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Summary 

 Beneficial microbes are indispensable for environment and agriculture. They provide plants 

with more accessible nutrients and protect them from pathogen infection. To understand how plants 

and microbes communicate, it is important to identify the chemical mediators and to characterize 

their physiological functions. This knowledge will provide us with better strategies for modern 

agriculture. In this thesis, the interaction between Arabidopsis thaliana plants and a Trichoderma 

species, Mortierella hyalina, and Piriformospora indica was investigated.  

 Trichoderma species are widely applied as biological control agent (BCA) to enhance plant 

resistance to pathogens. I characterized a novel Trichoderma strain and showed that it protects A. 

thaliana and Nicotiana attenuata seedlings from infection by the pathogenic fungus Alternaria 

brassicicola, by restricting root colonization and hyphal spread. Arbuscular mycorrhiza (AM) 

formation was not affected in N. attenuata roots. Furthermore, the Trichoderma strain promoted 

growth of its hosts in soil and media with sufficient nutrients. Under phosphate (P) deficiency 

condition, it initially provided P to Arabidiopsis seedlings which diminished their P stress. During 

later stages, I observed a massive propagation of the fungus in the entire seedling under P, and salt 

stress indicating a transition from a beneficial to a more saprophytic lifestyle. To restrict sugar loss 

from the apoplastic root space to the fungus under P stress, the host down-regulates the genes for the 

phloem sucrose exporters SWEET11 and -12, and up-regulates those for SUC1 and SWEET2 which 

transports sucrose from the apoplast to the cytoplasm and vacuole of the root cells. Under salt stress, 

the antioxidant enzyme activities in the host were reduced in the presence of the fungus. Analyses of 

the fungal and plant secretomes demonstrated that the host has to invest more in defense to restrict 

hyphal propagation with increasing salt stress. From the fungal cell wall, potential novel chemical 

elicitors were found to induce these responses via cytoplasmic calcium ([Ca2+]cyt) elevation in the 

host cells. In conclusion, I characterized a novel Trichoderma strain with novel features in its 

interaction with host plants. The results will be helpful for its potential agricultural application. 

  The plant growth-promoting fungus Mortierella hyalina produced a garlic-like smell. Gas 

chromatography-mass spectrometry (GC-MS) analysis of the headspace identified the sulfur (S)-

containing compound tris(methylthio)methane (TMTM) as the major component (>95%). TMTM 

was incorporated into plant S metabolism, reduced the expression of genes for sulfur deficiency 

response (SDI1 and SDI2), prevented breakdown of sulfur-containing metabolites such as 

glucosinolates (GSLs) and glutathione (GSH), and sustained plant growth under S limitation.  

 Piriformospora indica, a well-studied plant growth-promoting fungus (PGPF), releases 

cellotriose (CT) from the hyphae. CT is a cellooligomer (COM), which is also generated during 

cellulose degradation in the plant cell wall. COMs (n= 2-7) trigger [Ca2+]cyt elevation in root cells, 
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which informs the cell about the integrity of its wall. To identify COM perception or signalling 

compounds, an ethyl methanesulfonate (EMS) population with the calcium sensor aequorin in pMAQ 

background was screened for mutants impaired in their [Ca2+]cyt response. I discovered CORK1 

(CelloOligomer Receptor Kinase 1), a putative COM receptor in Arabidopsis, which contains leucine-

rich repeats (LRRs), a malectin and a receptor kinase domain. The cork1 mutants did not show 

[Ca2+]cyt elevation, reactive oxygen species (ROS) production and WRKY30/WRKY40 up-regulation 

upon COM application, other malectin-domain containing proteins in Arabidopsis do not compensate 

the cork1 mutation. With a protoplast luciferase assay, I identified two conserved phenylalanine 

residues in the malecin domain which are essential for COM-induced signaling. Through 

transcriptomic and phosphoproteomic analysis, I unveiled the COM-regulated genes involved in 

tryptophan and secondary metabolite biosynthesis, as well as early phosphorylation targets including 

proteins belonging to the cell wall synthesis complex.   
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Zusammenfassung 

Nützliche Mikroben sind für Umwelt und Landwirtschaft unverzichtbar. Sie versorgen die Pflanzen 

mit besser zugänglichen Nährstoffen und schützen sie vor einer Infektion mit Krankheitserregern. 

Um zu verstehen, wie Pflanzen und Mikroben kommunizieren, ist es wichtig chemische Mediatoren 

zu identifizieren und ihre physiologischen Funktionen in der Interaktion zu charakterisieren. Dieses 

Wissen wird uns bessere Strategien für die moderne ökologische Landwirtschaft liefern. In dieser 

Arbeit wurde die Interaktion zwischen der Pflanze Arabidopsis thaliana und freundlichen Pilzen, 

einer Trichoderma-Species, Mortierella hyalina und Piriformospora indica untersucht. 

 

Trichoderma-Species werden häufig als biologisches Kontrollmittel verwendet, um die 

Pflanzenresistenz gegen Krankheitserreger zu erhöhen. In meiner Arbeit habe ich einen neu isolierten 

Trichoderma-Stamm charakterisiert und gezeigt, dass er A. thaliana- und Nicotiana attenuata-

Keimlinge vor einer Infektion durch den pathogenen Pilz Alternaria brassicicola schützt, indem er 

die Wurzelbesiedelung und Hyphenausbreitung einschränkt. Die Ausbildung der arbuskulären 

Mykorrhiza (AM) war bei N. attenuata Wurzeln nicht negativ beeinflusst. Darüber hinaus förderte 

der Trichoderma-Stamm das Wachstum seiner Wirte in Böden und Medien mit ausreichend 

Nährstoffen. Unter Phosphat (P)-Mangelbedingung lieferte es zunächst P an Arabidiopsis-Keimlinge, 

was ihren P-Stress verringerte. In späteren Stadien beobachtete ich eine massive Vermehrung des 

Pilzes im gesamten Keimling unter P- und Salzstress, was auf einen Übergang von einer 

symbiotischen zu einer eher saprophytischen Lebensweise hindeutete. Es zeigte sich, dass der Wirt 

die Gene für die Phloem-Saccharose-Exporter SWEET11 und -12 herunterreguliert, um den 

Zuckerverlust aus dem apoplastischen Wurzelraum an den Pilz unter P-Stress zu begrenzen. Die Gene 

für SUC1 und SWEET2 werden dabei gleichzeitig hochreguliert, um Saccharose vom Apoplasten 

zum Zytoplasma und in die Vakuole der Wurzelzellen zu transportieren. Unter Salzstress waren auch 

die antioxidativen Enzymaktivitäten im Wirt in Gegenwart des Pilzes reduziert. Analysen der Pilz- 

und Pflanzensekretome zeigten, dass der Wirt bei zunehmendem Salzstress mehr in die Abwehr 

investieren muss, um die Hyphenvermehrung einzuschränken. Die Pilzzellwand enthält potenzielle 

neue chemische Mediatoren, die diese Reaktionen über eine Erhöhung des zytoplasmatischen 

Calciumlevels ([Ca2+]cyt) in den Wirtszellen induzieren können. Zusammenfassend habe ich einen 

neuen Trichoderma-Stamm mit neuartigen Eigenschaften in seiner Interaktion mit Wirtspflanzen 

charakterisiert. Die Ergebnisse werden für eine potenzielle landwirtschaftliche Anwendung hilfreich 

sein. 

 

Der pflanzenwachstumsfördernde Pilz Mortierella hyalina produzierte einen Knoblauch-ähnlichen 

Geruch. Analysen mit Hilfe der Gaschromatographie-Massenspektrometrie (GC-MS) identifizierten 
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die Schwefel (S)-enthaltende Verbindung Tris(methylthio)methan (TMTM) als Hauptkomponente 

(>95%) des Geruchsstoffprofils. Ich konnte zeigen, dass TMTM in den S-Stoffwechsel der Pflanze 

eingebaut wurde und die Expression von Genen für die Reaktion auf Schwefelmangel (SDI1 und 

SDI2) reduzieren konnte, gleichzeitig verhinderte TMTM Applikation den Abbau von 

schwefelhaltigen Metaboliten wie Glucosinolaten und Glutathion und unterstützte das 

Pflanzenwachstum unter S-Limitierung. 

 

Piriformospora indica, ein gut untersuchter pflanzenwachstumsfördernder Pilz, setzt Cellotriose (CT) 

aus den Hyphen frei. CT ist ein Cellooligomer (COM), das auch beim Celluloseabbau in der 

Pflanzenzellwand entsteht. COMs (n= 2-7) lösen eine [Ca2+]cyt-Erhöhung in Wurzelzellen aus, die 

die Zelle über die Integrität ihrer Wand informiert. Um COM-Wahrnehmungs- oder 

Signalkomponenten zu identifizieren, wurde eine Ethylmethansulfonat-Population mit dem 

cytosolischen Calciumsensor Aequorin nach Mutanten gescreent, die in ihrer [Ca2+]cyt-Antwort 

beeinträchtigt sind. Ich entdeckte CORK1 (CelloOligomer Receptor Kinase 1), einen mutmaßlichen 

COM-Rezeptor in Arabidopsis, der leucinreiche Wiederholungssequenzen (LRRs), eine Malectin- 

und eine Rezeptor-Kinase-Domäne enthält. Da die cork1-Mutanten keine [Ca2+]cyt-Erhöhung, 

Produktion reaktiver Sauerstoffspezies und WRKY30/WRKY40-Hochregulierung nach COM-

Applikation zeigten, kompensieren andere Malectin-Domänen enthaltende Proteine in Arabidopsis 

die cork1-Mutation nicht. Mit einem Protoplasten-Luciferase-Assay konnte ich zwei konservierte 

Phenylalaninreste in der Malecindomäne identifizieren, die für die COM-induzierte 

Signalübertragung essentiell sind. Durch transskriptomische und phosphoproteomische Analysen 

identifizierte ich COM-regulierten Gene, die an der Biosynthese von Tryptophan und sekundären 

Metaboliten beteiligt sind, sowie frühe Phosphorylierungsziele, einschließlich Proteine, die zum 

Zellwandsynthesekomplex gehören. 
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1. General introduction 

 Over the past decades, the production of chemical fertilizers, pesticides and antimicrobial 

products by agricultural companies has dramatically increased. However, this strategy may no longer 

support the ever-growing population. Therefore, it is necessary to develop a more sustainable way to 

provide food.  

 In their natural habitat, plants interact with microbes in the soil. A straight forward method is 

to look at microorganisms which form mutualistic interactions with plants, as they offer novel tools 

to optimize crop production in various environments. For example, by analyzing the microbial 

communities of crop plant roots in local soil samples, we can gain a better understanding on how crop 

growth can be promoted by microbes in the rhizosphere. Isolation of plant growth-promoting 

microbes (PGPMs) from soil sample and characterization of their physiological effects on plants 

provide an alternative strategy to optimize crops yield and food production under different 

environmental conditions. Besides physical interaction of the symbionts and exchange of nutrients 

and water, the communication between the partners is based on chemical mediators, which affect the 

physiology and development of the two symbionts and fine-tune the symbiosis. Understanding the 

mechanism behind this communication system can identify key targets or signaling compounds which 

could be the basis to design new or more sustainable chemical compounds for agricultural 

applications.  

 As sessile organisms, plants developed a plethora of methods to interact with other plants, 

animals and microorganisms in their neighborhood to adapt to changing environmental conditions 

and stress factors. In the following paragraphs, I will first describe the key features of PGPMs, how 

they promote plant growth and reduce biotic and abiotic stress. In the second part, the chemical 

mediators establishing/shaping the interaction will be described, focusing on plant perception systems 

of these elicitors and their physiological effects on plant growth, development and defense.  

 

1.1 Beneficial effects of plant growth-promoting microbes  

 Modern agriculture relies heavily on fertilizers, pesticides and antimicrobial chemicals. They 

provide plants with essential nutrients for proper growth and development, and protect them from 

pathogen infection or feeding by insects. However, in the long run, the excessive use of fertilizers 

will contaminate the soil and alter the rhizosphere communities with detrimental environmental 

impact (Horrigan et al., 2002; Savcı, 2012). Likewise, the use of pesticides and antimicrobial 

chemicals may decrease the biodiversity in the environment, and increases resistance against the 

applied chemicals (Meena et al., 2020). As a result, the soil may not be suitable for sufficient crop 

growth any more, causing drastic problems for local and worldwide food production.  
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 In the rhizosphere, plant growth-promoting microbes (PGPMs) are important symbionts 

which enhance plant growth, and protect them against biotic and abiotic stress. They possess the 

ability to fix nitrogen from the atmosphere, and are able to solubilize soil minerals and provide 

essential nutrients such as nitrogen (N), phosphate (P) and sulfur (S) to their hosts (Lopes et al., 2021). 

PGPMs can increase plant growth by influencing the phytohormone levels in plants, such as 

increasing auxin or gibberellin (GA) and decreasing the ethylene (ET) levels (Khan et al., 2020). 

PGPMs can also induce systemic defense responses in plants by modulating salicylic acid (SA) and 

jasmonic acid (JA) levels, or directly combat pathogens in the rhizosphere (Khan et al., 2020; Woo 

et al., 2014). In some cases, PGPMs can configure osmoprotectants and antioxidants in their host 

plants, thereby helping plants to resist stress (Lopes et al., 2021). Establishment of such interactions 

has important impact on agriculture, and understanding of the molecular and chemical basis of these 

interactions might contribute to the goal to replace chemical fertilizers in agriculture. 

 

1.1.1 Nitrogen nutrition 

 Although the atmosphere is abundant in nitrogen gas (N2), it must be converted to ammonia 

(NH3) for incorporation into plants. Diazotrophs are microbes which can perform biological nitrogen 

fixation (BNF), converting N2 into NH3 (Gupta et al., 2019; Raymond et al., 2004). They possess 

nitrogenases to carry out the fixation reaction, which provide plants with nitrogen from the unlimited 

air N2 source (Shin et al., 2016). Nitrogenases are comprised of a larger heterotetrameric 

molybdenum-iron (MoFe) co-factor, and a smaller homodimeric iron (Fe) protein. Apart from the 

canonical FeMo co-factor, there exist nitrogenases with vanadium-iron (VFe) and iron-iron (FeFe) 

co-factors (Bellenger et al., 2020; Harris et al., 2019). The Fe protein functions as an ATP-dependent 

electron donor, providing the MoFe protein with electrons for N2 reduction (Seefeldt et al., 2009). 

This process is very sensitive to oxygen, thus proper sequestration is necessary for optimal nitrogen 

fixation (Bellenger et al., 2020; Seefeldt et al., 2009).  

 Several PGPMs improve N nutrition in their host plants. Azospirillum is a genus of aerobic, 

gram-negative bacteria. Inoculation of A. brasilense increases potassium (K) and N accumulation in 

shoot, and the bacterium also increases grain yield in different crops (Garcia de Salamone et al., 1996; 

Boleta et al., 2020; Bashan and de-Bashan, 2010; Filho et al., 2017). Rhizobia are also extensively 

studied due to their nitrogen-fixation capacity (Lindström and Mousavi, 2020). They interact with 

legumes (Fabaceae), such as common beans (Hailu Gunnabo et al., 2021; Wekesa et al., 2021). Once 

the symbiosis is initiated, the infected tissue develops a specialized organ called nodules. In this 

scenario, rhizobia are well-supplied with carbon in an oxygen-controlled environment, allowing them 

to efficiently fix N by the nitrogenase, and supply it to their hosts (Rutten and Poole, 2019; Herridge 

et al., 2008; Day et al., 2001). Colonization of roots by beneficial fungi such as arbuscular mycorrhiza 



7 

 

fungi (AMF) and nitrogen-fixing bacteria exerts synergistic growth-promoting effect on host plants 

(Mikola, 1986; Bauer et al., 2012; Júnior et al., 2017), although the mechanism is unknown at present. 

 

1.1.2 Phosphorus nutrition 

 Phosphorus (P) is an essential building block for cellular components such as nucleic acids 

and cell membranes, and is involved in various cellular processes, including photosynthesis and the 

energy carrier adenosine triphosphate (ATP). In soil, most of the P is insoluble, which renders it 

unavailable for plant assimilation. However, microbes, including PGPMs, can enrich the soluble P 

source accessible for plants by releasing PO4
3-, HPO4

2-, and H2PO4
- ions from insoluble PO4

3- (Tian 

et al., 2021). One strategy is to secrete organic acids to reduce soil pH (Zhao et al., 2014). 

Acidification by proton release in exchange of the cations from the insoluble P is another strategy 

(Sharma et al., 2013). To remobilize P from organic compounds, microbes utilize the non-specific 

acid phosphatases (NSAPs) to dephosphorylate the phosphorester or phosphoanhydride bonds 

(Nannipieri et al., 2011).  

 Phosphate solubilization often results in plant growth promotion. Bacillus sp., Pseudomonas 

sp. and Rhizobium sp., are known bacteria to solubilize phosphate, although the capability varies 

across species (Wekesa et al., 2021; Zaidi et al., 2010; Turan et al., 2006). Many fungal species also 

exhibit phosphate solubilization ability, including Trichoderma sp., Penicillium sp., Aspergillus sp., 

Mucor sp., Rhizopus sp and Serendipita (Piriformospora) indica (abbreviated as P. indica in the 

following text; Kumar et al., 2011; Bakshi et al., 2015; Bononi et al., 2020; Jiang et al., 2020). Notable 

examples are AMF. They can not only solubilize P, but also enhance P uptake into plants by releasing 

organic anions or proton, which contributes to the promotion of plant growth and yield (Kobae, 2019; 

Gao et al., 2020; Zaidi et al., 2010). In addition, AMF colonized roots recruit phosphatase-producing 

bacteria, which further improves P nutrition in the host plant (Zhang et al., 2018b). 

 

1.1.3. Sulfur nutrition 

 After nitrogen, phosphorus and potassium, sulfur (S) is the fourth major macromolecule for 

plant nutrition. It can be found not only in primary metabolites such as proteins and Fe-S co-factors 

necessary for electron transport and nutrient assimilation (Raven et al., 1999; Lancaster et al., 1979; 

Krueger and Siegel, 1982), but also in secondary metabolites important for pathogen and herbivore 

defence, such as glucosinolates (Bakhtiari and Rasmann, 2020; Halkier and Gershenzon, 2006; Ting 

et al., 2020; Wittstock et al., 2016).   

 Although plants are able to incorporate SO2 gas from the atmosphere, the major source of S 

remains in the soil in the form of sulfate (SO4
2-). Microbial oxidation of elemental sulfur was first 

described in 1877, and the first S-oxidizing bacteria Thiobacillus denitrificans and T. thioparus were 
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later isolated (Beijerinck, 1904; Lipman et al., 1916; Waksman and Joffe, 1922). Besides bacteria, 

fungi are also able to produce sulfate by activating arylsulfatase activity, especially under S-limiting 

conditions (Fitzgerald, 1976; Marzluf, 1997; Omar and Abd-Alla, 2000; Baum and Hrynkiewicz, 

2006). AMF also increase S uptake in maize, clover and tomato (Gray and Gerdemann, 1973; 

Cavagnaro et al., 2006). They enhance the expression of sulfate transporter genes in plants, which 

leads to improved S nutrition under S deficient condition (Giovannetti et al., 2014).  

 Another route for S uptake is through volatile organic compounds (VOCs) released by 

microorganisms. Bacillus spp. B55 is capable of producing dimethyl disulfide (DMDS). This 

compound can sustain plant growth and increase root branching under S deficiency (Meldau et al., 

2013). Various fungi also produce S-containing volatiles that may influence S nutrition in plants 

(Splivallo et al., 2007; Seifert and King, 1982; Nemcovic et al., 2008; Schalchli et al., 2011; Larsen, 

1998; Dickschat, 2017; Citron et al., 2012; Birkinshaw and Chaplen, 1955; Brock et al., 2011). 

However, the molecular mechanism of their incorporation into plant metabolism is not yet clear.  

 

1.1.4 Phytohormone regulation 

 Distribution of phytohormones plays an important role in plant development and growth 

regulation. For instance, auxin and GA promote plant growth, while JA, SA and ET are primarily 

involved in pathogen defense (Kamiya, 2009). The distribution of phytohormones differs in different 

growth stages, plant organs and tissues, responses to environmental conditions and interactions with 

microbes (Saidi and Hajibarat, 2021; Pozo et al., 2015).  

