparagine to L-aspartate 
and ammonium 

2,90E
-118 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r6g09090a-
00001 

1,13E
-095 

-3,75 

Aminotra
n_3 

Aminotransferase class III; 
catalyzes a transamination 
reaction between an amino 
acid and an α-keto acid; 
involved in amino acid 
metabolism 

2,30E
-098 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r3g01510a-
00001 

1,51E
-065 

-3,27 

Aminotra
n_MocR 

Alanine-glyoxylate amino-
transferase; catalyzes the 
reversible transfer of amino 
group from amino acid 
substrate to acceptor alpha-
keto acid; require pyridoxal 
5'-phosphate (PLP) as 
cofactor 

6,00E
-007 

Pfam/Interpr
o 

VDAG_JR2_Ch
r3g11140a-
00001 

1,22E
-028 

-3,19 

Aminotra
n_1_2 

Transfer of alpa-
aminogroups to donor 
aceptor molecule, normaly 
amino acids 

1,70E
-040 

Pfam/Interpr
o 

VDAG_JR2_Ch
r3g08090a-
00001 

5,79E
-041 

-3,16 

Homoseri
ne_dh 

Homoserine dehydrogenase 
catalyzes the third step in 
the aspartate pathway; 
homoserine is an 
intermediate in the 
biosynthesis of threonine, 
isoleucine, and methionine 

1,30E
-051 

Pfam/Interpr
o 

VDAG_JR2_Ch
r7g07480a-
00001 

5,19E
-008 

-3,08 

Arginase 

Part of ureohydrolase 
superfamily; catalyzes the 
conversion of arginine to 
urea and ornithine; involved 

1,60E
-092 

Pfam/Interpr
o 

http://www.ncbi.nlm.nih.gov/sra/?term=SRP068348
http://www.fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index
http://www.smart.embl-heidelberg.de/
http://www.smart.embl-heidelberg.de/
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in arginine/agmatine 
metabolism, the urea cycle, 
histidine degradation 

 
 

   
 

  
Carbon metabolism 
  

VDAG_JR2_Ch
r5g11770a-
00002 

9,72E
-003 

-4,83 

MR_MLE 

Mandelate racemase (MR) 
and muconate lactonizing 
enzyme (MLE) are two 
bacterial enzymes involved 
in aromatic acid catabolism 

7,70E
-017 

Pfam/Interpr
o 

VDAG_JR2_Ch
r4g00510a-
00001 

3,62E
-074 

-3,53 

Galactosy
l_T 

Glycosyltransferases; 
biosynthesis of 
disaccharides, 
oligosaccharides and 
polysaccharides 

2,00E
-014 

Pfam/Interpr
o 

VDAG_JR2_Ch
r2g10000a-
00001 

6,75E
-050 

-3,48 

adh_short 

Short-chain alcohol 
dehydrogenase; 
oxidoreductase activity, 
metabolic process 

2,10E
-049 

Pfam/Interpr
o 

VDAG_JR2_Ch
r3g08340a-
00001 

3,21E
-122 

-3,39 

MR_MLE 

Mandelate racemase (MR) 
and muconate lactonizing 
enzyme (MLE) are two 
bacterial enzymes involved 
in aromatic acid catabolism 

3,25E
-019 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r4g09100a-
00001 

3,94E
-003 

-3,32 

Pro_CA 

Carbonic anhydrases (CA); 
zinc metalloenzymes which 
catalyze the reversible 
hydration of carbon dioxide; 
carbonate dehydratase 
activity; zinc ion binding 

1,97E
-027 

Pfam/Interpr
o 

VDAG_JR2_Ch
r1g21830a-
00001 

6,32E
-064 

-3,25 

adh_short 

Short-chain alcohol 
dehydrogenase; 
oxidoreductase activity, 
metabolic process 

3,00E
-039 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r8g08760a-
00001 

7,30E
-007 

-3,19 

GFO_IDH
_MocA 

Glucose-fructose 
oxidoreductase (GFO); 
converts D-glucose and D-
fructose into D-
gluconolactone and D-
glucitol in the sorbitol-
gluconate pathway 

2,70E
-011 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r1g02490a-
00001 

8,16E
-084 

-3,19 

TPP_enz
yme 

Thiamine pyrophosphate 
(TPP); cofactor vitamin B1; 
involved in aldehyd-trasnfer 
reactions e.g. in pentose-
phosphate pathway and 
glycolysis 

3,80E
-034 

Pfam/Interpr
o 

VDAG_JR2_Ch
r6g10790a-
00001 

2,70E
-038 

-3,16 

PRKCSH-
like 

Protein kinase C substrate 
80K-H (PRKCSH); 
glucosidase 2 subunit beta; 
catalyzes the sequential 
removal of two alpha-1,3-
linked glucose residues in 
the second step of N-linked 
oligosaccharide processing 

6,10E
-028 

Pfam/UniPr
ot/Interpro 
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VDAG_JR2_Ch
r2g09990a-
00001 

7,95E
-048 

-3,08 
ADH_zinc
_N 

Zinc-containing alcohol 
dehydrogenase 8,50E

-018 
Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r2g08710a-
00001 

2,15E
-020 

-3,05 

adh_short 

Short-chain alcohol 
dehydrogenase; 
oxidoreductase activity, 
metabolic process 

1,10E
-051 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r1g01970a-
00001 

4,38E
-063 

-3,04 

iPGM_N 

2,3-bisphosphoglycerate-
independent 
phosphoglycerate mutase 
(iPGM) / 
phosphoglyderomutase; 
metalloenzyme; Catalyzes 
the interconversion of 2-
phosphoglycerate and 3-
phosphoglycerate; 
manganese ion binding; 
glucose catabolism 

1,60E
-075 

Pfam/Interpr
o 

 
 

   
 

  
Chromosomal organization/DNA repair 
  

VDAG_JR2_Ch
r2g00060a-
00001 

1,86E
-032 

-4,86 

Zf-
C2H2_2 

C2H2 type zinc-finger (2 
copies) proteins include 
strong and specific binding 
to a long and unique DNA 
recognition target sequence; 
putative chromosomal 
organizing function in 
chromatin architecture 

6,00E
-029 

Pfam/UniPr
ot 

VDAG_JR2_Ch
r8g08640a-
00001 

4,28E
-003 

-3,48 

SET 

Su(var)3-9, Enhancer-of-
zeste, Trithorax (SET); 
putative methyl transferase; 
chromosomal proteins; 
chromatin structure 

2,08E
-002 

Pfam/Interpr
o 

VDAG_JR2_Ch
r5g05060a-
00001 

1,97E
-004 

-3,33 

ENDO3c 

Includes endonuclease III 
(DNA-(apurinic or 
apyrimidinic site) lyase), 
alkylbase DNA glycosidases 
(Alka-family) and other DNA 
glycosidases; DNA repair 
enzyme which removes a 
number of damaged 
pyrimidines from DNA via its 
glycosylase activity and also 
cleaves the phosphodiester 
backbone at apurinic / 
apyrimidinic sites via a beta-
elimination mechanism 

8,05E
-032 

Pfam/Interpr
o 

VDAG_JR2_Ch
r5g03360a-
00001 

7,88E
-005 

-3,12 

d1d3ya_ 

DNA topoisomerase VI A 
subunit; DNA binding 
protein; essential in the 
separation of entangled DNA 
daughter strands during 
replication 

9,00E
-036 

SCOP 
(Structural 
Classificatio
n of 
Proteins) 

 
 

   
 

  
Degradation of plant polysaccharides 
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VDAG_JR2_Ch
r5g00820a-
00001 

4,22E
-032 

-5,58 

Glyco_hy
dro_88 

Cell wall glycosyl hydrolase 
YteR; catalyzes the 
hydrolytic release of 
unsaturated glucuronic acids 
from oligosaccharides 
produced by the reactions of 
polysaccharide lyases 

1,60E
-064 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r8g11250a-
00001 

5,11E
-107 

-5,55 

Pectate_l
yase 

Pectate lyase; maceration 
and soft-rotting of plant 
tissue; extracellular enzyme; 
induced by pectin 

2,30E
-064 

Pfam/Interpr
o 

VDAG_JR2_Ch
r5g03290a-
00001 

3,82E
-143 

-4,26 

PbH1 

Part of pectate lyases and 
rhamnogalacturonase A; 
putatively involved in 
polysaccharide metabolism 

2,33E
+001 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r1g22090a-
00001 

3,73E
-100 

-4,21 

Glyco_hy
dro_28 

Glycoside hydrolase of 
family 28; hydrolyzes 
glycosidic bond between two 
or more carbohydrates, or 
between a carbohydrate and 
a non-carbohydrate moiety; 
Cell wall glycosyl hydrolase; 
in family 28: e.g. 
polygalacturonase 
(pectinase), 
rhamnogalacturonase; 
involved in maceration and 
soft-rotting of plant tissue 