 One mechanism PGPMs enhance plant growth is by depositing auxin or auxin precursors to 

colonized roots. Rhizobia, AMF and P. indica are all able to produce auxin precursors, which promote 

root growth (Nadzieja et al., 2018; Wang et al., 2021; Meents et al., 2019; Sirrenberg et al., 2007). In 

case of drought stress, AMF-produced auxin can maintain trifoliate orange (Poncirus trifoliata) 

growth (Liu et al., 2018). Under moderate soil drying, treatment of P. indica enhanced auxin level in 

rice roots and recruited more growth-promoting bacteria Bacillus cereus in the rice rhizosheath (Xu 

et al., 2021). Interestingly, beneficial fungi possess higher amount of IAA and lower or undetectable 

amount of abscisic acid (ABA) in their mycelium, while pathogenic fungi such as Alternaria 

brassicicola and Verticillum dahliae contain undetectable IAA and high ABA levels (Meents et al., 

2019).  

 GAs are tetracyclic diterpenoid acids which are required to break seed dormancy, and 

involved in root growth (Ubeda-Tomás et al., 2008; Ogawa et al., 2003; Shu et al., 2016). Rhizobia 

have been reported to stimulate root elongation by GA production (Dobert et al., 1992). In rice, a 

native Rhizobium strain was found to produce both GA and auxin, improving plant growth and yield 

(Yanni et al., 2001). For beneficial fungi, the endophytic fungus P. indica induces the growth and 
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early flowering on the medical plant Coleus forskohlii by up-regulating core flowering genes and 

GA-related genes, including RGA1, AGL24, GA3, and MYB5 (Pan et al., 2017; Kim et al., 2017). 

Likewise, AMF induce GA biosynthetic genes upon colonization in rice (Güimil et al., 2005). 

However, there are reports showing that GAs also act as negative regulator for AMF colonization 

(Yu et al., 2014; Floss et al., 2013). This demonstrates the importance of GA for AMF-mediated plant 

growth is difficult to evaluate.  

 JA and SA are involved in the systemic acquired resistance (SAR) and induced systemic 

resistance (ISR). While SAR is generally induced by pathogens and requires SA, ISR is triggered by 

beneficial microbes and is mediated by JA (Métraux et al., 1990; Gaffney et al., 1993; Vlot et al., 

2021; Pieterse et al., 2009). Several reports have shown that root colonization by rhizobia up-regulates 

ISR through JA signaling, and enhances pathogen resistance of its host plant (Pozo et al., 2008; 

Cartieaux et al., 2003). Colonization by Trichoderma species also inducs ISR, providing their host 

plant higher resistance against pathogens (Brotman et al., 2008; Singh et al., 2019). 

 ET governs various aspects of plant development. Particularly, high ethylene levels result in 

chlorosis and senescence in leaves, reduced fruit yield, photosynthesis and root development (de 

Souza et al., 2015; Koukounaras et al., 2006; Özgen et al., 2005). Ethylene production is also observed 

upon salinity stress and heavy metal stress (Gharbi et al., 2017; Keunen et al., 2016). PGPMs possess 

ACC-deaminase activity, which converts the ethylene precursor 1-aminocyclopropane-1-carboxylate 

(ACC) to ammonia and α-ketobutyrate, thereby reducing stress level (Honma and Shimomura, 1978). 

It has been reported that Pseudomonas sp., Aneurinibacillus aneurinilyticus and Paenibacillus sp. 

can reduce salinity stress in tomato and beans by applying this strategy (Orozco-Mosqueda et al., 

2019; Gupta and Pandey, 2019). Rhizobacteria can also use ACC deaminase to reduce drought stress 

(Saikia et al., 2018). Trichoderma longibrachiatum up-regulates its ACC deaminase activity and, in 

combination of IAA production, enhances resistant to salinity stress in wheat (Zhang et al., 2019). 

 

1.1.5 Antioxidant 

 Abiotic stress, such as heat, salinity and heavy metal stress, are the primary cause of crop 

yield loss (Godoy et al., 2021). The adverse effect from abiotic stress comes from the increase in ROS, 

including hydrogen peroxide (H2O2) and superoxide anion (O2
-; Thorpe et al., 2013; Nadarajah, 2020). 

These ROS species are harmful to plants, as they cause lipid oxidation, damage to proteins and nuclear 

acids and may eventually lead to cell death (Nouman et al., 2014). To scavenge these ROS species, 

plants rely on detoxification enzymes such as catalase (CAT), superoxide dismutase (SOD), ascorbate 

peroxidase (APX) and glutathione transferase (GST), or metabolites such as GSH, 

ascorbate/dehydroascorbate, carotenoids and phenolic compounds (Gouda et al., 2018; Arora et al., 

2020). PGPMs reduce abiotic stress of their host plants by releasing these enzymes or compounds, 
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and enhance SOD and CAT activity to alleviate salinity and drought stress (Mitra et al., 2021; Li et 

al., 2019; Kumar Arora et al., 2020). 

 

1.1.6 Osmoregulators 

 An additional strategy for PGPMs to reduce abiotic stress is to release osmoregulators. 

Rhizobia are known to produce exopolysaccharides, which form a protective layer of biofilms along 

the root surface. This layer can retain water for plants, protect them from water or ion loss (Hashem 

et al., 2019). Other beneficial microbes can produce carbohydrates, lipids, proline and trehalose to 

regulate the osmotic pressure in the rhizosphere (Van Oosten et al., 2017). 

 

1.1.7 Biotic stress  

 As mentioned, PGPM colonization often has strong influence on the distribution of JA and 

SA levels in plants, which make them more resistant to pathogens. Trichoderma species are of 

particular interest due to their strong propensity to protect plants against pathogenic fungi (Grosch et 

al., 2007; Sánchez-Montesinos et al., 2021). Another mechanism they protect their host plants is by 

mycoparasitism. They are able to physically penetrate fungal cells or produce metabolites to the 

pathogens in their surrounding (Brotman et al., 2010; Baiyee et al., 2019). Besides pathogenic fungi, 

Trichoderma species can also target pathogenic nematodes (Poveda et al., 2020). With this 

outstanding trait against broad spectrum of pathogens, there are more than 200 commercial strains 

world-wide serving as BCA (Woo et al., 2014).  
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1.2 Chemical mediators in plant-microbe interaction 

 To pose an effect on host plants, PGPMs must either possess or release bio-active molecules 

which directly affect plant growth and development, e.g. phytohormones, enzymes or antioxidants. 

However, there are numerous metabolites which can indirectly induce physiological responses in 

plants. For example, the mycellium of some fungal strains does not contain JA or SA, but releases 

metabolites regulating JA and SA production in root and shoot tissues of the hosts (Vahabi et al., 

2013; Meents et al., 2019). In this chapter, the physiological functions of signaling molecules and 

how they are perceived by plants will be discussed. 

  

1.2.1 Microbial-associated molecular patterns 

 Detection of the presence of microbes by the host starts with the recognition of conserved 

microbial molecules. These molecules are known as microbe- (pathogen-) associated molecular 

patterns (MAMPs/PAMPs). They are usually essential components of the microbes, such as lipo-

chitooligosaccharides (LCOs, component of nodulation (Nod) factors) produced by rhizobia 

(Schauser et al., 1999; Pan et al., 2018), chitin (Felix et al., 1993; Miya et al., 2007), flagellin (Felix 

et al., 1999; Gómez-Gómez et al., 2001), elongation factor Tu (EF-Tu; Kunze et al., 2004), 

peptidoglycan (PGN; Gust et al., 2007; Willmann et al., 2011) and lipopolysaccharides (LPS; Ranf 

et al., 2015; Newman et al., 1995). Their perception occurs through membrane-localized pattern 

recognition receptors (PRRs). These PRRs are either receptor-like kinases (RLKs) or receptor-like 

proteins (RLPs). Both consist of a functional extracellular domain for ligand binding, and single-pass 

transmembrane domain. While RLKs have an intracellular kinase domain, RLPs often have only a 

short cytosolic domain (Jamieson et al., 2018).  

 These PRRs serve as the first-line defense perception system (PTI, Pattern-Triggered 

Immunity). Upon ligand binding, plant cells experience a fast elevation of [Ca2+]cyt and high level of 

ROS production (Yu et al., 2017), followed by phosphorylation of mitogen-activated protein kinases 

(MAPKs) and calcium-dependent protein kinases (CDPKs; Huang et al., 2020; Asai et al., 2002). 

Depolarization of membrane potential transfers an electric signal from the perception site to 

neighboring cells or distal tissues for systematic signaling (Yu et al., 2017). Finally, the signaling 

cascades result in up-regulations of genes such as WRKY transcription factors, leading to defense 

response and restricts the spread of microbes (Huang et al., 2020; Asai et al., 2002). 

 

1.2.2 Effectors 

 Throughout the evolution of the plant-microbe interaction, microbes have gained the ability 

to secrete effectors to evade plant immunity for more efficient infection or colonization (Tanaka and 

Kahmann, 2021; Zhao et al., 2019). Effectors from pathogens have been extensively studied, since 
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they cause severe crop loss (Xue et al., 2020; Fones et al., 2020). These effectors may affect plant 

metabolism, or target the host’s phytohormone pathways (Plett et al., 2014; Lv et al., 2021; Xian et 

al., 2020). Beneficial microbes also release effector protein which optimize the symbiosis. Besides 

promotion of host’s growth and strengthening its immune system, this also creates a suitable habitat 

for the microbe (Akum et al., 2015; Lucke et al., 2020).  

 Conversely, plants have evolved a system to detect these effectors as a secondary line of 

defense (ETI, Effector-Triggered Immunity). The gene-for-gene hypothesis was first proposed in the 

1940s, which states that individual effector gene products from pathogens interact with R (resistance) 

proteins in plants (Flor, 1942). The guard model, zig-zag model and decor model were later proposed 

to explain the complicated interaction between effectors and R proteins (Zipfel and Rathjen, 2008; 

Zhou and Chai, 2008; Jones and Dangl, 2006; Dangl and Jones, 2001). In any case, the R proteins are 

known as nucleotide binding, leucine-rich repeat (NLR) proteins, since they possess two conserved 

domains: nucleotide-binding (NB) and leucine-rich-repeat (LRR) domains, and either a Toll-

interleukin 1-like receptor (TIR) or a coiled-coil (CC) domain at the N terminus (Richard et al., 2018; 

van Wersch and Li, 2019).  

 ETI usually leads to hypersensitive response (HR), causing programmed cell death (Gao et 

al., 2017; Zavaliev et al., 2020; Dangl and Jones, 2001). The downstream response by ETI is often 

similar to PTI, although the magnitude is somehow greater (Peng et al., 2018). ETI is triggered only 

after perception of effectors, and PTI may trigger higher ROS production during ETI, while 

transcription of PTI-responsive genes and MAPK3/6 phosphorylation can be enhanced by ETI (Yuan 

et al., 2021; Ngou et al., 2021). The individual response and cross-talk between PTI and ETI provide 

immunity to a broad range of microbes.  

 

1.2.3 Damage-associated molecular patterns  

 Plant cell wall is composed of numerous sugar polymers. The major component is cellulose, 

which consists of unbranched fiber made of D-glucose with β-(1,4) glycosidic bonds. Hemicellulose, 

on the other hand, is made of various polysaccharides, containing short branches (Scheller and 

Ulvskov, 2010; Gibson, 2012). The third component in the cell wall are pectins. They can be 

categorized into unbranched homogalacturonan (HG), branching rhamnose (Rha)-containing 

rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II) with complex composition 

(Mohnen, 2008; Atmodjo et al., 2013).  

 These cell wall forms a rigid physical barrier to protect the plant from microbe invasion. 

Therefore, microbe colonization is initiated by cell-wall degrading enzymes (CWDEs), which cause 

plant cell damage and release of cellular components (Yang et al., 2021a). These components act as 

signaling molecules, triggering immune response, and are so-called damage-associated molecular 
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patterns (DAMPs). Recent studies have shown that fragments from cellulose (cellooligomers), 

hemicellulose (xyloglucans) and pectins (oligogalacturonides, OGs) can induce immune response in 

plants. Similar to PTI by MAMPs/PAMPs, DAMPs induce calcium elevation, ROS production and 

MAPK phosphorylation, though in lower intensity (Johnson et al., 2018; Souza et al., 2017; Claverie 

et al., 2018; Mélida et al., 2020; Rebaque et al., 2021; Yang et al., 2021a; Hu et al., 2004; Galletti et 

al., 2011). Up until now, only the receptor for OGs and pectins were discovered (Brutus et al., 2010; 

Tang et al., 2022). While in rice, β-1,3/1,4-glucans from hemicellulose were shown to bind to 

OsCERK1 inducing the dimerization of OsCERK1 and the chitin receptor OsCEBiP (Yang et al., 

2021a). 

 

1.2.4 Volatile organic compounds 

 VOCs present another path for plant-microbe interaction. They are small molecules which 

can diffuse easily throughout the airspace, or permeate through cell membrane (Schulz-Bohm et al., 

2017). VOCs produced by microbes belong to different classes of molecules, and their effects range 

from promoting photosynthesis, adjusting hormone distribution, providing plant nutrition, enhancing 

abiotic stress to activating systematic resistance against pathogens (Zhang et al., 2007, 2008, 2009). 

Among the microbial VOCs, DMDS has been extensively studied due to its growth-promoting 

function by providing plants with sulfur and increasing auxin production (Meldau et al., 2013; 

Vasseur-Coronado et al., 2021). These characteristics make them a potential candidate for agriculture 

application (Thomas et al., 2020). 

 However, the molecular pathway and components for VOC perception are still not completely 

clear. This is partially due to the fact that the physiological effect from VOCs may be caused by 

receptor binding at the plasma membrane or in the nucleus, or simply by reacting with other 

components in the cell. A prominent example of a volatile compound is CO2. Although it is not strictly 

defined as VOC, it regulates stomata closure in Arabidopsis guard cells through the Slow Anion 

Channel 1 (SLAC1; Yamamoto et al., 2016; Zhang et al., 2018a). In the nucleus, it was found that 

the transcriptional co‐repressor Topless‐like (TPL) protein is able to bind volatile sesquiterpenes 

(Nagashima et al., 2019).  

Another well-known signaling volatile methylsalicylate (MeSA) is produced upon tobacco 

mosaic virus (TMV) infection. MeSA then can travel to other non-infected leaves and be converted 

back to SA through salicylic acid–binding protein 2 (SABP2) and MeSA esterase, achieving 

systematic resistance (Park et al., 2007).  

These lead to the new hypothesis proposing the presence of putative odorant-binding proteins 

(OBPs; Loreto and D’Auria, 2021; Giordano et al., 2021), as shown for the binding proteins for MeSA, 

methyl jasmonate (MeJA) and sesquiterpenes (Nagashima et al., 2019; Park et al., 2007; Sheard et 
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al., 2010; Cheong and Choi, 2003). However, more experimental evidence is needed to demonstrate 

the presence of these OBPs.    
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2. Objectives 

 The aim of this study was to investigate the role of chemical mediators from three beneficial 

fungi in their symbiotic interaction with the model plants Arabidopsis thaliana or Nicotiana attenuata 

(cf. Manuscript 1). 

 In the first part of the thesis, I characteried a new Trichoderma strain from India by rRNA 

sequencing and phylogenetic analysis (Manuscript 1). The symbiotic interaction of this strain with 

A. thaliana and N. attenuata plants was carried out in established co-cultivation systems and assayed 

at the phytohormone and gene expression levels, by physiological parameters as well as fungal 

colonisation strategies. Furthermore, we tested whether Trichoderma can distinguish between 

beneficial and pathogenic fungi. Therefore, we analyzed N. attenuata plants colonized by the new 

Trichoderma strain after additional exposure to the pathogenic fungus Alternaria brassicicola, or 

arbuscular mycorrhiza fungi, or both. Finally, a chemical compound from the fungal cell wall was 

investigated for its potential elicitor function. The new strain promoted plant growth in the initial 

stage. This trait was greatly influenced by different salt concentration and nutrient availability. This 

led to two more studies in Manuscrtipt 2 and Manuscript 3, in which I investigated whether the 

benefits for the host were affected by salt and nutrient.  

 In Manuscript 2, we exposed Trichoderma-colonized Arabidopsis seedlings to extreme P 

stress. We investigated whether the stress affects root colonisation, the mode of interaction between 

the two symbionts, and the distribution of photoassimilates between the fungus and the host. 

 Manuscript 3 compared the secretomes of the Trichoderma strain and Arabidopsis roots 

alone or in symbiotic interaction under increasing salt stress conditions. We aimed to identify plant 

and fungal proteins which are specific for the symbiotic interaction, salt stress and salt concentrations 

which promote a beneficial interaction between both partners.  

 The second part of the study focused on the physiological effect of VOCs from the plant 

growth-promoting fungus (PGPF) Mortierella hyalina (Johnson et al., 2019) on Arabidopsis 

(Manuscript 4). I investigated whether the fungal VOC promoted growth of Arabidopsis seedlings, 

in particular under S limitation. GC-MS analysis was carried out to determine the major components 

in the fungal headspace. I investigated whether the volatile participates in the plant S nutrition and 

how it interferes with the plant S metabolism. 

 In the third part of this sutdy (Manuscript 5), I aimed to understand how cellotriose (CT), a 

cellooligomer (COM) released by P. indica, is perceived by root cells. COMs were recently described 

as novel invasion patterns, which are released by fungi but also generated during the breakdown of 

cellulose of the plant cell. COMs with 2-7 glucose moities trigger calcium elevation, ROS production 

and defence responses in plant (Souza et al., 2017; Johnson et al., 2018). To identify their perception 

components, a newly-generated EMS population of Arabidopsis with the cytosolic calcium sensor 
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aequorin was screened based on [Ca2+]cyt elevation upon CT treatment. I identified a mutant with a 

point mutation in a LRR-malectin receptor kinase, which was further characterized in this thesis. I 

wanted to confirm its specificity for COM perception, analyze the role of the malectin domain for 

sugar sensing, investigate whether the receptor kinase induces downstream responses which respond 

to COM, identify COM-regulated genes and find out the phosphorylation target proteins for CORK1.  
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3. Manuscript overview 

3.1 Manuscript 1 

 

An Endophytic Trichoderma Strain Promotes Growth of Its Hosts and Defends Against 

Pathogen Attack 

 

Authors: Yu-Heng Tseng, Hamid Rouina, Karin Groten, Pijakala Rajani, Alexandra C. U. Furch, 

Michael Reichelt, Ian T. Baldwin, Karaba N. Nataraja, Ramanan Uma Shaanker, Ralf Oelmüller 

(2020). 

 

Status: published, Frontiers in Plant Science, 11:573670. doi: 10.3389/fpls.2020.573670. 

 

Summary: 

The aim of this study was to characterize a Trichoderma strain isolated from leaves of Leuceas aspera, 

which stimulated growth and biomass production of several crop species in field studies. 

Morphological and phylogenetic analysis suggested that it is a new Trichoderma strain. It survived 

on high NaCl and mannitol, and could feed on the pathogenic fungus Alternaria brassicicola. The 

strain colonized the root of Arabidopsis thaliana and Nicotiana attenuata, and promoted their growth. 

Moreover, colonized Arabidopsis plants were more salt tolerant and better protected against A. 

brassicicola infection. However, the Trichoderma strain did not affect arbuscular mycorrhiza 

formation in N. attenuata. These characteristics are important for future agricultural applications. 

 

 

 

 

 

 

 

 

 

Y-HT organized the project, performed the experiments, collected the samples and data, analyzed the 

results, plotted the figures, and wrote up the study. HR performed the soil and salt experiments with 

Arabidopsis. KG performed the experiments with Nicotiana. PR isolated the Trichoderma strain. AF 

assisted in the microscopy. MR measured the phytohormones. IB, KNN, RUS, and RO edited the 

manuscript. RO designed the project and revised the manuscript.  
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Angaben zum Eigenanteil 

Formular 1 

Manuskript Nr. 1 

Titel des Manuskriptes: An Endophytic Trichoderma Strain Promotes Growth of Its Hosts and 

Defends Against Pathogen Attack 

 

Autoren: Yu-Heng Tseng, Hamid Rouina, Karin Groten, Pijakala Rajani, Alexandra C. U. Furch, 

Michael Reichelt, Ian T. Baldwin, Karaba N. Nataraja, Ramanan Uma Shaanker, Ralf Oelmüller 

 

Bibliographische Informationen: Tseng Y-H, Rouina H, Groten K, Rajani P, Furch ACU, Reichelt 

M, Baldwin IT, Nataraja KN, Uma Shaanker R and Oelmüller R (2020) An Endophytic Trichoderma 

Strain Promotes Growth of Its Hosts and Defends Against Pathogen Attack. Front. Plant Sci. 

11:573670. doi: 10.3389/fpls.2020.573670 

Der Kandidat / Die Kandidatin ist 

 Erstautor,  Ko-Erstautor,  Korresp. Autor,  Koautor. 