2,30E
-048 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r1g28780a-
00001 

1,18E
-054 

-3,95 

Amb_all 

Pectate lyase; involved in 
the maceration and soft 
rotting of plant tissue 

6,22E
-040 

Pfam/Interpr
o 

VDAG_JR2_Ch
r8g02490a-
00001 

2,83E
-004 

-3,57 

Amb_all 

Pectate lyase; involved in 
the maceration and soft 
rotting of plant tissue 

9,93E
-016 

Pfam/Interpr
o 

VDAG_JR2_Ch
r7g00010a-
00001 

1,97E
-047 

-3,56 

Pectinest
erase 

Pectin methylesterase; 
catalyzes the de-
esterification of pectin into 
pectate and methanol; 
maceration and soft-rotting 
of plant tissue 

1,40E
-048 

Pfam/Interpr
o 

VDAG_JR2_Ch
r5g08380a-
00001 

1,61E
-019 

-3,40 

Pectinest
erase 

Pectin methylesterase; 
catalyzes the de-
esterification of pectin into 
pectate and methanol; 
maceration and soft-rotting 
of plant tissue 

1,60E
-053 

Pfam/Interpr
o 

VDAG_JR2_Ch
r1g28720a-
00001 

3,78E
-041 

-3,31 

PbhH1 

Parallel beta-helix repeats; 
tertiary structures of pectate 
lyases and 
rhamnogalacturonase A 
show a stack of parallel beta 
strands that are coiled into a 
large helix 

6,00E
-031 

Interpro/sch
nipsel 
database_s
mart 

VDAG_JR2_Ch
r8g10280a-
00001 

1,23E
-045 

-3,24 

Glyco_hy
dro_28 

Glycoside hydrolase of 
family 28; hydrolyzes 
glycosidic bond between two 
or more carbohydrates, or 
between a carbohydrate and 

4,70E
-031 

Pfam/Interpr
o 
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a non-carbohydrate moiety; 
Cell wall glycosyl hydrolase; 
in family 28: e.g. 
polygalacturonase 
(pectinase), 
rhamnogalacturonase; 
involved in maceration and 
soft-rotting of plant tissue 

VDAG_JR2_Ch
r6g00390a-
00001 

5,72E
-028 

-3,24 

Glyco_hy
dro_43 

Glycoside hydrolase of 
family 43; hydrolyzes 
glycosidic bond between two 
or more carbohydrates, or 
between a carbohydrate and 
a non-carbohydrate moiety; 
Cell wall glycosyl hydrolase; 
in family 28: e.g. beta-
xylosidase, alpha-L-
arabinofuranosidase, 
arabinanase, xylanase 

2,50E
-013 

Pfam/Interpr
o 

VDAG_JR2_Ch
r8g11000a-
00001 

3,01E
-008 

-3,04 

Glyco_hy
dro_67 

Central catalytic domain of 
alpha-glucuronidase; 
removes the alpha-1,2 linked 
4-O-methyl glucuronic acid 
from xylans; recycling of 
photosynthetic biomass 

1,00E
-148 

Pfam/UniPr
ot/Interpro 

 
 

   
 

  
Energy - electron transport 
  

VDAG_JR2_Ch
r2g11540a-
00002 

1,31E
-003 

-3,37 

Ubie_met
hyltran 

Methyltransferases involved 
in the biosynthesis of 
menaquinone and 
ubiqinone; Q-10; involved in 
mitochondrial electron and 
proton transfer 

4,30E
-007 

Pfam/Interpr
o 

VDAG_JR2_Ch
r2g03470a-
00001 

6,92E
-061 

-3,30 

p450 

Cytochrome P450 enzyme; 
haem-containing mono-
oxygenases found in all 
kingdoms; oxidation-
reduction process; 
oxidoreductase activity; 
acting on paired donors; with 
incorporation or reduction of 
molecular oxygen; iron ion 
binding; heme binding 

1,00E
-021 

Pfam/UniPr
ot/Interpro 

 
 

   
 