Status: veröffentlicht in „Frontiers in Plant Science“ 

Anteile (in %) der Autoren / der Autorinnen an der Publikation 

Autor/-in Konzeptionell Datenanalyse Experimentell 
Verfassen des 

Manuskriptes 

Bereitstellung 

von Material 

Yu-Heng 

Tseng 
40% 60% 70% 75% 0% 

Hamid 

Rouina 
5% 15% 10% 5% 0% 

Karin 

Groten 
5% 15% 10% 5% 10% 

Michael 

Reichelt 
0% 10% 10% 0% 10% 

Ralf 

Oelmüller 
50% 0% 0% 15% 80% 

Summe 100% 100% 100% 100% 100% 
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Formular 2 

Manuskript Nr. 1 

Kurzreferenz: Tseng et al (2020), Front. Plant Sci.  

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten wiedergeben 

(nur für Originalartikel): 

 

Abbildung(en)  

# 1, 2, 4, 7, S1, S3, 

S5, Table S1 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:   

Kurzbeschreibung des Beitrages:  

   

 

Abbildung(en)  

# 3, 5 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 30 % 

Kurzbeschreibung des Beitrages: Plotting data, Statistical 

analsis 

   

 

Abbildung(en)  

# 6 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 90 % 

Kurzbeschreibung des Beitrages: Performing Experiments, 

Plotting data, Statistical analsis 
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Abbildung(en)  

# 8 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 10 % 

Kurzbeschreibung des Beitrages: Plotting data 

   

 

Abbildung(en)  

# 9, S6, Table S3, 

Video S1 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 80 % 

Kurzbeschreibung des Beitrages: Performing Experiments, 

Plotting data, Statistical analysis 

   

 

Abbildung(en)  

# S2, S4 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 20 % 

Kurzbeschreibung des Beitrages: Plotting data 

   

 

Abbildung(en)  

# Table S2 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:  

Kurzbeschreibung des Beitrages:  
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3.2 Manuscript 2 

 

Arabidopsis Restricts Sugar Loss to a Colonizing Trichoderma harzianum Strain by 

Downregulating SWEET11 and -12 and Upregulation of SUC1 and SWEET2 in the Roots 

 

Authors: Hamid Rouina, Yu-Heng Tseng, Karaba N. Nataraja, Ramanan Uma Shaanker, Ralf 

Oelmüller (2021). 

 

Status: published, Microorganisms, 9(6), 1246. doi:10.3390/microorganisms9061246. 

 

Summary: 

The aim of this study was to understand how phosphate availability affects plant-fungus symbiosis. 

Using the newly characterized Trichoderma strain and the model plant Arabidopsis thaliana, we 

showed that, on medium with insoluble phosphate, Trichoderma alleviated the phosphate starvation 

responses of its host, and sustained plant growth in the early stage. However, under phosphate 

deficiency, the colonized plants died earlier compared to the non-colonized controls. Microscopic 

studies suggested a transition from a beneficial to a saprotrophic relationship with increase in stress. 

We monitored this transition by analyzing gene erxpression changes for the sugar transporters in 

Arabidopsis. The genes for the sucrose transporters SWEET11 and SWEET12, which regulate the 

sucrose flow from the phloem parenchyma cells to the apoplast, were down-regulated and those of 

SUC1 and SWEET2, which govern sucrose uptake into the parenchyma cells and sucrose 

sequestration in vacuoles, respectively, were upregulated in colonized roots exposed to phosphate 

starvation. We propose that under phosphate deficiency, plants restricted sucrose outflow to the 

fungus to maintain their growth, and restrict fungal propagation in the plant tissue. 

 

 

 

 

 

 

 

Conceptualization: RO, KNN and RUS; methodology, HR and Y-HT; software, HR and Y-HT; 

validation, HR, Y-HT and RO; formal analysis, HR; investigation, HR; resources, KNN, RUS, data 

curation, HR; original draft preparation, HR and Y-HT; review and editing, RO; visualization and 

supervision, RO; project administration, Y-HT and R.O.; funding acquisition, RO.  
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Angaben zum Eigenanteil 

Formular 1 

Manuskript Nr. 2 

Titel des Manuskriptes: Arabidopsis Restricts Sugar Loss to a Colonizing Trichoderma harzianum 

Strain by Downregulating SWEET11 and -12 and Upregulation of SUC1 and SWEET2 in the Roots 

 

Autoren: Hamid Rouina, Yu-Heng Tseng, Karaba N. Nataraja, Ramanan Uma Shaanker, Ralf 

Oelmüller 

 

Bibliographische Informationen: Rouina, H.; Tseng, Y.-H.; Nataraja, K.N.; Uma Shaanker, R.; 

Oelmüller, R. Arabidopsis Restricts Sugar Loss to a Colonizing Trichoderma harzianum Strain by 

Downregulating SWEET11 and -12 and Upregulation of SUC1 and SWEET2 in the Roots. 

Microorganisms 2021, 9, 1246. doi: 10.3390/microorganisms9061246 

Der Kandidat / Die Kandidatin ist 

 Erstautor,  Ko-Erstautor,  Korresp. Autor,  Koautor. 

Status: veröffentlicht in „Microorganisms“  

Anteile (in %) der Autoren / der Autorinnen an der Publikation 

Autor/-in Konzeptionell Datenanalyse Experimentell 
Verfassen des 

Manuskriptes 

Bereitstellung 

von Material 

Hamid 

Rouina 
35% 70% 80% 20% 30% 

Yu-Heng 

Tseng 
20% 30% 20% 10% 20% 

Ralf 

Oelmüller 
45% 0% 0% 70% 50% 

Summe 100% 100% 100% 100% 100% 
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Formular 2 

Manuskript Nr. 2 

Kurzreferenz: Rouina et al (2021), Microorganisms 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten wiedergeben 

(nur für Originalartikel): 

 

Abbildung(en)  

# 1, 3, Table S1 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 30 % 

Kurzbeschreibung des Beitrages: Formatting figure, 

Providing material 

   

 

Abbildung(en)  

# 2 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 50 % 

Kurzbeschreibung des Beitrages: Plotting data, Performing 

experiments 

   

 

Abbildung(en)  

# 4, 5, 6, 7, S1, S2 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 10 % 

Kurzbeschreibung des Beitrages: Assisting on 

experimental procedures 
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Abbildung(en)  

# 8 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:  

Kurzbeschreibung des Beitrages:  
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3.3 Manuscript 3 

 

Comparative Secretome Analyses of Trichoderma/Arabidopsis Co-Cultures Identify Proteins 

for Salt Stress, Plant Growth Promotion, and Root Colonization  

 

Authors: Hamid Rouina, Yu-Heng Tseng, Karaba N. Nataraja, Ramanan Uma Shaanker, Thomas 

Krüger, Olaf Kniemeyer, Axel Brakhage, Ralf Oelmüller (2021). 

 

Status: published, Frontiers in Ecology and Evolution, 9:808430. doi: 10.3389/fevo.2021.808430. 

 

Summary: 

A recently described Trichoderma strain was shown to promote Arabidopsis growth with 50 mM 

NaCl, while 150 mM NaCl did not. Since secretome from both sides of the interaction partners has 

been shown to be involved in the balance of the interactions, we analyzed the secretome under 

different salt concentrations to understand the dynamic of symbiosis. Under high salt concentration, 

stress-related proteins and cell-wall modifying enzymes disappeared during co-cultivation, while the 

plant antioxidant proteins decreased. Under low salt concentration, only the Arabidopsis PYK10 and 

a fungal prenylcysteine lyase were found during co-cultivation. In combination with antioxidant 

enzyme assays, the results suggest that both partners profited from the interaction under low salt stress 

but have to invest more in balancing the symbiosis when the salt concentration increases. The study 

also sheds light on secreted proteins which could be important for studying symbiotic interaction 

under various conditions. 

 

 

 

 

 

 

 

 

 

 

 

HR and Y-HT designed and performed the experiments, TK, OK and AB performed the LC-MS/MS 

analysis and KNN, RUS and RO supervised and coordinated the experiments.  
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Krüger, Olaf Kniemeyer, Axel Brakhage, Ralf Oelmüller  

 

Bibliographische Informationen: Rouina H, Tseng Y-H, Nataraja KN, Uma Shaanker R, Krüger 

T, Kniemeyer O, Brakhage A and Oelmüller R (2022) Comparative Secretome Analyses of 
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and Root Colonization. Front. Ecol. Evol. 9:808430. doi: 10.3389/fevo.2021.808430 

Der Kandidat / Die Kandidatin ist 

 Erstautor,  Ko-Erstautor,  Korresp. Autor,  Koautor. 

Status: veröffentlicht in „Frontiers in Ecology and Evolution“ 

Anteile (in %) der Autoren / der Autorinnen an der Publikation 

Autor/-in Konzeptionell Datenanalyse Experimentell 
Verfassen des 

Manuskriptes 

Bereitstellung 

von Material 

Hamid 

Rouina 
30% 15% 50% 20% 15% 

Yu-Heng 

Tseng 
20% 15% 20% 20% 30% 

Thomas 

Krüger 
0% 20% 30% 0% 15% 

Ralf 

Oelmüller 
50% 50% 0% 60% 40% 

Summe 100% 100% 100% 100% 100% 
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Formular 2 

Manuskript Nr. 3 

Kurzreferenz: Rouina et al (2021), Front. Ecol. Evol. 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten wiedergeben 

(nur für Originalartikel): 

 

Abbildung(en)  

# 1, 2, 3, 4, Table 1, 

Table 2, Table 3 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 30 % 

Kurzbeschreibung des Beitrages: Optimizing experimental 

procedures 

   

 

Abbildung(en)  

# 5 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 30 % 

Kurzbeschreibung des Beitrages: Providing experimental 

protocols 
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3.4 Manuscript 4 

 

Tris(methylthio)methane Produced by Mortierella hyalina Affects Sulfur Homeostasis in 

Arabidopsis 

 

Authors: Yu-Heng Tseng, Stefan Bartram, Sandra S. Scholz, Michael Reichelt, Anja K. Meents, 

Anatoli Ludwig, Axel Mithöfer, Ralf Oelmüller (2021). 

 

Status: submitted, 14.09.2021, Scientific Reports. Preprint: Authorea. July 06, 2021. doi: 

10.22541/au.162428733.37123941/v2. 

 

Summary: 

The aim of this study was to investigate the physiological effect of a fungal volatile from Mortierella 

hyalina on its host plant Arabidopsis thaliana. M. hyalina was shown to promote Arabidopsis growth, 

even when both species were not in physical contact. Analysis of the fungal headspace with GC-MS 

unveiled the sulfur-containing volatile tris(methylthio)methane (TMTM) to be the major compound. 

The incorporation of TMTM could be detected in plant tissue by 34S labeling experiment. Under 

sulfur deficiency condition, TMTM reduced the expression of genes for sulfur deficiency response, 

prevented breakdown of sulfur-containing metabolites such as glucosinolate (GSL) and glutathione 

(GSH), and sustained plant growth. However, high amount of TMTM caused accumulation of GSH 

and GSL, and reduced plant growth, indicating stress to the volatile-exposed plants. Therefore, 

TMTM affects sulfur homeostasis in plant. Finally, unlike free sulfide, incorporation of TMTM was 

not directly into cysteine, thus there exists another pathway for organosulfide metabolism in plants. 

 

 

 

 

 

Y-HT, AM, RO organized the project. Y-HT, performed the physiological experiments on 

Arabidopsis, collected the samples and data, analyzed the results and plotted the figures. SB identified 

the natural compound and assisted in the sulfur labeling experiment. MR performed the LC-MS 

analysis, established the method to quantify the isotope ratio, and analyzed the data. SB and AKM 

performed the GC-MS analysis. SSS and SB extracted the fungal volatile for chemical analysis. AL 

established the desiccator assay. Y-HT and RO wrote up the study. All authors contributed to the 

manuscript.   
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Bibliographische Informationen:  

Der Kandidat / Die Kandidatin ist 

 Erstautor,  Ko-Erstautor,  Korresp. Autor,  Koautor. 

Status: zur Publikation eingereicht in „Scientific Reports“ 

Anteile (in %) der Autoren / der Autorinnen an der Publikation 
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Manuskriptes 

Bereitstellung 

von Material 
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Tseng 
80% 60% 55% 70% 40% 

Stefan 

Bartram 
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Sandra S. 

Scholz 
0% 0% 5% 5% 10% 

Michael 

Reichelt 
5% 20% 20% 5% 10% 

Ralf 

Oelmüller 
10% 0% 0% 15% 30% 

Summe 100% 100% 100% 100% 100% 
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Formular 2 

Manuskript Nr. 4 

Kurzreferenz: Tseng et al (2021) 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten wiedergeben 

(nur für Originalartikel): 

 

Abbildung(en)  

# 1, Table 1, S3, S4, 
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 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 10 % 

Kurzbeschreibung des Beitrages: Organizing figure and 

table 

   

 

Abbildung(en)  

# 2, 6 

 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 

Kandidat/die Kandidatin durchgeführt hat) 

 

  0 % (die in dieser Abbildung wiedergegebenen Daten 

basieren ausschließlich auf Arbeiten anderer Koautoren) 

 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung: 70 % 

Kurzbeschreibung des Beitrages: Performing experiments, 

Plotting data, Statical anaysis 

   

 

Abbildung(en)  
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 100 % (die in dieser Abbildung wiedergegebenen Daten 

entstammen vollständig experimentellen Arbeiten, die der 
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  0 % (die in dieser Abbildung wiedergegebenen Daten 
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  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 

Abbildung:  

Kurzbeschreibung des Beitrages: 
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3.5 Manuscript 5 

 

CORK1, a LRR-Malectin Receptor Kinase for Cellooligomer Perception in Arabidopsis 

thaliana 

 

Authors: Yu-Heng Tseng, Sandra S. Scholz, Judith Fliegmann, Thomas Krüger, Akanksha Gandhi, 

Olaf Kniemeyer, Axel A. Brakhage, Ralf Oelmüller (2022). 

 

Status: submitted, 26.04.2022, Plant Physiology. 

 

Summary:  

The aim of this study was to identify the signaling component of cellooligomers. They inform the 

cells about the integrity of their cell wall and, among others, induce plant immune responses, 

including cytoplasmic calcium elevation, up-regulation and phosphorylation of MAP kinases, and 

ROS production. In this study, I started by screening an EMS mutant population. Using cellobiose as 

elicitor and cytoplasmic calcium elevation as read out, I isolated and characterized an EMS mutant 

which did not respond to the stimulus. Through back-cross, genome-wide association study (GWAS) 

and complementation, I identified CORK1 (CelloOligomer Receptor Kinase 1), the putative receptor 

for cellooligomers. It possesses a leucine-rich repeat domain, followed by a malectin domain and a 

functional cytoplasmic kinase domain. The EMS mutant and two independent T-DNA insertion lines 

exhibited no cytoplasmic calcium elevation, no ROS production, nor up-regulation of WRKY30 and 

WRKY40 upon cellotriose treatment. With protoplast luciferase assay, we showed that two conserved 

phenylalanine residues in the malectin domain are important for cellooligomer signaling. To further 

understand the signaling events upon cellooligomer perception, transcriptomic and 

phosphoproteomic study were carried out. From them, I discovered the cellooligomer-regulated genes 

related to tryptophan and secondary metabolite metabolism, and early phosphorylation target proteins 

for CORK1, such as proteins within the cellulose synthase complex.   

 

 

Y-HT and RO developed the idea and organized the project. Y-HT, performed the experiments, 

collected the samples and data, analyzed the results and plotted the figures. SSS generated the EMS 

mutant population. JF performed the protoplast assay and analyzed the data. TK carried out the 

phosphopeptide measurement and data analysis. AG assisted on sample collection and protein 

extraction. AAB and OK provided the materials and equipment for protein extraction. Y-HT and RO 

wrote up the study. All authors contributed to the manuscript.   
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4. Manuscripts 

4.1 Manuscript 1 

 

An Endophytic Trichoderma Strain Promotes Growth of Its Hosts and Defends Against 

Pathogen Attack 

 

Yu-Heng Tseng, Hamid Rouina, Karin Groten, Pijakala Rajani, Alexandra C. U. Furch, Michael 

Reichelt, Ian T. Baldwin, Karaba N. Nataraja, Ramanan Uma Shaanker, Ralf Oelmüller 

 

Published in Frontiers in Plant Science (2020) 

Front. Plant Sci. 11:573670. doi: 10.3389/fpls.2020.573670 
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Tris(methylthio)methane Produced by Mortierella hyalina 

Affects Sulfur Homeostasis in Arabidopsis 

 

 

Y-H. Tseng1, S. Bartram2, M. Reichelt2, S. S. Scholz1, A. K. Meents1,3, A. Ludwig1, A. Mithöfer3, R. 

Oelmüller1*  

 
1 Department of Plant Physiology, Matthias Schleiden Institute of Genetics, Bioinformatics and 

Molecular Botany, Friedrich-Schiller-University Jena, Jena, 07743, Germany 
2 Department of Natural Product Biosynthesis, Max Planck Institute for Chemical Ecology, Jena, 

07745, Germany 
3 Research Group Plant Defense Physiology, Max Planck Institute for Chemical Ecology, Jena, 07745, 

Germany 

 

*corresponding author: ralf.oelmueller@uni-jena.de 
 

Abstract 

Microbial volatiles are important factors in symbiotic interactions with plants. Mortierella hyalina is 

a beneficial root-colonizing fungus with a garlic-like smell, and promotes growth of Arabidopsis 

seedlings. GC-MS analysis of the M. hyalina headspace and NMR analysis of the extracted essential 

oil identified the sulfur-containing volatile tris(methylthio)methane (TMTM) as the major compound. 

Incorporation of the sulfur from the fungal volatile into plant metabolism was shown by 34S labeling 

experiments. Under sulfur deficiency, TMTM downregulated sulfur deficiency-responsive genes, 

prevented glucosinolate (GSL) and glutathione (GSH) diminishment, and sustained plant growth. 

However, excess TMTM led to accumulation of GSH and GSL and reduced plant growth. Since 

TMTM is not directly incorporated into cysteine, we propose that the volatile from M. hyalina 

influences the plant sulfur metabolism by interfering with the GSH metabolism, and alleviates sulfur 

imbalances under sulfur stress. 

 

Introduction 

 Sulfur is an indispensable macronutrient required for proper plant growth, development and 

physiology. It is first incorporated into cysteine, and further into methionine, or glutathione (GSH), 

vitamins and cofactors, such as thiamine and biotin, to carry out important biochemical processes. 

Notable examples are the iron-sulfur (Fe-S) clusters which are required for electron transport in 

photosynthesis, reduction and assimilation of sulfur and nitrogen 1. In Brassicales, assimilation of 

sulfur contributes to the biosynthesis of glucosinolates (GSL), which are essential defense molecules 

against herbivores and pathogens 2,3. Although being classified as secondary metabolites, GSLs can 

hold up to 30% of total sulfur content in the plant body and serves as sulfur reservoir 4,5. 

 In natural environments, microorganisms play an important role in providing sulfate (SO4
2-), 

the primary sulfur source accessible, to roots for the biosynthesis of sulfur-containing compounds in 

plants. As early as in 1877, scientists already knew that elemental sulfur (S0) can be oxidized to sulfate, 

and microbes were thought to be an essential part of it 6. It was few decades later that scientists 

isolated the S-oxidizing bacteria Thiobacillus denitrificans and T. thioparus, and showed that they 

produce sulfate from S0 6–8. It is now known that microorganisms possess sulfatases to mineralize 

organic sulfur, thereby releasing sulfate into the rhizosphere 9,10. Furthermore, fungi were shown to 

mobilize sulfate-esters and activate arylsulfatase activity under sulfur-limiting conditions 11–14. 

Fungal symbionts are also crucial in supporting plants with sulfur. Mycorrhizal fungi are notable 

example for the promotion of sulfur uptake, as shown in maize, clover and tomato 15,16. The 

expression of sulfate transporters in plants can also be influenced by mycorrhizal fungi, resulting in 

improved sulfur status in host plants under sulfur deficient condition 17. 
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 Volatile organic compounds (VOCs) from microorganisms present another possible route to 

provide sulfur to plants. Dimethyl disulfide (DMDS) is produced by the bacteria Serratia odorifera 

and Bacillus spp. B55. Under sulfur deficiency, DMDS can sustain plant growth and increase root 

branching 18. Labeling experiment demonstrated that the S-containing volatile is taken up by the 

plants 18,19. Compared to bacteria, much less is known about sulfur-containing volatiles produced by 

fungi 20. Besides DMDS, mercaptoacetone, 3-methylsulfanylpropan-1-ol, benzothiazole, 2-

acetylthiazole, 3,5-dimethyl-1,2,4-trithiolane, 5-(1-propynyl)-thiophen-2-carbaldehyde and sulfur 

dioxide (SO2) were identified from various fungi 20. Not much is known about the mechanisms of 

their incorporation into the plant metabolism, but SO2 can cross cell membranes directly from the 

surrounding air and influence sulfur distribution within leaf tissue 21–23. 

 Incorporation of sulfur is a multi-step process. In soil, it starts primarily with the assimilation 

of sulfate by sulfate transporters (SULTRs) in the root cells. SULTR1;1 and SULTR1;2 act as the 

primary sulfate transporters. SULTR2;1 is located in the xylem and pericycle and responsible for 

root-shoot sulfur transport 24–28. Once the sulfate is in root tissue, it is incorporated alongside with 

ATP into adenosine-5′-phosphosulfate (APS) via the enzyme ATP sulfurylase (ATPS). APS serves 

as the branching point between primary and secondary metabolism. Through APS reductase, APS is 

transformed into sulfite (SO3
2-), and subsequently reduced to sulfide (S2-) by sulfite reductase. With 

O-acetyl-serine(thiol)lyase (OASTL), sulfide is further incorporated into O-acetylserine (OAS) to 

form the amino acid cysteine for primary metabolism 29. On the other hand, APS goes into secondary 

metabolism through APS kinase, which catalyzes the formation of 3'-phosphoadenosine-5'-

phosphosulfate (PAPS). PAPS serves as the molecule required for the last step of glucosinolate 

biosynthesis 30.    

 Sulfur assimilation and dynamics are highly regulated under sulfur deficiency. In Arabidopsis, 

SULFUR LIMITATION1 (SLIM1) is a central regulator of sulfur deficiency. The transcription factor 

of the EIL family induces the expression of genes for sulfur uptake transporters. Furthermore, genes 

for GSL catabolism are stimulated while those for GSL biosynthesis are repressed, thereby releasing 

sulfur from the GSL storage for proper plant growth 31. Correspondingly, mutants defect in SLIM1 

cannot respond to sulfur deficiency, and show reduced root growth 31. Finally, SULFUR DEFICIENT 

INDUCED (SDI) 1 and SDI2 are often used as marker genes to monitor sulfur deficiency 32. SDI1 is 

localized in the nucleus, and can repress GSL biosynthesis by interacting with MYB28, a major 

transcription factor for aliphatic GSL biosynthesis 32–34. All these components fine tune the sulfur 

status in the plant body to optimize plant competence in response to sulfur limitation.  

 Mortierella hyalina belongs to the phylum Mucoromycota. It possesses a distinctive garlic-

like smell in synthetic culture. In the co-cultivation experiments with Arabidopsis thaliana seedlings, 

M. hyalina promoted plant growth 35. Similar results were obtained for three other Mortierella strains 

with garlic-like smells, while the growth responses were less for two strains which did not smell 

(Figure S1). In this study, we address the question whether the volatile from M. hyalina interferes 

with the plant metabolism and might be involved in the regulation of sulfur stress. The headspace of 

M. hyalina was analyzed by GC-MS to identify those VOCs which are potentially involved in plant 

nutrition. By NMR, a sulfur-containing volatile, tris(methylthio)methane (TMTM; CAS Number 

5418-86-0), was identified as the major chemical in the fungal headspace. Incorporation of the sulfur 

from the fungal volatile into plant metabolism was shown with stable sulfur isotope labeling 

experiments. Under sulfur deficiency, TMTM restored plant growth, reduced the consumption of 

sulfur-containing metabolites, and reduced the response of seedlings to sulfur deficiency. We propose 

that TMTM maintains sulfur homeostasis in the plant under sulfur limitation condition. Finally, 

biochemical analyses examining cysteine biosynthesis did not show direct incorporation of TMTM 

into O-acetylserine (OAS), suggesting that additional biochemical steps are involved before the sulfur 

from TMTM is incorporated into cysteine, or non-canonical incorporation mechanisms different from 

sulfate assimilation are involved. 
 

Materials and Methods 

Growth medium and conditions for seedlings and fungi 
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 Seeds of wild-type A. thaliana (ecotype Columbia-0), and slim1 31 mutant were surface-

sterilized for 8 mins in sterilization solution containing lauryl sarcosine (1%) and Clorix cleaner 

(23%). Surface-sterilized seeds were washed with sterilized water 8 times and placed on Petri dishes 

with MS medium supplemented with 0.3% gelrite 36. The MS medium contains 1.5 mM MgSO4. 

After cold treatment at 4 °C for 48 - 72 hours, plates were incubated at 22 °C under long day 

conditions (16 hours light/ 8 hours dark; 80 μmol m−2 s−1). Wild-type A. thaliana (ecotype Columbia-

0) was curated in the lab. The slim1 mutant was kindly provided by Prof. Dr. Stanislav Kopriva. 

 Sulfur deficiency assays were performed with MGRL medium 37. 1 L of MGRL medium 

contains 1.75 mM NaH2PO4, 1.75 mM Na2HPO4, 2 mM Ca(NO3)2, 1.5 mM MgSO4, 3 mM KNO3, 

67 µM Na2EDTA, 30 µM H3BO3, 10.3 µM MnSO4, 8.6 µM FeSO4, 1 µM ZnSO4, 1.0 µM CuSO4, 

130 nM CoCl2, 24 nM (NH4)6Mo7O24, 1% sucrose, 0.3% Gelrite, pH 5.6. For MGRL medium with 

reduced sulfate, MgSO4 was replaced by MgCl2. The total sulfate concentration in high (HS) and low 

(LS) sulfate MGRL medium is 1520.9 µM and 20.9 µM, respectively. 

 Mortierella strains (M. hyalina, FSU-509; M. alpina, SF002698; M. turficola, SF009851; M. 

vinacea, SF002701; M. longicollis, SF009830) were obtained from Jena Microbial Resource Center 

(Jena, Germany). They were grown on Potato-Dextrose-Agar (PDA), pH 6.5, and at 23 °C in the dark 
38 for fresh subcultures and desiccator assays.  

 For the sulfur labeling assays, M. hyalina was grown on KM medium modified from 39: 1 L 

of the medium contains 7.06 mM NaNO3, 6.98 mM KCl, 11.17 mM KH2PO4, 177.9 μM H3BO3, 6.4 

μM CuCl2, 76.5 μM ZnCl2, 7.28 μM CoCl2, 0.89 μM (NH4)6Mo7O24, 29.6 μM MnCl2, 20 μM 

Na2EDTA, 20 μM FeCl2, 2% glucose, 0.2% peptone/trypton, 0.1% yeast extract, 0.1% casein 

hydrolysate, 1% agar. Finally, 2.11 mM ammonium sulfate ((NH4)2
32SO4 or (NH4)2

34SO4) was added 

to make the unlabeled (32S)/ labeled (34S) medium, respectively. 

 Tris(methylthio)methane and 34S ammonium sulfate were purchased from Sigma-Aldrich 

(Germany).  

 

Desiccator assay and sulfur labeling experiment 

 Twenty-one 10-d old Arabidopsis seedlings germinated on MS were transferred to a Petri dish 

with sucrose-free MS medium (14.5 cm in diameter). In a 2.5 L desiccator, a 7-d old fungal culture 

grown on PDA was placed at the bottom. A plastic inlay with holes was inserted in the middle of the 

desiccator, and the big Petri-dish with seedlings was placed on top of it. To ensure sterility of the 

experiment, the seam of the desiccator was wrapped with 3M Micropore tape (Figure S2). Fungus 

and seedlings were incubated at 22 °C under long day conditions (16 hours light/ 8 hours dark; 80 

μmol m-2s-1) for 14 days. Number of inflorescence (flower stalk) and shoot fresh weight were 

measured.  

 The same procedure was followed for sulfur labeling experiments, in which a 7-d old M. 

hyalina culture grown on labeled/unlabeled KM medium and 16 10-d old Arabidopsis seedlings were 

used. Root and shoot tissues were collected after 14 days for analysis.  

 

Sulfur deficiency assay with MGRL agar medium 

 After germinating on MS medium for 5 days, seedlings were rinsed gently with sterilize water 

and transferred to MGRL agar medium with high (1520.9 µM) or low (20.9 µM) sulfate 

concentrations and grown for 7 days.  

 To measure the influence of TMTM on seedling´s fresh and dry weights, a 3-compartments 

Petri dish (92 mm in diameter, Sarstedt, Germany) was used. Two compartments were filled with 

MGRL agar medium, both containing either high or low sulfate concentrations. A sheet of sterilized 

paper was put in the third empty compartment, to which 10 µL sterilized water and a 10 µL mixture 

with 0, 10, 100 or 1000 µg TMTM dissolved in dichloromethane was applied. 

 For monitoring root growth, 5 days-old seedlings were transferred onto high or low sulfate 

MGRL agar medium on a square plate (100 x 100 x 20 mm; Sarstedt, Germany). A sheet of sterilized 

paper was put on to the bottom of the plate, and TMTM was applied onto it as described above. Plates 
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were incubated vertically. Root length was measured directly after transfer and after 7 days of 

treatment.  

 

RNA isolation, and primers and qPCR 

 RNA was extracted with TRIzo Reagent (Invitrogen, Germany) following the guideline 

provided by the manufacturer. Traces of DNA in the RNA samples were digested with TURBO Dnase 

(Thermo Fisher Scientific, Germany), and cDNA synthesis was performed with Omniscript RT Kit 

(Qiagen, Germany), following manufacturer’s instructions. 

 Each 20 μL qPCR reaction contained 2 μL of 10 x DreamTaq Buffer (Thermo Fisher Scientific, 

Germany), 0.2 mM dNTP, 0.5 μM forward/reverse primer, 40 ng cDNA, 1 μL 20 x Evagreen (Biotum, 

Germany) and 1.5 U of DreamTaq DNA Polymerase (Thermo Fisher Scientific, Germany). Real-time 

PCR reaction was conducted with CFX Connect Real-Time PCR Detection System (Bio-Rad, 

Germany). The initial denaturation step was set at 95 °C for 3 min, followed by 40 cycles of 

denaturation at 95 °C for 10 s, annealing at 60 °C for 50 s, and extension at 72 °C for 1 min. Melt 

curve analysis was performed by incubating at 95 °C for 10 s, 65 °C 5s, and increase to 95 °C at 

0.5 °C/5 s increment. Melt curve analysis showed a single peak for all genes analyzed. Values were 

normalized to the housekeeping gene RPS18B (AT1G34030) for gene expression analysis. Gene-

specific primer pairs used in this study and the gene accession numbers are listed in Table S1. 

 

GC-MS analysis of M. hyalina headspace 

 Headspace volatiles of a slant culture of M. hyalina grown on potato dextrose agar (PDA) in 

a glass tube with stopper were collected 14 days after inoculation with a solid phase micro extraction 

(SPME) fiber (Aldrich, red fiber, 100 µm PDMS) over 2 hours. As a control, the headspace of the 

medium alone (PDA) was collected. 

 SPME fibers were desorbed in the injection port of a GC at 220 °C in splitless mode and a 

helium flow of 1 mL/min through the chromatographic column connected. The volatiles were 

separated chromatographically on a ZB-5 ms column (30 m x 0.25 mm x 0.25 µm, Phenomenex) with 

an GC-oven temperature program starting at 45 °C for 2 min, then heating up to 220 °C with a rate 

of 10°C/min, followed by a heating rate of 30°C/min to 280°C, and was maintained for 1.83 min. The 

column was connected to a time-of-flight mass spectrometer (GCT, Micromass) via a transfer line 

(280 °C). Ion source temperature was set to 250 °C and ionization energy was 70 eV. For high 

resolution MS (HR-MS), heptacosa was continuously streaming into the source and the calibrated 

HR-MS profile was locked at m/z 218.9856. 

 A mixture of n-alkanes C8 - C20 in n-hexane (Aldrich) was measured before and after a sample 

sequence under the same conditions except for the injector split ratio (1:50). Retention times of the 

n-alkanes were used to calculate the retention index (RI) for each peak in the GC-MS chromatogram 

according to the method of 52.  

 Compounds were identified based on their mass spectra (MS) in combination with their 

individual RIs in comparison to MS and RI database 40 using MassFinder software 41 in combination 

with NIST MS Search. Authentic reference compounds were used additionally for identification. For 

relative quantification, identified peaks of the GC-MS total ion chromatogram (TIC) were integrated. 

 

Identification of the S-containing volatile from M. hyalina 

 To identify the main S-containing volatile produced by M. hyalina, the compound needed to 

be enriched for further analysis. For that, M. hyalina was cultured in liquid PDA media for two weeks 

at 23 °C in the dark without shaking. The fungus mats produced on the surface of the media were 

collected (total FW ≈ 180 g), rinsed twice with tap water and cut into pieces. The fungus material was 

subjected to hydro-destillation to obtain the essential oil which was further analyzed by NMR and 

GC-MS.  

 

GSL analysis by HPLC-UV 
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 Fresh seedlings (20 to 100 mg) were harvested, weighted and freeze-dried until constant 

weight and ground to fine powder. GSLs were extracted with 1 mL of 80% methanol solution 

containing 0.05 mM of Sinalbin as internal standard. After centrifugation, 700 µL of extract was 

loaded onto DEAE Sephadex A 25 columns and treated with arylsulfatase for desulfation (Sigma-

Aldrich). The eluted desulfo-GSLs were separated using high performance liquid chromatography 

(Agilent 1100 HPLC system, Agilent Technologies) on a reversed phase column (Nucleodur Sphinx 

RP, 250 x 4.6 mm, 5 µm, Macherey-Nagel, Düren, Germany) with a water (A) - acetonitrile (B) 

gradient: 0 - 1.0 min, 1.5% B; 1.0 - 6.0 min, 1.5-5% B; 6.0 - 8.0 min, 5 - 7% B; 8.0 - 18.0 min, 7 - 

21% B; 18.0 - 23.0 min, 21 - 29% B; 23.0 - 23.1 min, 29 - 100% B; 23.1 - 24.0 min 100% B and 24.1 

- 28.0 min 1.5% B; flow 1.0 mL min-1. Detection was performed with a photodiode array detector 

and peaks were integrated at 229 nm. Desulfated GSLs were identified by comparison of their 

retention time and UV spectra to those of purified standards previously extracted from A. thaliana 42. 

We used the following molar response factors for quantification of individual GSL relative to the 

internal standard Sinalbin: 2.0 for aliphatic GSLs and 0.5 for indolic GSLs 43.  

 

Relative quantification of GSH by LC-MS/MS 

 Relative quantification of GSH was achieved on an Agilent 1200 series HPLC system (Agilent 

Technologies) coupled to a tandem mass spectrometer API 3200 (Applied Biosystems, Darmstadt, 

Germany) via electrospray ionization (ESI) in positive ionization mode. An aliquot of the raw extract 

from GSL analysis (see above) was injected. A Zorbax Eclipse XDB-C18 column (Agilent 

Technologies) was used for separation. 0.05% formic acid and acetonitrile were used as solvent A 

and B, respectively, at a flow rate of 1.1 mL/min with the following profile: 0 - 0.5 min, 3 - 15% B; 

0.5 - 2.5 min, 15% - 85% B; 2.5 - 2.6 min, 85 - 100% B; 2.6 - 3.5 min, 100% B, 3.5 - 3.6 min, 100% 

B - 3% B and 3.6 - 6.0 min 3% B. The MS parameters were optimized as follows: ion spray voltage, 

5500 V; turbo gas temperature, 650°C; collision gas, 3 psi; curtain gas, 35 psi; ion source gas 1, 60 

psi; ion source gas 2, 60 psi. MRM for the parent ion - product ion was set as follows: m/z 308.1 - 

179.1 (CE, 17 V; DP, 46 V) for GSH. Relative quantification was accomplished and expressed in 

relative peak area units of the LC-MS/MS signal per mg fresh weight. 

 

Determination of incorporation of 34S into plant GSH and GSLs by LC-ESI-Q-ToF-MS 

To determinate the 34S incorporation into plant metabolites, ultra-high-performance liquid 

chromatography–electrospray ionization–high resolution mass spectrometry (UHPLC–ESI–HRMS) 

was performed with a Dionex Ultimate 3000 series UHPLC (Thermo Scientific, Germany) and a 

Bruker timsToF mass spectrometer (Bruker Daltonics, Bremen, Germany). UHPLC was done by 

applying a Zorbax Eclipse XDB-C18 column (100 mm × 2.1 mm, 1.8 µm, Agilent Technologies, 

Waldbronn, Germany) with a solvent system of 0.1% formic acid (A) and acetonitrile (B) at flow rate 

of 0.3 mL/min. The elution profile was as follows: 0 to 0.5 min, 5% B; 0.5 to 11.0 min, 5-60% B in 

A; 11.0 to 11.1 min, 60-100% B, 11.1 to 12.0 min, 100% B and 12.1 to 15.0 min 5% B. For the 

coupling of LC to MS, electrospray ionization (ESI) in positive and negative ionization mode, for 

GSH and GSL, respectively, was used. The mass spectrometer was set with the parameters: capillary 

voltage 4.5/3.5 KV, end plate offset of 500 V, nebulizer pressure 2.8 bar, nitrogen at 280 °C at flow 

rate of 8 L/min as drying gas. Acquisition was conducted at 12 Hz with a mass range from m/z 50 to 

1500. At the beginning of each chromatographic analysis, 10 µL of a sodium formate-isopropanol 

solution (10 mM solution of NaOH in 50/50 (v/v%) isopropanol- water containing 0.2% formic acid) 

was injected into the dead volume for recalibration of the mass spectrometer with the expected cluster 

ion m/z values. Peak areas were integrated from extracted ion chromatogram traces of the 

monoisotopic molecular ion peak ([M+H]+, [M-H]-) and of the isotopologues that could be detected 

with an isolation width of m/z +/- 0.002. Details of m/z values of isotopologues are listed in Table 

S2. First we calculated the percentage of single isotopologues (% isotopologue) as a proportion of the 

sum of all isotopologues for each single compound (i.e. % of the monoisotopic molecular ion peak = 

peak area of the monoisotopic molecular ion peak * 100% / (peak area of the monoisotopic molecular 

ion peak + (peak area of “isotopologue+1”) + (peak area of “isotopologue+2”) + (peak area of 
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“isotopologue+3”) + (peak area of “isotopologue+4”). In order to determine the incorporation of 34S, 

the 34S/32S ratio was calculated (34S/32S ratio = % “isotopologue + 2”/% of the monoisotopic 

molecular ion peak). 

 

Determination of incorporation of 34S into plant amino acids by GC-Orbitrap-HR-MS analysis 

L-Methionine and L-Cysteine standards were obtained from Sigma-Aldrich (Taufkirchen, 

Germany). Stock standard solutions of each individual amino acid were prepared in a 

methanol/NH4OH (8M) (1:1, v:v) buffer and stored at -20 ◦C. Methyl chloroformate and pyridine 

were obtained from Sigma-Aldrich, chloroform and HCl from Carl Roth GmbH (Karlsruhe, 

Germany). 

 Total protein hydrolysis, amino acid extraction and derivatization followed a protocol by 44 

with some modifications. In short: 15 to 35 mg plant material (fresh weight) suspended in 1 mL HCl 

(10 mM) were homogenized with a TissueLyser II (Quiagen GmbH, Hilden, Germany) using tungsten 

carbide balls (2 x 3min at 25 Hz). After vortexing for 30 min at 37 °C and centrifugation at 20,000 g, 

the supernatant was added to a strong cation exchange solid phase extraction cartridge (HyperSep 

SCX, bed weight: 50 mg, volume 1 mL (60108-420; Thermo Fisher Scientific, Darmstadt, Germany)), 

pre-activated with 1 mL 0.01 M HCl and 1 mL ultrapure water (3 x). After washing with 

methanol/water (80/20, v/v), the cartridge was eluted with 500 µL of freshly prepared 

methanol/NH4OH (8M) (1:1, v:v) buffer. 

A sample of 400 µL was evaporated to dryness in a gentle nitrogen stream and re-suspended 

in 50 µL of the elution buffer. 10 µL of pyridine were added and vortexed for 10 s followed by adding 

10 µL of methyl chloroformate and mixed for 10 min. The derivatization products were extracted by 

adding 50 µL chloroform and 50 µL sodium bicarbonate solution (50 mM), followed by vortexing 

for 2 min. After phase separation the lower organic phase was transferred to a new glass vial insert 

and dried for 30 min with anhydrous sodium sulfate. The dried solution was transferred to a micro 

insert (100 µL) and stored at -80 °C for further GC-MS analysis. 