  
Lipid metabolism 
  
VDAG_JR2_Ch
r4g11530a-
00001 

9,94E
-004 

-5,68 
Abhydrola
se_5 

Alpha/beta hydrolase 5; 
putatively involved in lipid 
metabolic processes 

1,90E
-014 

Pfam/UniPr
ot 

VDAG_JR2_Ch
r5g05070a-
00001 

2,35E
-091 

-3,94 

PBP 

Phosphatidyl-Ethanolamine-
Binding Protein; involved in 
lipid binding; inhibition of 
serine protease and 
inhibiation of singaling 
pathways like MAP kinase 
and NF-kappaB 

4,20E
-020 

Pfam/UniPr
ot/Interpro 



 

144  
Dissertation Nesemann, 2020 

 
  

VDAG_JR2_Ch
r5g08390a-
00001 

4,60E
-018 

-3,54 

Lipase_G
DSL_2 

GDSL-like Lipase / 
Acylhydrolase; exhibits a 
Gly-Asp-Ser-(Leu) (GDSL) 
motif 

1,00E
-013 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r1g12020a-
00001 

8,32E
-041 

-3,11 

polypreny
l_synt 

Isoprenoid biosynthetic 
pathway / Mevalonat 
pathway; synthesis of e.g. 
cholesterol, dolichol, 
ubiquinone or coenzyme Q 

6,90E
-082 

Pfam/UniPr
ot/Interpro 

 
 

   
 

  
Protein - metabolism/biosynthesis/regulation 
  
VDAG_JR2_Ch
r5g09370a-
00001 

1,44E
-005 

-4,84 
Peptidase
_S8 

Serine-type endopeptidase 
activity 7,40E

-029 
Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r6g08190a-
00001 

8,70E
-005 

-3,98 

Med11 

Mediator 1; coactivator 
involved in the regulated 
transcription of RNA 
polymerase II-dependent 
genes 

3,10E
-046 

Pfam/Interpr
o 

VDAG_JR2_Ch
r2g04680a-
00001 

1,18E
-011 

-3,67 

Peptidase
_M20 

Metallopeptidases and non-
peptidase homologues 
(amidohydrolases) that 
belong to the MEROPS 
peptidase family M20 

7,00E
-034 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r2g12370a-
00001 

1,01E
-025 

-3,54 

ELP6 

Elongation complex protein 
6 (ELP); subunit of RNA 
polymerase II elongator 
complex; promotes RNA-
polymerase II transcript 
elongation through histone 
acetylation in nucleus and 
tRNA modification in 
cytoplasm 

1,60E
-012 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r2g02130a-
00001 

3,75E
-017 

-3,49 

UDP-
g_GGTas
e 

UDP-glucose: glycoprotein 
glucosyltransferase activity; 
protein glycosylation; quality 
control for ER-folding for 
correct transportation 
processes 

0,00E
+000 

Pfam/Interpr
o 

VDAG_JR2_Ch
r3g00520a-
00001 

9,27E
-020 

-3,46 

1JWB/B 

Ligase; structure of covalent 
acyl-adenylate form of 
Moeb-moad protein 
complex; Molybdopterin 
biosynthesis; involved in 
activation of protein 
ubiquitination 

3,00E
-031 

PDB 
(Protein 
Data Bank) 

VDAG_JR2_Ch
r2g07280a-
00001 

1,48E
-018 

-3,42 

Tubulin 

GTPases; involved in 
polymer formation; major 
component of microtubules 

1,99E
-055 

Pfam/Interpr
o 

VDAG_JR2_Ch
r1g04050a-
00001 

3,58E
-055 

-3,38 

Ribophori
n_II 

Essential subunit of the N-
oligosaccharyl transferase 
(OST) complex which 
catalyses the transfer of a 
high mannose 
oligosaccharide from a lipid-
linked oligosaccharide donor 
to an asparagine residue; 

7,00E
-021 

Pfam/UniPr
ot/Interpro 
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protein N-linked 
glycosylation 

VDAG_JR2_Ch
r1g20320a-
00001 

1,99E
-009 

-3,32 

TFIIIC_de
lta 

Domain of the N terminus of 
the 90 kDa subunit of 
transcription factor IIIC; 
involved in RNA polymerase 
III-mediated transcription 

4,00E
-016 

Pfam/Interpr
o 

VDAG_JR2_Ch
r5g04770a-
00001 

1,44E
-051 

-3,30 

Peptidase
_M16 

Metallopeptidases and non-
peptidase homologues 
belonging to MEROPS 
peptidase family M16 