Gas chromatography-Orbitrap-high resolution-mass spectrometry analyses were carried out 

on a Trace 1310 series GC with split/splitless injector coupled to a Q Exactive GC Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). Separations were obtained with a fused 

silica capillary column (ZB SemiVolatiles, 30 mm × 25 mm, 0.25 µm + 10m guard column, Zebron, 

Phenomenex, Aschaffenburg, Germany) using Helium at a flow rate of 1 mL∙min-1. The injection 

volume was 4 µL and the injector was operated in splitless with surge mode (25 kPa for 1 min 

followed by a split flow of 20 mL∙min-1) at 240 °C. Programmed GC oven temperature started at 70 

◦C for 3 min, raised at 25 ◦C∙min-1 to 280 ◦C, and held for 5 min with 16.4 min total GC run time. 

The transfer line temperature was set to 250 ◦C and the ion source was operated in positive EI mode 

at 300 °C and 70 eV ionization energy. Resolution of the Orbitrap was set to 120000 at 200 Da and 

the acquisition started at 6.5 min with a mass range from 34 to 300 amu.  

Data acquisition and evaluation was performed using Xcalibur (Thermo Fisher Scientific). 

 

OASTL activity assay monitoring cysteine biosynthesis 

 200 mg Arabidopsis wild-type Col-0 leaves were homogenized in liquid nitrogen. 0.5 mL 

extraction buffer (50 mM HEPES-KOH, pH 7.5; 10 mM KCl; 1 mM EDTA; 1 mM EGTA; 30 mM 

DTT; 0.5 mM PMSF and 10% (v/v) glycerol) was added and mixed at 4 °C for 10 min with frequent 

shaking. After centrifugation at 16,000 g for 10 min, supernatant was collected. Protein concentration 

was measured with ROTI Quant (Carl-Roth, Germany) following manufacturer’s instruction. 

  The OASTL activity assay was carried out in a volume of 0.1 mL containing 10 mg protein 

extract, 100 mM HEPES-KOH pH 7.5; 5 mM DTT; 10 mM OAS and 10 mM Na2S or 4 mM TMTM. 

The reaction was initiated by the addition of OAS, and was incubated for 10 min at 25 °C. Termination 

of the reaction was done by adding 50 μL of 20% (w/v) trichloroacetic acid followed by centrifugation 

at 12500 g. 
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 100 µL of the supernatant was transferred to a new tube and incubated in 200 µL of 134 mM 

Tris-HCl, pH 8.0 and 1 mM DTT at room temperature for 30 min. The reduced sample was mixed 

with 200 µL acetic acid and 200 µL ninhydrin reagent (250 mg ninhydrin dissolved in 6 mL acetic 

acid and 4 mL concentrated HCl). The tube was incubated at 90 °C for 10 min, then cooled rapidly 

on ice for 2 min. The sample was diluted with 95% ethanol and measured at 560 nm to quantify the 

synthesized cysteine. 

  

Measurement of root length 

 Plates were scanned with an Epson scanner (Perfection V600 Photo, Epson, Germany). Files 

were imported into ImageJ 45. Root length was measured by SmartRoot plug-in with semi-automated 

root tracing method 46. 

 

Statistical tests 

 Statistical tests were performed using R studio version 1.1.463 with R version 3.4.4. Figures 

were plotted using Python 3.7.4 and arranged with LibreOffice Draw 5.1.6.2. 

 

All the experiments were performed in accordance with relevant guidelines and regulations. 

 

Results 

M. hyalina produces the sulfur-containing volatile tris(methylthio)methane (TMTM) 

 To identify the volatiles from M. hyalina which are responsible for the garlic-like smell, the 

GC-MS chromatograms of SPME volatile collections of the headspace of slant cultures of M. hyalina 

were compared with the collections from the headspace of the growth medium. Three major 

constituents could be identified (Figure 1) of which the HR-MS of the molecular ions M+ and [M+2]+ 

(for the 34S isotopologue) revealed the molecular formulas C3H8S2 (m/z measured 108.0062, 

110.0020 calc. 108.0062, 110.0020; RI 894; 2% rel.), C3H8S3 (m/z measured 137.9626, 139.9585 

calc. 137.9626, 139.9584; RI 1197; 2% rel.), and C4H10S3 (m/z measured 153.9942, 155.9910 calc. 

153.9939, 155.9897, RI 1217; 96% rel.). C3H8S2 and C3H8S3 could be identified as 

bis(methylthio)methane (RIlit. 889) and dimethyl trithiocarbonate (RIlit. 1196), respectively by 

comparison of their mass spectra and RI with the datasets of the NIST library and additionally with 

mass spectra and RI of authentic samples recorded under the same conditions. 

For C4H10S3, the major compound of the headspace of M. hyalina, library searches in NIST 

and Wiley mass spectra databases revealed no hit in combination with the RI. Therefore M. hyalina 

was extracted by hydro distillation. The obtained essential oil consisted mainly of three compounds 

(by GC-MS): Octenol-3-ol (22.4%) 3-octenone (21.7%) and C4H10S3 (27.3%). NMR analysis of the 

mixture could reduce the structure motive of C4H10S3 to (CH3-X)n-CH (X = S, O, etc.) which in 

combination with the empirical formula C4H10S3 from HR-MS led to the structure of 

tris(thiomethyl)methane. Comparison with an authentic sample of tris(methylthio)methane (Aldrich) 

showed to be identical with respect to NMR and mass spectra, and RI (Figure 1 and Table 1).  

 

Sulfur atoms from TMTM are incorporated into plant metabolites 

 To test whether sulfur from TMTM is incorporated into plant material, we grew M. hyalina 

on modified KM medium with addition of 32S- or 34S-ammonium sulfate, and co-cultivated them 

together with Arabidopsis seedlings in the same desiccator, but without direct physical contact. After 

14 days, shoot and root tissues were collected, and the 34S/32S ratio of GSLs and GSH was analyzed 

with LC-MS. For the shoots, a significant increase of the 34S/32S ratios for the GSLs was detected 

(8.8%→12.8% for 4MOI3M; 8.4% → 12.6% for I3M; 14% → 16.6% for 8MSOO; 13.7% → 16.7% 

for 4MSOB; Figure 2; Figure S3 and S4). The ratio was also higher for the GSH in the shoots (4.4% 

→ 6.3%). With the exception of 8MSOO, for which we also observed a significant increase in the 

roots (11.3% → 15.4%), the increases for the other compounds were much less (4.1% → 4.3%; Figure 

2A and 2B; Figure S3 and S4).  
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As a proxy for the sulfur incorporation into Arabidopsis protein, we chose the sulfur 

containing amino acids cysteine and methionine from the total hydrolysate of Arabidopsis plant 

material. After derivatization, the relative amount of 34S was monitored by evaluating [M+2]+ to [M]+ 

ratio of sulfur containing ions using GC-high resolution mass spectrometry. 

Due to the fact that the molecular ions and their M+2 isotopomers are not detectable (cysteine) 

or at a very low abundance (methionine), we chose the following sulfur containing fragments for the 

evaluation of relative 34S abundance: For cysteine [C4H5O2
32S]+ m/z: 117.0005 vs. [C4H5O2

34S]+ m/z: 

118.9963; [C4H6O2N
32S]+ m/z: 132.0114 vs. [C4H6O2N

34S]+ m/z: 134.0072; [C6H10O4N
32S]+ m/z: 

192.0325 vs. [C6H10O4N
34S]+ m/z: 194.0283 and for methionine [C2H5

32S]+ m/z: 61.0106 vs. 

[C2H5
34S]+ m/z: 63.0064; [C6H12O2N

32S]+ m/z: 162.0583 vs. [C6H12O2N
34S]+ m/z: 164.0541; 

[C7H11O3N
32S]+ m/z: 189.0454 vs. [C7H11O3N

34S]+ m/z: 191.0412, respectively (Figure S5 and S6). 

The 34S/32S ratio given in percent of the respective 34S isotopomeric fragment was extracted from 

each GC-MS run by averaging over three MS scans at the respective retention time (9.76 min, cysteine 

derivative, 9.30 min, methionine derivative) in each run. 

From three biological replicates, the mean 34S/32S ratios for the individual amino acids in 

plants under treatment with a substrate containing 34S at natural abundance vs. the 34S enriched 

substrate were 3.31% (SE ± 0.22) vs. 8.88% (SE ± 0.75) for cysteine (p < 0.001) and 3.84% (SE ± 

0.38) vs. 6.19% (SE ± 0.33) for methionine (p < 0.001), respectively (Figure 2C). 

In conclusion, sulfur from M. hyalina headspace is incorporated into the plant amino acids, 

GSLs and GSH.   

 

TMTM influences plant growth under sulfur deficiency 

 Since TMTM contains sulfur, we tested the effect of the volatile on Arabidopsis plants. Five 

days-old seedlings were transferred to MGRL agar medium with either high sulfate (HS) or low 

sulfate (LS) and applied with 0, 10, 100 or 1000 µg TMTM. After 7 days, the fresh and dry weights 

of the total seedlings, the shoots and the roots were analyzed. Figure 3 shows the effects of TMTM 

on the weights of seedlings grown under LS in comparison to seedlings grown sufficient sulfur in the 

medium (HS). In all instances, TMTM had the strongest growth promoting effect for seedlings grown 

on LS supplemented with 10 or 100 µg TMTM (Figure 3). The high dose of 1000 µg TMTM reduced 

plant growth. In summary, low doses of TMTM (10 - 100 µg) had positive effects on plant fresh and 

dry weights under sulfur deficiency, while the higher dose (1000 µg) had a negative effect. 

We also tested whether TMTM promoted growth of seedlings which were grown on medium 

with sufficient sulfur (cf. Methods and Materials). Different doses of pure TMTM were applied to 

10-days old seedlings grown on HS medium in desiccator for 1 or 2 weeks. Although the same trend 

was visible, the growth promoting effect of the volatile was not significant (data not shown). 

 

TMTM maintains root growth under sulfur deficiency  

 To examine whether TMTM affects the root growth under sulfur deficiency, 5-days old 

seedlings of wild-type (Col-0) and slim1, a mutant which fails to respond to sulfur deficiency 31, were 

transferred to LS medium and grown vertically for additional 7 days. Figure 4 shows the increase in 

the root lengths after 7 days. Compared to LS condition without TMTM, the root lengths of both 

wild-type (WT) and slim1 seedlings were significantly higher when they were exposed to 100 µg 

TMTM (≈ 9% and 7% increase for WT and slim1, respectively; Figure 4A and 4B) and reached the 

level of seedlings which were grown on HS medium without the volatile. In accordance with the fresh 

and dry weight data, addition of 1000 µg TMTM reduced the root growth rate in WT for about 10% 

(Figure 4A). Interestingly, the reduction in root growth was not affected in slim1 (≈ 1% reduction 

compared to LS without TMTM; Figure 4B). The differences might be due to an effect of TMTM on 

the sulfur homeostasis. 

 

TMTM reduces sulfur deficiency responses  

 To test whether TMTM serves as sulfur source and affects the sulfur homeostasis of 

Arabidopsis seedlings, we tested the effect of the volatile on the expression of sulfur-responsive genes 
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and the sulfur metabolite dynamics. Under sulfur limitation conditions, expression of sulfur 

transporters SULTR1;1, SULTR1;2 and SULTR2;1 was upregulated. Two days after exposure to the 

volatile, we observed a gradual decrease of their transcript levels and the effect increased with 

increasing TMTM amounts. Furthermore, the expression of the GSL repressor genes SDI1 and SDI2 

was significantly down-regulated by TMTM, again in a dosage-dependent manner (Figure 5A). We 

further examined the expression of genes involved in the GSL and GSH metabolisms (i.e., 

BRANCHED-CHAIN AMINOTRANSFERASE4, BCAT4; SULFOTRANSFERASE, SOTs;  

GLUTAMATE-CYSTEINE LIGASE, GSH1; GLUTATHIONE SYNTHETASE, GSH2; two 

CYTOCHROME P450, CYP79B2 and CYP79F2) . With 10 and 100 µg TMTM, their expression 

levels were similar to those in seedlings grown on HS medium, and with 1000 µg TMTM, their 

expression levels increased slightly.  

Seven days after volatile application, SDI1 was significantly up-regulated with 10 µg TMTM, 

while with 100 or 1000 µg TMTM, both SDI1 and SDI2 remained down-regulated compared to LS 

without TMTM (Figure 5B). The expression levels of the GSL metabolism genes CYP79B2 and SOTs 

increased to the levels in seedlings grown on LS without TMTM, and with 1000 µg TMTM, they 

showed the highest expression.   

In conclusion, after the application of 100 µg TMTM to LS-exposed seedlings, expression of 

the examined genes is similar to that of the seedlings grown on HS medium, and this is observed from 

the second to the 7th day. We propose that low doses of TMTM (10 and 100 µg) diminish sulfur stress 

by adjusting the expression of the analyzed genes to the expression levels found under HS conditions. 

Upregulation of SDI1 and SDI2 in LS-grown seedlings exposed to 10 µg TMTM for 7 days indicates 

that this doses is too low to repress the sulfur-deficiency response after longer time periods. 

 

TMTM maintained GSH and GSL levels under sulfur deficiency 

 Cysteine is the first metabolite synthesized during sulfur assimilation, while GSH and GSLs 

contain large portions of the total sulfur pool. Under sulfur deficiency, these metabolites are broken 

down, and the sulfur is recycled for primary growth 4,47. We measured the GSH and GSLs level to 

investigate whether TMTM influences the plant sulfur homeostasis at this level. 

 Two, four and seven days after application of 1000 µg TMTM, the GSH level was 

significantly increased compared to the untreated control. Even 100 µg TMTM stimulated the GSH 

level, which was similar to that found in seedlings grown on HS (Figure 6A).    

 A similar pattern was observed for the total GSL levels. After 2 days, the GSLs slightly 

increased with increasing TMTM concentrations (Figure 6B). The effect broadened after 4 days. On 

LS without TMTM, total GSL level was significantly lowered compared to the rest of the treatments, 

indicating the breakdown of GSLs under sulfur limitation (Figure 6B). Similar to the results obtained 

for GSH, application of 100 µg TMTM maintained the total GSL level at the same level found in 

seedlings grown on HS medium without the volatile after 7 days (Figure 6B). We conclude that 100 

µg TMTM established sulfur homeostasis in LS-grown seedlings which is comparable to the 

conditions in seedlings grown on HS. Furthermore, incorporation of TMTM can be observed in 

seedlings treated with 1000 µg TMTM, since they showed significantly higher amounts of GSH and 

GSLs than the unexposed controls.  

 

OASTL does not incorporate sulfur from TMTM into cysteine  

Sulfate is normally reduced to sulfide, which is as substrate for OASTLs to form cysteine. 

Cysteine is further converted to GSH, methionine or other sulfur-containing metabolites. TMTM is 

an organosulfide, containing 3 sulfide groups. We tested if plants can synthesize cysteine using 

TMTM as substrate. An OASTL activity assay was conducted by incubating total protein extract from 

wild-type A. thaliana (ecotype Col-0) leaves with OAS and either Na2S or TMTM as substrate. 

Cysteine production was only observed when Na2S was used as substrate (Figure 7). In another 

experimental setup, total protein extract, OAS, Na2S and TMTM were incubated in the same reaction 

tube. Also under this condition, cysteine was produced, which indicates that OASTL activity was not 
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hindered by TMTM. We conclude that TMTM is not a direct substrate for sulfur incorporation into 

cysteine by OASTL under our experimental conditions (Figure 7). 

 
 

Discussion 

In this study, we identified a fungal volatile, TMTM, as the main component in the headspace 

of the beneficial fungus M. hyalina. Application of TMTM participated in maintaining the sulfur 

homeostasis in Arabidopsis seedlings under sulfur deficiency. At low concentrations (10 – 100 µg), 

TMTM compensated sulfur-limitation responses of the seedlings: the volatile restored growth and 

root development which were inhibited under sulfur-limiting conditions, restricted the upregulation 

of sulfur deficiency marker genes (SULTRs, SDI1 and SDI2), or the breakdown of GSL and the 

accumulation of GSH. On medium with HS, these TMTM effects were not detectable. TMTM shifted 

the measured parameters in LS plants to those found in seedlings grown on HS medium without 

TMTM application. Higher concentration induced toxic or inhibitory effects, altered the sulfur 

homeostasis, and restricted plant growth. However, TMTM was not directly incorporated into 

cysteine by OASTLs, and is not inhibiting their function. This suggests that cysteine might not be a 

direct product of TMTM incorporation, or TMTM must be processed before its sulfur atoms can be 

incorporated into cysteine.  

 Plants reduce the CO2 concentration in closed systems which has to be considered in 

experimental designs with volatiles 48,49. In preliminary experiments, we co-cultivated Arabidopsis 

seedlings with 5 different Mortierella strains with comparable growth rates and metabolite features. 

Since the three fungi with distinctive garlic-like smells (M. hyalina, M. alpina, M. turficolalis) 

induced a stronger growth promotion compared to two non-smelling strains (M. vinacea, M. 

longicollis; Figure S1), we hypothesized that the sulfur-containing volatiles from the fungi might be 

involved in the growth regulation (Figure 2). The major volatile in the headspace of one of these fungi, 

M. hyalina, was TMTM, and its abundance prompted us to investigate it in this study. The stronger 

growth of seedlings which are growing in the presence of the fungus compared to those treated with 

TMTM demonstrates that the investigated volatile is not the only factor involved in the growth 

promoting effect. Nevertheless, the stabilizing effect of TMTM on the sulfur homeostasis allows 

better plant performance under sulfur stress. 

 Plants respond to sulfur limitation in various ways. The first response is up-regulation of 

sulfate transporters (SULTRs) to increase sulfate uptake from root 24–28. On the other hand, genes for 

GSL biosynthesis (e.g., BCAT4, CYP79B2 and CYP79F2) are down-regulated, while those repressing 

GSL biosynthesis (SDI1 and SDI2) are up-regulated. These responses help plants to remobilize sulfur 

to sustain growth 50–52. Among the inspected genes, the sulfur starvation genes SULTR1;1, SULTR1;2, 

SULTR2;1 and both SDI1 and SDI2 were down-regulated in a TMTM dose-dependent manner in 

plants which suffer from sulfur limitation (Figure 5A and 5B). Since the sulfur in TMTM can be 

incorporated into the plant material, the expression of the above-mentioned genes and those involved 

in GSL and GSH metabolism is similar to seedlings grown under HS condition without TMTM.  

Moreover, excessive TMTM results in the upregulation of these genes, indicating that these plants 

are actively moving excess sulfur to secondary metabolites. This is in accordance with a recent study 

by 47, showing a retrograde sulfur flow from glucosinolates to cysteine in Arabidopsis. Interestingly, 

the mRNA levels for GSL and GSH metabolism genes was higher in seedlings after 2 days on LS 

medium without TMTM compared to seedlings grown on HS medium. This might be caused by 

higher sulfate influx from the medium due to up-regulation of SULTRs. The plants actively 

metabolize the assimilated sulfate into various metabolites and utilize this as a store to sustain growth 

under sulfur limitations.  

 The effect is also observed at the metabolic level. Under sulfur limitation, the GSH and GSL 

levels decreased. However, 100 µg TMTM maintained the levels high under sulfur starvation 

conditions (Figure 6). Again, besides maintaining sulfur homeostasis, excess sulfur from the high 

TMTM dose is largely metabolized into secondary metabolites.  
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 Imbalances in the sulfur pool have severe consequences for plant growth and yield 53–55. Under 

LS, biomass production and root growth were significantly reduced (Figure 3 and 4). This could be 

restored by the application of TMTM in low doses. We propose that TMTM maintains the sulfur 

homeostasis and allows root growth which is comparable to that under HS conditions (Figure 4). 

Furthermore, it appears that excess TMTM tilts the sulfur homeostasis and shifts the sulfur towards 

the secondary metabolite pool, resulting in reduced plant biomass production and root growth (Figure 

3 and 4).  

 Growth regulation by TMTM via sulfur homeostasis is further supported by the response of 

WT and slim1 seedlings to high TMTM dose. 1000 µg TMTM inhibited root growth in WT seedlings, 

but not in slim1 (Figure 4). Apparently, lower doses of TMTM stimulated root growth in LS because 

the volatile influences the sulfur homeostasis. As a result, the root growth was comparable to 

seedling´s growth on HS without the volatile. However, the high dose (1000 µg) of TMTM could 

provide too much sulfur to the LS-grown WT seedlings, which may result in the activation of stress 

responses and ultimately growth retardation. On the other hand, because slim1 could not mobilize 

sulfur from its secondary metabolites 31, these seedlings showed a higher tolerance to excess TMTM. 

The different response of the two genotypes to excess TMTM is consistent with the idea that TMTM-

induced changes in the sulfur homeostasis influence root growth. 

 It is known that plants are able to assimilate gaseous sulfur compounds, such as SO2 and H2S 
21,56,57. They are also able to assimilate other sulfur-containing organic volatiles produced by microbes. 