3,50E
-020 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r4g11560a-
00001 

4,65E
-006 

-3,24 

Zn_pept 

Metallocarboxypeptidase 
activity; metalloprotease; 
zinc ion binding 

5,89E
-097 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r1g26400a-
00001 

2,46E
-040 

-3,21 

DDOST_
48kD 

Dolichyl-
diphosphooligosaccharide-
protein (DD) oligosaccharyl 
transferase complex (OST 
complex); during N-linked 
glycosylation of proteins, 
oligosaccharide chains are 
assembled on the carrier 
molecule dolichyl 
pyrophosphate 

2,20E
-157 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r3g05790a-
00001 

1,45E
-042 

-3,09 

Ribophori
n_I 

Essential subunit of the N-
oligosaccharyl transferase 
(OST) complex which 
catalyses the transfer of a 
high mannose 
oligosaccharide from a lipid-
linked oligosaccharide donor 
to an asparagine residue; 
protein N-linked 
glycosylation 

5,30E
-154 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r3g05990a-
00001 

4,53E
-010 

-3,03 

TBCA 

Tubulin-specific chaperone 
A (TBCA); involved in folding 
pathway of tubulins 

5,60E
-025 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r6g03270a-
00001 

1,40E
-016 

-3,02 

Lectin_le
g-like 

Legume-like lectin; binds to 
specific carbohydrates 
mainly in cellwalls for e.g. 
communication function, 
protein folding quality control 
(chaparone, production of 
molecules with antibiotic-like 
function) 

5,00E
-025 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r3g04050a-
00001 

8,94E
-003 

-3,02 

BTB 

Bric a brac (B), Tramtrack 
(T), BR-C (B); zinc finger; 
transcriptional repressor 2,00E

-021 

UniProt/sch
nipsel 
databank_s
mart 

 
 

   
 

  
Transport 
  

VDAG_JR2_Ch
r4g12140a-
00001 

3,07E
-042 

-5,67 

MFS_4 

Major Facilitator Superfamily 
(MFS), single-polypeptide 
secondary carriers 
transporting small solutes in 
response to chemiosmotic 
ion gradients 

9,10E
-036 

Pfam/UniPr
ot/Interpro 
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VDAG_JR2_Ch
r6g04350a-
00001 

1,17E
-035 

-5,27 

MFS_1 

Major Facilitator Superfamily 
(MFS), single-polypeptide 
secondary carriers 
transporting small solutes in 
response to chemiosmotic 
ion gradients 

8,10E
-044 

Pfam/Interpr
o 

VDAG_JR2_Ch
r6g09860a-
00001 

4,85E
-003 

-4,93 

Sugar_tr 

Transmembrane transport of 
sugar and other molecules; 
major facilitator superfamily 
MFS 

1,70E
-021 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r4g01380a-
00001 

2,11E
-029 

-4,28 

PHO4 

Phosphate permease (PHO-
4) from Neurospora crassa 
which is probably a sodium-
phosphate symporter; 
phosphate-repressible 
transporter 

3,40E
-123 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r2g00600a-
00001 

3,19E
-082 

-4,03 

Sugar_tr 

Transmembrane transport of 
sugar and other molecules; 
major facilitator superfamily 
MFS 

3,30E
-119 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r5g03210a-
00001 

1,01E
-157 

-4,00 

MFS_1 

Major Facilitator Superfamily 
(MFS), single-polypeptide 
secondary carriers 
transporting small solutes in 
response to chemiosmotic 
ion gradients 

2,90E
-034 

Pfam/Interpr
o 

VDAG_JR2_Ch
r1g27390a-
00001 

7,29E
-014 

-3,91 

ABC_tran 

ABC transporters belong to 
the ATP-Binding Cassette 
(ABC) superfamily, which 
uses the hydrolysis of ATP 
to energise diverse 
biological systems 

4,20E
-021 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r7g00030a-
00001 

4,97E
-003 

-3,65 

MFS_1 

Major Facilitator Superfamily 
(MFS), single-polypeptide 
secondary carriers 
transporting small solutes in 
response to chemiosmotic 
ion gradients 

6,10E
-030 

Pfam/Interpr
o 

VDAG_JR2_Ch
r4g01080a-
00001 

7,90E
-097 

-3,56 

AAA 

ATPases associated with a 
variety of cellular activities 
(AAA); here: putative ABC 
transporter 