One example is dimethyl disulfide 18. Nevertheless, how organosulfides are metabolized inside the 

plant remains unknown.  

 Diallyl disulfide (DADS), a volatile from garlic, is perhaps the best studied organosulfide, 

due to its anticancer ability 58–61. It increases GSH levels and regulates antioxidant enzyme activity, 

leading to reduced oxidative stress in animal models 62–64. In plants, DADS also affects sulfur 

metabolism genes 65–67. Metabolism of DADS and other organosulfides generates H2S 68–71. Studies 

on how DADS and other organosulfides are metabolized suggest the involvement of GSH and 

cysteine 69–71. The reaction between DADS and GSH produces S-allyl GSH and a short-lived 

intermediate allyl perthio through α-carbon nucleophilic substitution. The allyl perthio reacts with a 

second GSH, resulting in the release of H2S and S-allyl GSH disulfide 71.  

 We found that 1000 µg TMTM increased both the GSH and GSL levels, and the GSH level 

responded faster to the volatile treatment (Figure 6A and 6B). A possible explanation could be that 

incorporation of sulfur from TMTM into the plant metabolism is connected to GSH. We tested if 

TMTM can be a direct substrate for OASTLs and found that this is not the case (Figure 7). Therefore, 

unlike sulfate assimilation, TMTM might first interfere with the GSH/GSSG system. This might lead 

to the cleavage of the C-S bonds and sulfur incorporation into plant. A detailed metabolome analysis 

of early sulfur-containing compounds after TMTM treatment might elucidate early steps in the role 

of this novel volatile.  
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Figure 1. GC-MS chromatogram of the headspace of M. hyalina (black) and the growth medium 

alone (blue). Identified signals are not present in the headspace of the growth medium. The three 

strong signals in the chromatogram of the headspace of the growth medium could be identified by 

MS and RI as benzaldehyde (7.13 min) nonanal (9.44 min), and decanal (11.00 min).  
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Table 1. Mass spectra and retention indices in comparison with authentic samples. 
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Figure 2. Sulfur atoms from fungal volatiles are incorporated into plant tissues. (A) and (B) 34S/32S 

ratios of glucosinolates and glutathione in shoot (A) and root (B) tissues. (C) 34S/32S ratios in 

cysteine (Cys) and methionine (Met) from Arabidopsis shoot. M. hyalina was grown on modified 

KM plates with the addition of 32S-ammonium sulfate (unlabeled) or 34S-ammonium sulfate 

(labeled), and co-cultivated with Arabidopsis seedlings in a desiccator. Error bars represent SEs from 

3 biological replicates, each contains at least 3 technical replicates from 16 seedlings. Asterisks 

indicate significance level from Student’s Ttest between unlabeled and labeled samples (*P < 0.05; 

**P < 0.01; ***P < 0.001). n.d.: not detected.  
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Figure 3. Fungal volatile influences A. thaliana growth under sulfur deficiency. (A) and (B) 

Differences in fresh weight (A) and in dry weight (B) of seedlings grown on high sulfate (HS) or on 

low sulfate (LS) MGRL medium with addition of TMTM (10, 100 and 1000 µg) to seedlings grown 

on LS without TMTM. Error bars represent SEs from at least 5 independent biological replicates, 

each with 8 seedlings. Statistical significance was determined by Duncan’s multiple range test with 

p-value < 0.05, and indicated with lower-case alphabets. 
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Figure 4. TMTM contributes positively to root growth. Wild-type (A) or slim1 (B) seedlings’ root 

growth on high sulfate medium (HS) or on low sulfate medium (LS) with addition of 0, 100 or 1000 

µg TMTM was measured 7 days after application. Error bars represent SEs from at least 6 biological 

replicates for wildtype and 8 biological replicates for slim1. Statistical significance was determined 

by Duncan’s multiple range test with p-vale < 0.05, and indicated with lower-case letters.  
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Figure 5. TMTM reduces plant response towards sulfur deficiency. Gene expression was analyzed 2 

days (A) and 7 days (B) after TMTM application. Values were normalized to seedlings grown on low 

sulfate (LS) MGRL medium without TMTM (0 µg), and expressed as fold change. RNA for each 

treatment was extracted from total seedlings (combining root and shoot). Error bars represent SEs 

from 3 biological replicates, each with 8 seedlings. Statistical significance was conducted on dCq 

values, determined by Duncan’s multiple range test with p-value < 0.05, and indicated with lower-

case alphabets. 
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Figure 6. TMTM maintains sulfur-containing metabolites under sulfur deficiency. (A) Relative 

glutathione (GSH) level and (B) total glucosinolate (GSL) level in seedlings grown on low sulfate 

(LS) MGRL medium with addition of TMTM (0, 100 and 1000 µg) and seedlings grown on high 

sulfate (HS) MGRL medium 2, 4 and 7 days after treatment. Error bars represent SEs from at least 5 

biological replicates, each with 8 seedlings. Statistical significance was determined by Duncan’s 

multiple range test with p-value < 0.05, and indicated with lower-case alphabets.  
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Figure 7. Incorporation of TMTM requires more than OASTLs. Cysteine biosynthesis was monitored 

in 4 parallel samples. In each sample, either Na2S, water, TMTM or both NA2 S and TMTM was 

added as substrate for OASTLs. Error bars represent SEs from 3 independent measurement using 

total protein extract from 3 different biological replicates. 
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Abstract 

Cell wall integrity (CWI) maintenance is central for plant cells. Mechanical or chemical distortions, 

pH changes, or breakdown products of cell wall polysaccharides activate plasma membrane-localized 

receptors and induce appropriate downstream responses. Microbial interactions alter or destroy the 

structure of the plant cell wall, connecting CWI maintenance to immune responses. Cellulose is the 

major polysaccharide in the primary and secondary cell wall. Its breakdown generates short-chain 

cellooligomers which induce Ca2+-dependent CWI responses. We have shown here that these 

responses require the malectin domain-containing CELLOOLIGOMER-RECEPTOR KINASE 1 

(CORK1) in Arabidopsis. CORK1 is required for cellooligomer-induced cytoplasmic Ca2+ elevation, 

reactive oxygen species (ROS) production, mitogen associated protein kinase (MAPK) activation, 

cellulose synthase phosphorylation, and the regulation of CWI-related genes including those involved 

in biosynthesis of cell wall material, secondary metabolites and tryptophan. Phosphoproteome 

analyses identified early targets involved in signaling, cellulose synthesis, the endoplasmatic 

reticulum/Golgi secretory pathway, cell wall repair and immune responses. Two conserved 

phenylalanine residues in the malectin domain are crucial for CORK1 function. We propose that 

cellulose breakdown products bind to the malectin domain in CORK1, indicating its role as a novel 

receptor kinase for CWI maintenance.  

 

Introduction 

 The plant cell wall is mainly composed of the polysaccharide polymers cellulose, 

hemicellulose and pectin. Cellulose accounts for more than 30% of the total plant cell wall material 

(Lodish et al., 2000), and consists of β-(1,4)-bound D-glucose moieties, which form unbranched 

fibers with a paracrystaline structure. Hemicellulose is made of xylans, xyloglucans, mannans, 

glucomannans, and β-(1,3;1-4)-glucans. The backbone for xylans, xyloglucans and mannans is made 

of β-(1,4) linked monomer residues, while β-(1,3;1-4)-glucans contain β-(1-4)-linked glucose 

interleaved with β-(1,3) linkages. Unlike cellulose, hemicellulose has short branches and its 

amorphous structure is easily accessible to hydrolases (Scheller and Ulvskov, 2010; Gibson, 2012). 

Pectins are categorized into unbranched homogalacturonan (HG), branching rhamnose (Rha)-

containing rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II) with complex 

composition (Mohnen, 2008; Atmodjo et al., 2013). While HG is a monopolymer of α-(1,4) 
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galacturonic acid (GalA), RG-I has a disaccharide unit backbone of α-D-GalA-(1,2)- α-L-Rha, and 

RG-II possesses GalA linked with various sugars (Ridley et al., 2001; Harholt et al., 2010).  

 Fragments of these cell wall polysaccharides have been shown to act as damage-associated 

molecular patterns (DAMPs; Gust et al., 2017). Cellulose breakdown products, cellooligomers 

(COMs), trigger calcium influx, ROS production, MAPK phosphorylation, and defense-related gene 

expression, which eventually lead to higher pathogen resistance (Hu et al., 2004; Galletti et al., 2011; 

Souza et al., 2017; Claverie et al., 2018; Johnson et al., 2018; Mélida et al., 2020; Yang et al., 2021a). 

COMs with 2-7 glucose moieties induce cytoplasmic calcium ([Ca2+]cyt) elevation. The amplitude of 

the response depends on the length of the oligomer, and cellotriose (CT) was the most active COM 

in Arabidopsis thaliana (Johnson et al., 2018). The defense responses induced by COMs are relatively 

mild when compared to those induced by the pathogen-associated molecular patterns (PAMPs) chitin 

or flg22 (Souza et al., 2017; Claverie et al., 2018; Johnson et al., 2018; Rebaque et al., 2021). However, 

in combination with chitin, flg22 or oligogalacturonic acid (OG), synergistic effects on calcium influx, 

ROS production, and MAPK phosphorylation indicate crosstalk between COM and PAMP responses 

(Souza et al., 2017; Johnson et al., 2018).  

 Plants rely on an array of membrane-associated pattern recognition receptors (PRRs) to 

recognize breakdown products of its cell wall. The wall-associated kinase 1 (WAK1) is activated by 

the pectin fragments OGs (He et al., 1996; Brutus et al., 2010). FERONIA, a membrane-localized 

receptor-like kinase with a malectin-like domain, is involved in monitoring cell wall integrity (CWI), 

pollen tube development, plant growth and perception of RALF peptides (Escobar-Restrepo et al., 

2007; Haruta et al., 2014). Its extracellular region has been shown to interact with pectin (Feng et al., 

2018; Tang et al., 2021). In rice, two species of mixed-linked β-1,3/1,4-glucans (MLGs) from 

hemicellulose, namely 31-β-D-cellobiosyl-glucose and 31-β-D-cellotriosyl-glucose, bind to 

OsCERK1, and induce the dimerization of OsCERK1 and the chitin receptor OsCEBiP (Yang et al., 

2021a). However, up to date, no receptor has been reported to perceive β-1,4 glucans.  Here, we 

show that CORK1 (CelloOligomer Receptor Kinase 1) specifically recognizes COMs in A. thaliana. 

CORK1 is a functional LRR-malectin receptor kinase. Upon COM treatment, CORK1 mutants are 

impaired in [Ca2+]cyt elevation, ROS production, regulation of genes involved in CWI maintenance 

and immune responses, including WRKY30/WRKY40. Two conserved phenylalanine residues in the 

malectin domain are crucial for COM-induced responses in A. thaliana. Phosphoproteome and 

transcriptome data identified protein and gene targets of the novel COM/CORK1 pathway and have 

shed light on the role of COMs in CWI maintenance.  

 

Materials and Methods 

Growth medium and conditions for seedlings 

 A. thaliana seeds were surface-sterilized for 8 minutes in sterilization solution containing 

lauryl sarcosine (1%) and Clorix cleaner (23%). Surface-sterilized seeds were washed with sterilized 

water 8 times and placed on Petri dishes with MS medium supplemented with 0.3% gelrite 

(Murashige and Skoog, 1962). After cold treatment at 4°C for 48 hours, plates were incubated at 22°C 

under long day conditions (16 hours light/ 8 hours dark; 80 μmol m−2 s−1). 

 Wild-type (ecotype Columbia-0), the aequorin-containing wild-type [pMAQ2] line (AeqWT; 

Knight et al., 1991), and EMS (ethyl methanesulfonate)-induced mutant lines in AeqWT background 

(Johnson et al., 2018) were used in this study. In addition, two T-DNA insertion lines, cork1-1 

(N671776; SALK_099436C) and cork1-2 (N674063; SALK_021490C), were obtained from 

Nottingham Arabidopsis Stock Centre (NASC). Homozygous seedlings of these insertion lines were 

crossed to the AeqWT. The corresponding segregated wild-type (SWT) and homozygous (HO) 

seedlings from the F3 generation were used for experiments.  

 

EMS mutagenesis of A. thaliana seeds 

 2.5 g of AeqWT seeds were used for mutagenesis. According to Kim et al. (2006), seeds were 

soaked in 40 ml of 100 mM phosphate buffer (pH = 7.5) for 10 hours at 4°C. The next day, the buffer 

was replaced and EMS (Sigma-Aldrich, Germany) was added to a final concentration of 0.2 %. The 
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mixture was incubated at room temperature in a hood over night with gentle stirring. The seeds were 

washed twice in 40 ml of 100 mM sodium thiosulphate for 15 min to destroy the remaining EMS, 

followed by 18 wash steps with water (Leyser and Furner, 1993). Freshly mutagenized seeds were 

directly separated in different Eppendorf tubes, surface-sterilized and germinated as described above. 

Three-week old plants were transferred to soil to obtain the seeds of the individual mother plants.  

  

Whole Genome Sequencing and SNP analysis 

 After screening ~100 independent EMS lines, we found a COM non-responsive mutant, 

named here as EMS71. From the F2 generation of the back-cross between EMS71 and AeqWT, two 

pools of seedlings were sorted out. One pool consisted of CT responsive individuals, while the other 

contained non-responsive individuals (50 seedlings in each pool). Whole genome sequencing of the 

two pools was performed on Illumina sequencing platform (PE150; Novogene Co., UK). The reads 

from both pools were mapped separately against the TAIR10 reference genome using Samtools v. 

1.8 (Li et al., 2009). SIMPLE v. 1.8.1 (Wachsman et al., 2017) analysis was implemented to filter out 

single-nucleotide polymorphisms (SNPs) which appeared 90-100 % in the non-responsive population, 

while less than 70% in the responsive population. Putative candidate genes were selected based on 

whether the SNP causes non-synonymous mutation, or affects mRNA processing (e.g. mRNA 

splicing). SNP sites of candidate genes were confirmed in 3 different individuals from the EMS71 

line. As a result, two candidate genes, ARF1 (At1g59750) and CORK1 (AT1G56145), were selected 

for further confirmation as described in the Result section.  

 

Transcriptome analysis 

 16 roots of SWT or HO from cork1-2 mutant line crossed to AeqWT were treated with 1 mL 

of either water or 10 µM CT for 1 hour. Total RNA was extracted and purified as described, and sent 

to Novogene Co. (UK) for sequencing with Illumina NovaSeq instrument (poly-A enrichment; 

PE150). The raw reads were aligned to Arabidopsis TAIR10 reference genome using STAR v. 

2.7.10a (Dobin et al., 2013). The aligned bam files were analyzed with featureCounts v. 2.0.1 (Liao 

et al., 2014), and the count table for all samples were analyzed with DESeq2 v. 1.34.0 (Love et al., 

2014). GO enrichment and KEGG pathway analysis was performed on PANTHER (Mi et al., 2021) 

and KEGG PATHWAY (Kanehisa and Goto, 2000) database, respectively. Significantly regulated 

genes were defined with the criteria: |log2 fold change| ≥ 1.33 and adjusted p-value < 0.05. The 

adjusted p-value was calculated by DESeq2 using the built-in Benjamini and Hochberg method. The 

default FDR cutoff value was set as 0.1. 

 

Phosphoproteomic analysis 

Sample collection 

300 roots of SWT or HO from the cork1-2 mutant line were collected at 0 minute, or after 

treatment with either water or 10 µM CT for 5 or 15 minutes. Samples were immediately frozen in 

liquid nitrogen until further analysis. 

 

In-solution digest 

 Tissues were disrupted by using mortar and pestle with liquid nitrogen. Debris were 

homogenized in lysis buffer (1% (w/v) SDS, 150 mM NaCl, 100 mM TEAB (triethyl ammonium 

bicarbonate)), one tablet each of cOmplete Ultra Protease Inhibitor Cocktail and PhosSTOP). After 

addition of 0.5 µl Benzonase nuclease (250 U/μl) the samples were incubated at 37°C in a water bath 

sonicator for 30 min. Proteins were separated from unsolubilized debris by centrifugation (15 min, 

18000 × g). Each 1.5 mg of total protein per sample was diluted with 100 mM TEAB to gain a final 

volume of 1.5 ml. Subsequently, cysteine thiols were reduced and carbamidomethylated in one step 

for 30 min at 70°C by addition of 30 µL of 500 mM TCEP (tris(2-carboxyethyl)phosphine) and 30 

µl of 625 mM 2-chloroacetamide (CAA). The samples were further cleaned up by methanol-

chloroform-water precipitation using the protocol of Wessel and Flügge (1984). Protein precipitates 

were resolubilized in 5% trifluoroethanol of aqueous 100 mM TEAB and digested overnight (18 
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hours) with a Trypsin+LysC mixture (Promega) at a protein to protease ratio of 25:1. Each sample 

was divided in 3 × 0.5 mg used for the phosphopeptide enrichment and 150 µg initial protein used 

for the reference proteome analysis. Samples were evaporated in a SpeedVac. The reference proteome 

sample was resolubilized in 30 µL of 0.05% TFA in H2O/ACN 98/2 (v/v) filtered through 10 kDa 

MWCO PES membrane spin filters (VWR). The filtrate was transferred to HPLC vials and injected 

into the LC-MS/MS instrument. 

 

Phosphopeptide enrichment 

Phosphopeptides were enriched by using TiO2+ZrO2 TopTips (Glygen Corp., Columbia, MD, 

USA). TopTips were loaded with 0.5 mg protein isolate using 3 TopTips per biological replicate after 

equilibration with 200 µl Load and Wash Solution 1, LWS1 (1% trifluoroacetic acid (TFA), 20% 

lactic acid, 25% acetonitrile (ACN), 54% H2O). TopTips were centrifuged at 1500 rpm (~200 × g) 

for 5 min at room temperature. After washing with 200 µl LWS1, the TiO2/ZrO2 resin was washed 

with 25% ACN and subsequently the phosphopeptides were eluted with 200 µl NH3·H2O (NH4OH), 

pH 12. The alkaline solution was immediately evaporated using a SpeedVac. The phosphoproteome 

samples were resolubilized in 50 µL of 0.05% TFA in H2O/ACN 98/2 (v/v) filtered through 10 kDa 

MWCO PES membrane spin filters (VWR). The filtrate was also transferred to HPLC vials and 

injected into the LC-MS/MS instrument. 

 

LC-MS/MS analysis 

Each sample was measured in duplicate (2 analytical replicates of 3 biological replicates of a 

reference proteome fraction and a phosphoproteome fraction). LC-MS/MS analysis was performed 

on an Ultimate 3000 nano RSLC system connected to a QExactive HF mass spectrometer (both 

Thermo Fisher Scientific, Waltham, MA, USA). Peptide trapping for 5 min on an Acclaim Pep Map 

100 column (2 cm × 75 µm, 3 µm) at 5 µL/min was followed by separation on an analytical Acclaim 

Pep Map RSLC nano column (50 cm × 75 µm, 2µm). Mobile phase gradient elution of eluent A (0.1% 

(v/v) formic acid in water) mixed with eluent B (0.1% (v/v) formic acid in 90/10 acetonitrile/water) 

was performed using the following gradient: 0-5 min at 4% B, 30 min at 7% B, 60 min at 10% B, 100 

min at 15% B, 140 min at 25% B, 180 min at 45% B, 200 min at 65% B, 210-215 min at 96% B, 

215.1-240 min at 4% B. Positively charged ions were generated at spray voltage of 2.2 kV using a 

stainless steel emitter attached to the Nanospray Flex Ion Source (Thermo Fisher Scientific). The 

quadrupole/orbitrap instrument was operated in Full MS / data-dependent MS2 Top15 mode. 

Precursor ions were monitored at m/z 300-1500 at a resolution of 120,000 FWHM (full width at half 

maximum) using a maximum injection time (ITmax) of 120 ms and an AGC (automatic gain control) 

target of 3 × 106. Precursor ions with a charge state of z=2-5 were filtered at an isolation width of m/z 

1.6 amu for further HCD fragmentation at 27% normalized collision energy (NCE). MS2 ions were 

scanned at 15,000 FWHM (ITmax=100 ms, AGC= 2 × 105) using a fixed first mass of m/z 120 amu. 

Dynamic exclusion of precursor ions was set to 30 s. The LC-MS/MS instrument was controlled by 

Chromeleon 7.2, QExactive HF Tune 2.8 and Xcalibur 4.0 software.  