7,96E
-011 

Pfam/Interpr
o 

VDAG_JR2_Ch
r8g01830a-
00001 

1,74E
-033 

-3,49 

AAA 

ATPases associated with a 
variety of cellular activities 
(AAA); here: putative ABC 
transporter 

4,82E
-010 

Pfam/Interpr
o 

VDAG_JR2_Ch
r6g02160a-
00001 

9,66E
-058 

-3,40 

MFS_1 

Major Facilitator Superfamily 
(MFS), single-polypeptide 
secondary carriers 
transporting small solutes in 
response to chemiosmotic 
ion gradients 

1,10E
-025 

Pfam/Interpr
o 

VDAG_JR2_Ch
r6g05330a-
00001 

1,96E
-008 

-3,13 

Sugar_tr 

Transmembrane transport of 
sugar and other molecules; 
major facilitator superfamily 
MFS 

1.9e-
23 

Pfam/Interpr
o 
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Others 
  

VDAG_JR2_Ch
r1g25600a-
00001 

1,83E
-079 

-3,82 

CFEM 

Eight cysteine-containing 
domain present in fungal 
extracellular membrane 
proteins (for Magnaporthe 
grisea described as protein 
in fungal pathogenesis) 

9,53E
-006 

Pfam/Interpr
o 

VDAG_JR2_Ch
r1g24920a-
00001 

1,74E
-040 

-3,42 

tRNA_lig_
CPD 

Phosphodiesterase domain 
found in fungal tRNA 
ligases; tRNA splicing, via 
endonucleolytic cleavage 
and ligation; RNA ligase 
(ATP) activity, ATP binding 

3,30E
-089 

Pfam/Interpr
o 

VDAG_JR2_Ch
r8g08200a-
00001 

1,10E
-020 

-3,25 

SPC25 

Signal peptidase complex 
(SPC); here subunit 25 kDa; 
cleavage of signal 
sequences during 
polypeptide transportation 
across ER; peptidase activity 

1,70E
-054 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r7g05170a-
00001 

6,96E
-005 

-3,06 

Glyco_18 

O-Glycosyl hydrolase; 
hydrolyzes the glycosidic 
bond between two or more 
carbohydrates, or between a 
carbohydrate and a non-
carbohydrate moiety; 
chitinase activity 

3,65E
-029 

Pfam/Interpr
o 

VDAG_JR2_Ch
r8g06100a-
00001 

1,36E
-005 

-3,04 

NmrA 

Negative transcriptional 
regulator involved in post-
translational modification of 
transcription factor AreA; 
part of a system controlling 
nitrogen metabolite 
repression in fungi; global 
nitrogen regulatory GATA 
factor 

5,00E
-035 

Pfam/UniPr
ot/Interpro 

VDAG_JR2_Ch
r4g04380a-
00001 

1,42E
-004 

-3,01 

N2227 

Putatively involved in 
meiosis 1,27E

-100 
Pfam/Interpr
o 

 
 

   
 

  
Unknown 
  
VDAG_JR2_Ch
r4g01470a-
00001 

3,98E
-003 

-5,99 

- 

Unknown 

- - 
VDAG_JR2_Ch
r6g06440a-
00001 

5,35E
-004 

-5,82 

- 

Unknown 

- - 
VDAG_JR2_Ch
r2g07750a-
00001 

1,23E
-132 

-4,97 

- 

Unknown 

- - 
VDAG_JR2_Ch
r7g03750a-
00001 

9,95E
-003 

-4,77 

- 

Unknown 

- - 
VDAG_JR2_Ch
r2g00830a-
00001 

6,22E
-062 

-4,60 
Transfera
se 

Acyl-transferase activity 
2,20E

-011 
Pfam/UniPr
ot/Interpro 
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VDAG_JR2_Ch
r8g01480a-
00001 