  

Protein database search 

Tandem mass spectra were searched against the UniProt database (2022/01/06; 

https://www.uniprot.org/proteomes/UP000006548) of Arabidopsis thaliana using Proteome 

Discoverer (PD) 2.4 (Thermo) and the Sequest HT algorithm. Two missed cleavages were allowed 

for the tryptic digestion. The precursor mass tolerance was set to 10 ppm and the fragment mass 

tolerance was set to 0.02 Da. Modifications were defined as dynamic Met oxidation, phosphorylation 

of Ser, Thr, and Tyr, protein N-term acetylation with and without Met-loss as well as static Cys 

carbamidomethylation. A strict false discovery rate (FDR) < 1% (peptide and protein level) and an 

Xcorr score > 4 was required for positive protein hits. The Percolator node of PD2.4 and a reverse 

decoy database was used for qvalue validation of spectral matches. Only rank 1 proteins and peptides 

of the top scored proteins were counted. Label-free protein quantification was based on the Minora 

algorithm of PD2.4 using the precursor abundance based on intensity and a signal-to-noise ratio >5. 
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Normalization was performed by using the total peptide amount method. Imputation of missing quan 

values was applied by using abundance values of 75% of the lowest abundance identified per sample. 

For the reference proteome analysis used for master protein abundance correction of the 

phosphoproteome data, phosphopeptides were excluded from quantification. Differential protein and 

phosphopeptide abundance was defined as a fold change of >2, ratio-adjusted pvalue <0.05 

(pvalue/log4ratio) and at least identified in 2 of 3 replicates of the sample group with the highest 

abundance. 

 

ROS and [Ca2+]cyt measurements 

 Seedlings were grown vertically on Hoagland agar medium (Hoagland’s No. 2 Basal Salt 

Mixture; Sigma-Aldrich, Germany) for 16 days before harvesting the leaf discs (about 1 mm in 

diameter), or approximately 70% of the roots for ROS and [Ca2+]cyt measurements (Vadassery et al., 

2009; Vadassery and Oelmüller, 2009; Johnson et al., 2011).  

 For ROS measurement, root tissue was incubated in sterile water in a 96-well plate in the dark 

at room temperature for 1 hour. Prior to the elicitor treatment, water was replaced by 150 μL of assay 

solution containing 2 μg/mL horseradish peroxidase (Sigma-Aldrich, Germany) and 100 μM luminol 

(FUJIFILM Wako Pure Chemical Corporation, Japan).  

 The [Ca2+]cyt concentration was inferred from aequorin-based luminescence (Knight et al., 

1991). Leaf discs and root tissue were incubated overnight in 150 μL of 7.5 μM coelenterazine 

solution (P.J.K. GmbH, Germany) in a 96-well plate in the dark at room temperature. 

 Bioluminescence counts from elicitor application were recorded as relative light units (RLU) 

with microplate luminometer (Luminoskan Ascent version 2.4, Thermo Electro Corporation, 

Germany or Mithras LB940, Berthold, Germany).  

 Cellobiose (C7252, Sigma-Aldrich, Germany), cellotriose (C1167, Sigma-Aldrich, Germany, 

or 0-CTR-50MG, Megazyme, Ireland) and chitohexaose (OH07433, Carbosynth, United Kingdom) 

were used as elicitors. Concentration of elicitors, unless specified, is 10 μM for cellotriose and 

chitohexaose, and 1 mM for cellobiose. All elicitors were dissolved and diluted with distilled water.  

 

Nucleic acid isolation, PCR and qPCR 

 Plant tissue was homogenized in liquid nitrogen. DNA extraction was performed according 

to Doyle (1990). RNA extraction was done with TrizolTM reagent (Thermo-Fisher Scientific, 

Germany), treated with Turbo DNA-freeTM Kit (Thermo-Fisher Scientific, Germany), and reverse 

transcribed with RevertAid Reverse Transcriptase (Thermo-Fisher Scientific, Germany) according to 

the manufacturer's instructions. 

 Genotyping of back-crossed F2 mutant population was achieved by PCRs with genomic DNA. 

PCRs were run with DreamTaq DNA Polymerase (Thermo Fisher Scientific, Germany) in a thermal 

cycler (Applied Biosystems SimpliAmp Thermal Cycler, Thermo Fischer Scientific, Germany). 

Quantitative PCRs (qPCRs) were performed with Dream Taq DNA Polymerase (Thermo-Fisher 

Scientific, Germany) with the addition of Evagreen® (Biotum, Germany). CFX ConnectTM Real-

Time PCR Detection System (Bio-Rad, Germany) was used for running and analyzing qPCRs. The 

expression of genes was normalized to the housekeeping gene encoding a ribosomal protein (RPS; 

AT1G34030). The resulting ΔCq values were used for statistical analysis. For the confirmation of 

SNP in the EMS mutant, a primer pair flanking the SNP site was designed, and the region was 

amplified with PhusionTM High-fidelity DNA polymerase (Thermo-Fisher Scientific, Germany). The 

PCR product was purified with NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Germany), 

and sequenced by Eurofins Genomics, Germany. All primers used are listed in Supplementary Table 

S1. 

 

Multiple sequence alignment 

Amino acid sequences of malectin RLKs and malectin-like RLKs were retrieved from Uniprot 

database and aligned with MEGA7 (Kumar et al., 2016) using default Clustal W algorithm 

(Thompson et al., 1994). The aligned sequences were edited for presentation using BioEdit v. 7.2.5 
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(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Accession number for all sequences are listed in 

Supplementary Table S2. 

 

Plasmid construction 

 Full length coding regions of ARF1 and of CORK1 (AT1G56145.1) were amplified from the 

reverse-transcribed RNA (cDNA) using PhusionTM High-fidelity DNA polymerase (Thermo-Fisher 

Scientific, Germany). The fragments were cloned into entry vector pENTRTM/D-TOPOTM, and 

transferred to pB7FWG2.0 destination vector (Karimi et al., 2002) with Gateway™ LR Clonase™ II 

(Thermo-Fisher Scientific, Germany). Site-directed mutagenesis was carried out to specifically 

mutate the amino acid residues of interest.  

 For the kinase activity assay, the cytoplasmic domain of CORK1 (residues 654-1039; 

CORK1KD) was cloned and ligated into the expression vector pET28a using restriction enzymes 

BamHI and EcoRI. Two stop codons were added before the EcoRI restriction site, generating a 6X 

His-Tagged protein at the N-terminus. The mutated form (CORK1KD-G748E) was obtained by site-

directed mutagenesis. The mutated PCR fragment for the kinase domain was cloned and ligated into 

the expression vector pGEX1λT using restriction enzymes BamHI and EcoRI, generating a 

glutathione S-transferase (GST) fusion protein at the N-terminus.  

 To generate the luciferase reporter constructs with the WRKY30 and WRKY40 promoters, 2 

kb-DNA fragments upstream of the respective start codons were cloned, and ligated into the pJS 

plasmid (Yoo et al., 2007) using NcoI and BamHI restriction sites.  

 For every construct, the insert sequence was confirmed by Sanger sequencing (Eurofins 

Genomics). Primers used are listed in Supplementary Table S1. 

 

Protein Expression, Extraction, Purification and Kinase assay 

 pET28a vector with CORK1KD and pGEX1λT vector with CORK1KD-G748E were transformed 

into E. coli strain BL21(DE3) pLysS (Novagen). For the expression of CORK1KD, the transformed 

bacteria were grown directly in LB broth (Bertani, 1951) with 34 μg/mL chloramphenicol and 50 

μg/mL kanamycin at 37°C for 16 hours with shaking. IPTG (isopropyl β-D-1-thiogalactopyranoside; 

Carl Roth, Germany) was added to the culture to a final concentration of 1 mM to induce protein 

expression for 3 hours. For the expression of GST-CORK1KD-G748E, the overnight culture was 

inoculated into LB broth with 34 μg/mL chloramphenicol and 100 μg/mL ampicillin at 37°C with 

shaking. After O.D.600nm reached 0.6, IPTG was added to the broth to final concentration of 1 mM to 

induce protein expression for 3 hours at 25°C. Cells were collected by centrifugation for 10 minutes 

at 4°C, 5000 rpm. 

 Bacterial pellet for CORK1KD was resuspended in extraction buffer containing 50 mM Tris-

HCl, pH 8.0, 300 mM NaCl and 0.1% (w/v) CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-

propansulfonate hydrate, Sigma-Aldrich, Germany). Sonication was applied to lyse the cells. Cell 

debris was pelleted by centrifugation for 10 minutes at 4°C, 12000 rpm. Cell lysate was incubated 

with ProBond Ni-NTA resin (Thermo-Fisher Scientific, Germany) for 0.5 – 1 hour. The resin was 

washed in the same buffer with 20 mM imidazole for 3 times to remove unbound protein. Finally, 

His-tagged protein was eluted with the same buffer containing 250 mM imidazole. For GST-

CORK1KD-G748E, purification was done with Pierce™ GST Spin Purification Kit following 

manufacturer’s instruction. Purified proteins were concentrated and buffer-exchanged in kinase assay 

buffer (25 mM Tris-HCl, pH 7.5, 10 mM MgCl2) using Vivaspin®️ 20 ultrafiltration unit (3000 

MWCO, Satorius, Germany).  

 Kinase activity assay was carried out by mixing 2 μg of CORK1KD or GST-CORK1KD-G748E 

with 3 μg of myelin basic protein (MBP; Sigma-Aldrich, Germany) in kinase reaction buffer (25 mM 

Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM DTT and 100 μM ATP). The reaction mixtures were 

incubated at 30°C for 30 min and terminated by adding SDS-PAGE loading buffer. The proteins were 

separated by SDS-PAGE. Protein phosphorylation was examined by staining with Pro-Q Diamond 

phosphoprotein gel stain (Thermo-Fisher Scientific, Germany) following manufacturer’s instructions, 

or with morin hydrate (Wang et al., 2013), and visualized using AlphaImager HP system 
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(ProteinSimple, San Jose, California, USA). Coomassie blue staining (Roti-Blue, Carl Roth, 

Germany) was conducted to visualize the total protein. 

 

Complementation of the COM receptor mutant   

 CORK1 or ARF1 in pB7FWG2.0 vector were transformed into the COM non-responsive EMS 

mutant EMS71 using the floral dip method with A. tumefaciens strain GV3101 (Zhang et al., 2006). 

Complemented plants were selected on soil using a 0.1% (v/v) BASTA solution 14 and 18 days after 

sowing.  

 

Transient expression in A. thaliana 

 Transient co-expression of the pFRK1::luciferase reporter (Yoo et al., 2007) with the receptor 

expression constructs in mesophyll protoplasts of A. thaliana Col-0 wild-type was performed as 

described (Wang et al., 2016). Luminescence was recorded for up to 5 hours in W5-medium 

containing 200 µM firefly luciferin (Synchem UG) after overnight incubation for 14 hours and 

subsequent treatment with CT or control solutions. After the measurements, protoplasts were 

harvested by centrifugation and denatured in 2 × SDS-PAGE loading buffer. The crude extracts were 

separated on 8% polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were 

saturated with 5% milk powder in PBS with 0,05% Tween-20 (PBS-T) followed by immunostaining 

with anti-GFP antibodies (Torrey Pines Biolabs, 1:5000 in PBS-T) and secondary goat-anti-rabbit 

antibodies coupled to alkaline phosphatase (Applied Biosystems) using CDP-star as substrate.  

 

Microscopy 

 Protoplast of A. thaliana were mounted on a glass slide with cover slip for microscopic 

inspection using Axio Imager.M2 (Zeiss Microscopy GmbH, Germany). The bright field and 

fluorescent images were recorded with a monochromatic camera Axiocam 503 mono (Zeiss 

Microscopy GmbH, Germany). Digital images were processed with the ZEN software (Zeiss 

Microscopy GmbH, Germany).   

 

Statistical tests 

 Statistical tests were performed using R studio version 1.1.463 with R version 4.1.2. Figures 

were plotted using Python 3.7.4 and arranged with LibreOffice Draw 5.1.6.2. 

 

Data availability 

 Raw sequences for the GWAS have been deposited in the Gene Expression Omnibus (GEO) 

database (accession no. GSE197891). For transcriptome analysis, raw sequences and the count tables 

after DESeq2 analysis have been deposited in the Gene Expression Omnibus (GEO) database 

(accession no. GSE198092). Lists of differentially expressed genes mentioned here are provided in 

Supplementary Dataset S1. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the 

dataset identifier PXD033224. Lists of significantly changed phosphopeptides mentioned here are 

provided in Supplementary Dataset S2.   

 

Results 

Identification of the CelloOligomer Receptor Kinase 1 (CORK1)  

 To identify proteins involved in COM perception, an ethyl methanesulfonate (EMS)-treated 

seedling population generated from the wild-type pMAQ2 aequorin line (AeqWT) was screened. 

Roots from individual F2 seedlings were used to monitor [Ca2+]cyt elevation upon 1 mM cellobiose 

(CB) application. One mutant (designated as EMS71) showed no [Ca2+]cyt elevation in response to 

CB (1 mM) and CT (10 μM). The non-responsive phenotype was confirmed in the F3 generation in 

both root and leaf tissues (Fig. 1A and 1B). Since [Ca2+]cyt elevation induced by chitin was not affected 

(Fig. 1C), EMS71 is specifically impaired in COM perception.  
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 EMS71 was back-crossed to AeqWT, and the F2 population was divided into responsive and 

non-responsive groups. DNA from these two groups were extracted, sequenced and analyzed as 

described in Materials and Methods. Finally, two candidate genes, At1g59750 (ARF1; A248V) and 

At1g56145 (CORK1; G748E), were selected for further confirmation. 

 The two candidate genes were over-expressed with CaMV 35S promoter in EMS71. Upon 

CT application, [Ca2+]cyt elevation was only detected in EMS71 seedlings transformed with CORK1 

construct, but not in those with ARF1, suggesting CORK1 is responsible for the [Ca2+]cyt elevation 

induced by COMs (Fig. 1D).   

 In addition, two T-DNA insertion mutant lines, cork1-1 and cork1-2, were crossed to AeqWT 

for [Ca2+]cyt measurements. In the F2 generation, ~25% of the seedlings were non-responsive to CT 

(Fig. 2A). Genotyping showed that the responsive seedlings were either segregated wild-type (SWT) 

or heterozygotes, while non-responsive seedlings were all homozygous (HO) for the T-DNA insertion 

(Fig. 2B). The CORK1 transcript level was significantly reduced in the HO seedlings compared to 

SWT seedlings (Fig. 2C). This demonstrates that CORK1 is required for COM perception in 

Arabidopsis. 

 The gene model for CORK1 predicts three RNA isoforms (Fig. 2D). At1g56145.1 (lacking an 

intron near the 3’ end), At1g56145.2 (deduced from the complete DNA sequence) and At1g56145.3 

(omitting the first 309 nucleotides from the 5’ end). In the cork1-1 and cork1-2 mutants, the T-DNAs 

were inserted in the first exon and the exon located near the 3’ end, respectively (Fig. 2D). The SNP 

for EMS71 is caused by a G→A exchange of the 2243rd nucleotide, converting the 748th glycine 

residue to a glutamic acid (Fig. 2D and 2E). Thus, the latter mutation affects all three predicted RNA 

isoforms. 

 Based on the sequence for the first isoform, CORK1 is annotated as a leucine-rich repeat 

transmembrane protein kinase, with a predicted 24-amino acid long signal peptide at the N-terminus, 

followed by leucine-rich repeat (LRR) domains, and a malectin domain (MD). After the 

transmembrane domain, a Ser-Thr/Tyr kinase domain is predicted to reside in the cytoplasm (Fig. 

2E).  

  

CORK1 encodes a functional receptor kinase 

 To determine whether CORK1 encodes a LRR receptor kinase, subcellular localization was 

first examined by transfecting A. thaliana protoplasts with a 35S::CORK1-GFP construct. The GFP 

signal at the plasma membrane confirmed that CORK1 is a membrane-associated protein (Fig. 3A).   

 Next, the cytoplasmic region encompassing the kinase domain (CORK1KD) was cloned into 

the expression vector pET28a to characterize its kinase activity. GST-CORK1KD-G748E was also 

constructed into pGEX1λT to test whether the mutation found in the kinase domain of EMS71 affects 

the kinase activity. Figure 3B shows that the substrate myelin protein bovine (MBP) was only 

phosphorylated by CORK1KD but not by the mutated form GST-CORK1KD-G748E. At the same time, 

CORK1KD exhibited strong autophosphorylation. This suggests that CORK1 encodes a functional 

kinase domain, and the G748E mutation disrupted the kinase activity. 

 

CORK1 mutant failed to produce ROS upon COM perception  

 Besides [Ca2+]cyt elevation, COMs also induce ROS production, albeit less than classical 

PAMPs like chitin (Johnson et al., 2018). In SWT roots, but not those in HO, of cork1-1 and cork1-

2 seedlings, ROS was produced after CT treatment. ROS production was detected upon chitin 

treatment in both SWT and HO (Fig. 4A and 4B). This suggests that CORK1 is required for COM-, 

but not chitin-induced ROS production. 

 

Up-regulation of WRKY30 and WRKY40 mRNA level by COMs is CORK1-dependent 

 Since CB activates WRKY30 and WRKY40 expression (Souza et al., 2017; Johnson et al., 

2018), we checked whether the activation of these genes requires CORK1. CT and chitin were applied 

to roots of SWT and HO seedlings of cork1-1 and cork1-2. After 1 hour, the WRKY30 and WRKY40 

transcript levels in SWT of both T-DNA lines were up-regulated ~30- and ~15-fold, respectively (Fig. 
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5A and 5B). On the other hand, no significant response to CT was observed in the HO mutants (Fig. 

5A and 5B). Chitin stimulated the WRKY30 transcript level ~10-fold and that of the WRKY40 ~2-

fold in both genotypes (Fig. 5A and 5B). This demonstrates COM-mediated activation of WRKY30 

and WRKY40 requires CORK1. 

 

Two Phe residues in the malectin domain are important for CT response 

 Sequence alignment of the Arabidopsis LRR-MD RLKs demonstrated that two Phe residues 

within the MD (F520 and F539) are highly conserved in all MD RLKs (Fig. 6A and Supplementary 

Fig. S1) and Malectin-Like (MLD) RLKs (Supplementary Fig. S2). It has been suggested that 

aromatic rings of amino acids interact with the apolar side of carbohydrate (Boraston et al., 2004; 

Pires et al., 2004; Schallus et al., 2010). Therefore, we changed the two conserved Phe residues to 

Ala. In the EMS71 mutant transformed with a 35S::CORK1-GFP construct, the [Ca2+]cyt elevation in 

response to CT application was restored. The [Ca2+]cyt response in plants transformed with either of 

the two Phe mutant versions (F520A or F539A) was significantly reduced, and no [Ca2+]cyt could be 

observed in plants transformed with the double mutated version (Fig. 6B). To further support the 

importance of the two Phe residues, mesophyll protoplasts of A. thaliana were co-transformed with 

the pFRK1::luciferase reporter and either the wild-type or the double-mutated version of CORK1. 

The co-expression of wild-type CORK1 with the reporter gene conferred responsiveness to the 

treatment with 1 µM CT, which was absent when the mutated form was expressed (Fig. 6C - 6F). 

This suggests that the two conserved Phe residues are important in COM perception in Arabidopsis. 

 

Transcriptome analysis uncovered COM/CORK target genes 

 To identify the biological functions of COMs, we performed transcriptome analysis with the 

roots of cork1-2 SWT and HO seedlings 1 hour after the application of either 10 μM CT or water. 

Among the 23106 mapped genes, 561 genes were up- and 54 genes down-regulated by CT in a 

CORK1-dependent manner. On the contrary, only 2 genes were significantly up-regulated and no 

genes were down-regulated by CT in HO (Fig. 7A; Supplementary Dataset S1). This shows the high 

specificity of CORK1 to COMs. 

 Gene ontology (GO) enrichment analysis showed a profound increase in genes involved in 

tryptophan biosynthesis, cell wall modification and secondary metabolite production (Supplementary 

Fig. S3). The genes for ASA1 (anthranilate synthase α subunit 1) and ASB1 (anthranilate synthase β 

subunit 1), which carry out the first step in the tryptophan biosynthesis from chorismate, were ~10 

fold and for TSA1 (tryptophan synthase α chain), which catalyzes the last step in the biosynthesis, ~8 

fold up-regulated by CT (Table 1 and Fig. 7B).  