6,38E
-013 

-3,85 

- 

Unknown 

- - 
VDAG_JR2_Ch
r4g01070a-
00001 

2,99E
-004 

-3,73 

- 

Unknown 

- - 
VDAG_JR2_Ch
r5g05050a-
00001 

6,96E
-006 

-3,71 

- 

Unknown 

- - 
VDAG_JR2_Ch
r3g08230a-
00001 

5,74E
-016 

-3,63 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g22260a-
00001 

3,67E
-064 

-3,61 
Acetyltran
sf_7 

Acetyltransferase 
5,50E

-007 
Pfam/Interpr
o 

VDAG_JR2_Ch
r8g10470a-
00001 

5,96E
-003 

-3,59 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g10080a-
00001 

3,91E
-018 

-3,54 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g19100a-
00001 

1,33E
-023 

-3,48 

- 

Unknown 

- - 
VDAG_JR2_Ch
r8g08060a-
00001 

1,05E
-011 

-3,46 

- 

Unknown 

- - 
VDAG_JR2_Ch
r5g03170a-
00002 

3,40E
-019 

-3,44 

2X7Q/A 

New subfamily of 
periplasmic binding proteins 
found in C. albicans 

1,00E
-076 

PDB 
(Protein 
Data Bank) 

VDAG_JR2_Ch
r7g05880a-
00001 

6,07E
-065 

-3,44 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g05830a-
00001 

3,96E
-005 

-3,42 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g18900a-
00001 

1,06E
-047 

-3,38 

- 

Unknown 

- - 
VDAG_JR2_Ch
r4g07050a-
00001 

1,55E
-008 

-3,36 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g14410a-
00001 

4,17E
-010 

-3,32 

- 

Unknown 

- - 
VDAG_JR2_Ch
r1g16520a-
00001 

5,18E
-012 

-3,31 

- 

Unknown 

- - 
VDAG_JR2_Ch
r3g04330a-
00001 

5,88E
-005 

-3,26 

- 

Unknown 

- - 
VDAG_JR2_Ch
r4g05100a-
00001 

5,16E
-007 

-3,25 

- 

Uncharacterized protein 
within V. dahliae VdLS.17 
G2XFL9_VERDV - UniProt 

VDAG_JR2_Ch
r6g04430a-
00001 

6,47E
-012 

-3,19 

- 

Unknown 

- - 
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VDAG_JR2_Ch
r1g14270a-
00001 

3,79E
-022 

-3,18 

- 

Unknown 

- - 
VDAG_JR2_Ch
r8g01090a-
00001 

7,06E
-009 

-3,17 

- 

Unknown 

- - 

VDAG_JR2_Ch
r8g11260a-
00001 

1,51E
-006 

-3,12 

4MUB/A 

Unknown 

6,00E
-016 

PDB 
(Protein 
Data 
Bank)/UniPr
ot 

VDAG_JR2_Ch
r6g10360a-
00001 

3,80E
-004 

-3,04 

- 

Unknown 

- - 

VDAG_JR2_Ch
r3g05770a-
00001 

1,28E
-021 

-3,03 

d1ycsb1 

Unknown 

3,00E
-005 

SCOP 
(Structural 
Classificatio
n of 
Proteins)/Un
iProt 

VDAG_JR2_Ch
r1g11990a-
00001 

3,25E
-055 

-3,03 

- 

Unknown 

- - 
VDAG_JR2_Ch
r8g06310a-
00001 

2,52E
-006 

-3,03 

OPA3 

Optic atrophy 3 (OPA3); 
function unknown 1,20E

-042 
Pfam/UniPr
ot/Interpro 
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Table S7 Assignment of all 184 selected most up- and down-regulated 
Verticillium genes after 120 min of Pseudomonas co-cultivation. Grouped to 
functional categories as described in Table S5 and S6. Bold figures mark the most 
distinct differences between the down- and the up-regulated transcripts indicating 
the functional categories with the most impact on Verticillium expression due to the 
presence of Pseudomonas. 
 

 
up-regulated 

Verticillium genes 
down-regulated 

Verticillium genes 

 

No. of genes 
assigned to 

category 
Ratio 

No. of genes 
assigned to 

category 
Ratio 

Amino acid metabolism 4 5,1% 6 5,7% 
Carbon metabolism 9 11,4% 12 11,4% 
Chromosomal organization / DNA 
repair 1 1,3% 4 3,8% 
Degradation of plant polysaccharides 2 2,5% 12 11,4% 
Detoxification 6 7,6% 0 0% 
Energy 6 7,6% 2 1,9% 
Lipid metabolism 0 0,0% 4 3,8% 
Protein – 
metabolism/biosynthesis/regulation 4 5,1% 16 15,2% 
Transport 8 10,1% 12 11,4% 
Others 5 6,3% 6 5,7% 
Unknown 34 43,0% 31 29,5% 
TOTAL 79 100,0% 105 100,0% 
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