 Among the first 15 categories for the most strongly regulated genes, 5 categories are related 

to “cell wall” functions. All of them center around callose deposition and cell wall thickening, and 

most of these genes/proteins are described in the context of defense (Supplementary Fig. S3). Genes 

in these categories include FLS2 (~4 fold), MYB51 (~13 fold), UDP-glycosyltransferase 74B1 (~4.5 

fold), the cytochrome P450 enzymes CYP81F2 (~12 fold) and CYP83B1 (~7 fold) as well as the 

ABC-transporter gene ABCG36 (~3 fold). Similarly, genes involved in lignin biosynthesis 

(phenylpropanoid metabolism) were also up-regulated, such as those for cinnamate-4-hydroxylase 

(C4H, ~3 fold), 4-coumarate-CoA ligase 1 (4CL1, ~4 fold), phenylalanine ammonia lyase 1 (PAL1, 

~3 fold), and for three enzymes important for lignin production, Caffeoyl-CoA 3-O-methyltransferase 

(CCoAOMT, ~13 fold), cinnamyl alcohol dehydrogenase 5 (CAD5, ~3 fold) and peroxidase 4 (PER4, 

~5 fold; Fernández-Pérez et al., 2015; Barros et al., 2019). PEN2 and PMR4/GSL5, encoding a 

myrosinase and a callose synthase, respectively, were only slightly up-regulated (~1.7 fold; Table 1 

and Fig. 7B). 

 In addition to cell wall-related genes, SOT16 and SOT17, which encode sulfotransferases for 

glucosinolate production, were up-regulated ~5.5 fold. Likewise, the transcript level for CYP71B15 

(PAD3), which is required for camalexin production, was ~3.5-fold up-regulated. In line with qPCR 

analyses and previous reports (Souza et al., 2017; Johnson et al., 2018), WRKY30, WRKY40 and the 

lipoxygenase genes involved in jasmonic acid synthesis LOX1 (~3.5 fold), LOX3 (~11.5 fold) and 
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LOX4 (~5.5 fold) responded to COMs. Finally, genes for proteins in the FLS2 signaling pathway 

were up-regulated, such as FRK1 (~4.5 fold) and WRKY29 (~2.5 fold; Asai et al., 2002; Table 1 and 

Fig. 7B).  

 Interestingly, most of the down-regulated genes are involved in ion homeostasis, and a PR-1 

like gene which mediates defense (At2g19990, ~0.16 fold; Fig. 7B and Supplementary Fig. S4).  

 In summary, COM perception by CORK1 induces cell wall reinforcement, defense-related 

secondary metabolite synthesis, and crosstalk with other signaling components.  

 

COM/CORK-mediated changes in the phosphoproteome pattern in roots 

 To identify early COM/CORK1 targets, the phosphoproteomes of SWT and HO roots were 

analyzed 5 and 15 minutes after 10 μM CT or water (control) application. Most of the proteins with 

a significantly altered phosphorylation state are related to (i) cellulose synthase complex (CSC) 

functions and translocation to the plasma membrane, (ii) the ER secretory pathway and protein sorting, 

(iii) proteins involved in signal transduction, or (iv) defense/stress responses (Supplementary Fig. S5 

and Supplementary Dataset S2).  

 Cellulose synthases 1 and 3 (CESA1, -3) of the CSC are required for cellulose synthesis for 

the primary cell wall and the protein is rapidly phosphorylated at Ser24 and Ser176, respectively, in 

response to CT application. Mutations of CESAs phosphorylation sites modulate anisotropic cell 

expansion and bidirectional mobility of the cellulose synthase (Chen et al., 2010). Besides CESAs, 

we also identified Cellulose Synthase-Interactive 1 (CSI1) as a phosphorylation target of CT at Thr37. 

Association of CSC with cortical microtubules is mediated by CSI1 and the protein contains multiple 

phosphorylation sites potentially involved in regulatory processes (Jones et al., 2016). Loss of 

function CSI1 mutants are impaired in the dissociation of the CSC from the microtubules during their 

passage to the plasma membrane which results in cellulose deficiency in the mutant cell walls (Li et 

al., 2015). The COMPANION OF CELLULOSE SYNTHASE 1 and 2 (CC1/CC2) and the N-

terminal domain in CSI are responsible for the connection of the CSCs to the cortical microtubules 

and csi1 mutants are impaired in microtubule stability under salt stress (Endler et al., 2015; Speicher 

et al., 2018), but also for CSC delivery to the plasma membrane and its recycling (Lei et al., 2012; 

Lei et al., 2015). In addition to its role in trafficking and mobility of CSCs, microtubules also 

influence the orientation and crystallinity of cellulose (Lei et al., 2015). Thus, CESA1 and CSI1 are 

two central players in cellulose repair mechanism, and are phosphorylated by COM/CORK. 

 Among the proteins involved in the endomembrane system and the secretory pathway are two 

GTPases which regulate membrane trafficking: AGD5, a GTPase-activating protein operating at the 

trans-Golgi network (Stefano et al., 2010) and RABA5C, a GTPase that specifies a membrane 

trafficking pathway to geometric edges of lateral root cells (Kirchhelle et al., 2019). The 1-

phosphatidylinositol-3-phosphate 5-kinase is involved in maintenance of endomembrane homeostasis 

including endocytosis and vacuole formation (Hirano et al., 2011); the exocyst complex component 

SEC8 participates in the docking of exocytic vesicles with fusion sites on the plasma membrane and 

the formation of new primary cell wall; the vacuolar sorting protein 41 regulates vacuolar vesicle 

fusions and protein sorting together with phosphoinositides (Brillada et al., 2018); a SNARE protein 

as part of a complex facilitates trafficking in the endomembrane system including distinct secretory 

and vacuolar trafficking steps. The phosphorylated myosin mediates the organization of actin filament 

and vesicle transport along the filaments. Finally, MAPK 17 influences the number and cellular 

distribution of peroxisomes through the cytoskeleton-peroxisome connection (Frick and Strader, 

2018). Not surprisingly, stimulation of membrane trafficking, protein sorting and secretion also 

affects enzymes involved in cellulose, callose and other polysaccharide biosynthesis, such as CESAs, 

CSI1, callose synthase and a regulator of callose deposition, the PAMP-Induced coiled coil protein 

At2g32240 (Wang et al., 2019). The cytosolic UDP-glucuronic acid decarboxylases, At3g46440 and 

At5g59290, produce UDP-xylose, which is a substrate for many cell wall carbohydrates including 

hemicellulose and pectin. UDP-xylose is also known to feedback regulate several cell wall 

biosynthetic enzymes, many of them are associated with the endomembrane system (Pattathil et al., 
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2005; Kuang et al., 2016; Zhong et al., 2017). Phosphorylated proteins with related functions control 

auxin translocation at the plasma membrane (At1g56220, ABCG36). 

 Inspection of target proteins at different time points uncovered that the canonical immunity-

related mitogen-activated protein kinases MPK3 and MPK6 showed increased phosphorylation 

(Ser16 of MPK3 and Tyr223 of MPK6) at both time points after CT application in SWT roots. 

Likewise, the calmodulin-binding protein IQM4 (at Ser505, Ser509, Ser520 and Ser525) and the 

Ca2+-dependent protein kinase CPK9 (at Ser69) are among the most phosphorylated targets at both 

time points and link stress-induced Ca2+ signaling to abscisic acid (Zhou et al., 2018; Chen et al., 

2019). On the other hand, phosphorylation of the plasma membrane-localized FERONIA (at Ser695), 

SERK1 (at Thr450 and Thr463) and MAPKKK3 which mediates MPK3/6 activation by at least four 

pattern-recognition receptors (FLS2, EFR, CERK1, and PEPRs; Bi et al., 2018) was only detectable 

at the early time point. On the other hand, phosphorylation at Ser716 of the Tumor Necrosis Factor 

Receptor-Associated Factor (TRAF) 1B, which involved in immune receptor turnover, was increased 

5 minutes but decreased 15 minutes after CT treatment (Huang et al., 2016; Table 2).  

 Among the defense-related proteins, phosphorylation of RBOHD at Ser347 was significantly 

decreased at the early time point (Table 2). The MPK8 module negatively regulates ROS 

accumulation through controlling expression of the RBOHD gene and the phosphorylation state 

decreased 15 min after CT application. Takahashi et al. (2011) proposed that Ca²+/CaMs and the 

MAP kinase phosphorylation cascade converge at MPK8 to monitor or maintain ROS homeostasis. 

Likewise, phosphorylation of JOX2 at Ser369 which catalyzes the hydroxylation of jasmonic acid to 

12-OH-jasmonic acid and thus restricts the generation of the active jasmonic acid-isoleucine, was 

only detectable at the early time point. Also EXA1 (Essential for potexvirus Accumulation 1) 

controlling virus infection was only phosphorylated at Ser1553 at the early time point (Hashimoto et 

al., 2016). In contrast, phosphorylation of EDR4 (Enhanced Disease Resistance 4) which represses 

salicylic-acid-mediated resistance, and ZAT10, a repressor of abiotic stress and jasmonic acid 

responses, was only stimulated 15 min after CT application (Wu et al., 2015; Xie et al., 2019). The 

ABC transporter G36 which controls pathogen entry into cells, was phosphorylated at both time 

points and its mRNA was upregulated in our expression analysis (Table 1). The identified targets of 

COM/CORK1 signaling show dynamic changes in the protein phosphorylation pattern. Considering 

the different roles of these proteins in activating or repressing signaling and defense responses, it can 

be speculated that COM/CORK1 signaling establishes a moderate immune response and maintains 

its homeostasis.  

 

Discussion 

 We demonstrate that CORK1, a leucine-rich repeat-malectin receptor kinase, is required for 

COM-mediated rapid increase in [Ca2+]cyt level and stimulation of ROS production in Arabidopsis. 

Transcriptome analyses uncovered CT-regulated and CORK1-dependent target genes of a proposed 

COM/CORK1 signaling pathway. Major CT/CORK1 target genes are involved in cell wall 

strengthening, secondary metabolite metabolism and Trp biosynthesis. Phosphoproteome analysis 

identified early COM/CORK1 target proteins involved in secretory pathways and vesicle trafficking, 

the plasma membrane-associated RBOHD, FER and SERK1, MPK3/6, novel MAPKs such as 

MAPKKK3, MPK17 and MPK8, as well as downstream proteins involved in plant immunity. 

Interestingly, the different phosphorylation patterns 5 and 15 min after the stimulus and 

phosphorylation of EXA1, TRAF1B, MPK8, JOX2 and EDR4 demonstrate that CT establishes a 

balanced defense response. For instance, CT stimulates ROS production. Simultaneously 

phosphorylation and thus activation of RBOHD was repressed at the early time point (Table 2), and 

MPK8, which is involved in establishing ROS homeostasis (Takahashi et al., 2011), is phosphorylated. 

Furthermore, expression of defense-related genes such as WRKY30/40, is stimulated by COM, while 

phosphorylation of EXA1, TFAF1B, JOX2 and EDR4 restrict or balance defense responses. A 

crosstalk to other receptor kinases is demonstrated by FER and SERK1, and potentially the up-

regulation of FLS2 at the mRNA level. The observed downstream responses are consistent with the 

idea that COM/CORK1 activates processes which maintain cell wall integrity. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/hydroxylation
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LRR-Malectin receptors are the new players in cell wall surveillance 

 Malectins were first discovered in Xenopus (Schallus et al., 2008). They are located in the ER 

of animal cells, and bind to diglucosylated N-linked glycans to control glycoprotein quality (Galli et 

al., 2011; Takeda et al., 2014; Tannous et al., 2015). The ligands of malectins include the disaccharide 

maltose and nigerose (Schallus et al., 2008; Schallus et al., 2010). The structure of malectins are 

similar to the carbohydrate-binding modules found in enzymes which degrade the plant cell wall 

(Schallus et al., 2008; Gilbert et al., 2013; Duan et al., 2016). Although the two Phe residues 

conserved in all MDs in A. thaliana are not conserved in the maltose binding malectin from Xenopus 

(Schallus et al., 2010), the replacement of the two Phe with Ala eliminated CT-induced [Ca2+]cyt 

elevation and reporter gene activation (Fig. 6). This suggests a functional divergent role of malectins 

in plants and animals. The two Phe residues in the plant MDs might be specifically involved in 

binding COs with β 1-4-bonds, while non-plant malectins bind maltose and nigerose with α 1-4-bonds.  

 Besides CORK1, there are 13 additional LRR-MD-RLKs in Arabidopsis. They have been 

shown to be involved in lipopolysaccharide perception (Hussan et al., 2020), pollen tube development 

(Lee and Goring, 2021) and control of cell death in leaves (Li et al., 2020). Several of them are up-

regulated by brassinosteroids and participate in immune responses (Qutob et al., 2006; Hok et al., 

2014; Xu et al., 2014). However, whether their MDs bind to sugars is not known. Due to structure 

and sequence similarity, they might interact with other sugars from cell wall polymers, since the cork1 

phenotype excludes their participation in COM responses. 

 Intriguingly, the phosphoproteomic study identified FER as a phosphorylation target after CT 

treatment (Table 2). It harbors a malectin-like domain (MLD), consisting of two tandem malectin 

domains. It has been shown to regulate CWI and pollen tube development, although known ligands 

for FER are RALF peptides and pectins (Escobar-Restrepo et al., 2007; Zhang et al., 2020; Tang et 

al., 2021; Yang et al., 2021b). Together with the phosphorylation of several members of CSC, it is 

likely that CORK1 controls cell wall repair mechanism, and may coordinate FER upon cell wall 

damage.  

 

Crosstalk between CORK1 and other signaling pathways 

 Activation of FLS2, genes involved in FLS2 signaling and FLS2 targets, phosphorylation of 

MAPKs (MAPKKK3, MPK3 and MPK6), plasma membrane-localized SERK1 and FER by 

CT/CORK1 suggest crosstalk to other receptor kinases and PAMP-activated defense signaling (Fig. 

7, Table 1 and Table 2). Souza et al. (2017) and Johnson et al. (2018) have shown that combined 

treatments of CB/CT with either flg22 or chitin trigger higher [Ca2+]cyt levels, ROS production and 

MPK3/6 phosphorylation. CWI signaling and plant defense are tightly coupled, both operate via 

[Ca2+]cyt elevation. Although their Ca2+ signatures might differ, the overlap is apparent by the large 

number of defense-related genes which respond to CT/CORK1 activation and PAMP-induced 

signaling. Likewise, WRKY30 and WRKY40 are downstream targets of COM/CORK1 activation and 

the transcription factors participate in various biotic and abiotic responses (Scarpeci et al., 2013; 

Wang et al., 2021). Understanding the crosstalk between CORK1 and other PRRs as well as their 

signaling components will provide a broader picture of how plants integrate different threats and 

developmental signals. CWI signaling is also important during many developmental processes, 

starting from growth, division and differentiation of cells, meristem development, senescence to 

fertilization. The tissue-specific expression of the different members of the MD-containing receptor 

kinases might reflect their different roles in monitoring cell wall alterations (Wu et al., 2016). 

 

CT regulates metabolism of aromatic amino acids and secondary metabolites 

 Tryptophan-derived secondary metabolites have long been considered as important 

components for innate immunity, and Trp serves as the starting amino acid for the biosynthesis of 

camalexin and indolic glucosinolates (Bednarek, 2012). Up-regulation of Trp biosynthesis is crucial 

for plant defense against fungal pathogens and hemibiotrophs (Ishihara et al., 2008; Consonni et al., 

2010; Hiruma et al., 2013).  
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 Although several genes important for flagellin-induced callose deposition (Clay et al., 2009) 

are also up-regulated by CT, however, callose deposition could not be observed (Souza et al., 2017). 

This might be due to the low induction of PEN2 and PMR4 by CT (Fig. 7). Interestingly, ABCG36 

(PEN3) was up-regulated and the gene product, ABCG36/PEN3, was phosphorylated by CT after 5 

minutes (Fig. 7 and Table 2). Phosphorylation of the transporter is important for pathogen defense, 

and it has been proposed that it participates in the deposition of defense-related secondary metabolites 

(Underwood and Somerville, 2017). Which components can be exported by ABCG36 (PEN3) are not 

known, but they might as well be important for cell wall repair. Besides differences between COM 

(DAMP) and flagellin (PAMP), our –omics analyses confirm crosstalks at the signaling levels. 

Besides COM/CORK1-induced investment into defense, it might play an important role in priming 

plant immune responses induced by other stimuli.  

 Another group of CT-stimulated genes involved in phenylpropanoid metabolism (Fig. 7) 

convert Phe through cinnamic acid (Phe-ammonia lyase), p-coumaric acid (cinnamate-4-hydroxylase) 

to p-coumaryol-CoA (4-coumarate:CoA ligase 1). From there, p-coumaryol-CoA can be used to 

synthesize lignin with cinnamyl alcohol dehydrogenase 5 (CAD5), caffeoyl-CoA O-

methyltransferases and peroxidase 4 (Fernández-Pérez et al., 2015; Barros et al., 2019). These steps 

are important in secondary cell wall synthesis.  

 Apart from aromatic compounds, expression of lipoxygenases involved in jasmonic acid (JA) 

biosynthesis are up-regulated by CT (Table 1). Moreover, the gene for CML42, a negative regulator 

of JA signaling and biosynthesis, is down-regulated by CT (Vadassery et al., 2012; Table 1). 

Furthermore, JOX2, which converts JA to 12-hydroxyjasmonate, an inactive form of JA (Zhang et 

al., 2021), is phosphorylated at Ser369 in response to CT. The enzyme prevents over-accumulation 

of JA and its bioactive form JA-Ile under stress (Caarls et al., 2017; Smirnova et al., 2017) and thus, 

represses basal JA defense responses. These results show that JA is a target of COM signaling. 

However, it appears that COM treatment established moderate and balanced JA level in the cell. The 

comparative analysis of the regulated genes and phosphorylation targets suggest that the primary 

effect of COM/CORK1 signaling is activating cellular processes which strengthen the cell wall and 

not those promoting cytoplasmic immunity.  

 

 This work provides evidence for the first receptor for cellulose breakdown fragments, and 

demonstrates the importance of the malectin domain for COM sensing. With recent findings of other 

cell wall breakdown products acting as DAMPs (Claverie et al., 2018; Mélida et al., 2020; Rebaque 

et al., 2021; Yang et al., 2021a), closer inspection of the other LRR-MD RLK members might be a 

reasonable strategy to identify receptors for other polysaccharide breakdown products of the cell wall. 

Our transcriptome and phosphoproteome analyses provide a list of components which are potentially 

involved in COM signaling, might represent COM targets, or participate in CORK1 crosstalk. 
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Figure 1. Identification of CORK1 as COM receptor through EMS mutagenesis. A and B, 

Cytoplasmic calcium elevation by 10 µM CT in root (A) and leaf (B) tissues. Error bars represent 

SEs from at least 10 seedlings. C, Cytoplasmic calcium elevation by 10 µM CT or 10 µM 

chitohexaose (Chi) in root tissue. Error bars represent SEs from 8 seedlings. D, Cytoplasmic calcium 

elevation by 10 µM CT in leaf tissue of EMS mutant complemented with CORK1 or ARF1. Error 

bars represent SEs from 12 seedlings for aequorin wildtype (AeqWT). Arrows indicate the onset of 

elicitor application. Statistical significance at the peak value was determined by Tukey’s HSD test 

with P < 0.05, and is indicated by different lower-case letters. All experiments were repeated at least 

3 times with similar results. 
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Figure 2. T-DNA mutants for CORK1 do not respond to COM. A, Cytoplasmic calcium elevation by 

10 µM CT in root (upper panels) and leaf (bottom panels) tissues of T-DNA mutants crossed to 

aequorin wild-type. Error bars represent SEs from at least 5 seedlings. SWT/HO: segregated wild-

type/homozygous mutant from the cross to aequorin wild-type. Arrows indicate the onset of elicitor 

application. Statistical significance at the peak value was determined by Tukey’s HSD test with P < 

0.05, and is indicated by different lower-case letters. The experiment was repeated at least 3 times 

with similar results. B, Genotyping of the SWT and HO seedlings. Wild-type allele is confirmed with 

the primer set LP and RP of the respective T-DNA insertion line. T-DNA allele is confirmed with the 

primer set LB_SALK and RP of the respective T-DNA insertion line. Annealing temperature for the 

PCR reactions is 58 °C. M: DNA marker (ladder); bp: base pair. C, CORK1 expression in root tissue 

of SWT and HO seedlings. Error bars represent SEs from 3 independent biological replicates, each 

with 5 seedlings. Statistical significance was determined by Student’s T-test based on ΔCq values 

between the two genotypes (***P < 0.001). D, Gene model for CORK1 (AT1G56145). Two T-DNA 

insertion mutants used in this study are named as cork1-1 (SALK_099436C; N671776) and cork1-2 

(SALK_021490C; N674063). Position of the SNP induced by EMS mutagenesis is labeled as EMS71. 

Arrows indicate the approximate location of T-DNA insertions and SNP on the gene. E, Predicted 

protein structure of CORK1. Positions of amino acid residues are shown in numbers. The first 24 

amino acids are predicted to be a signal peptide. G748E indicates the amino acid substitution from 

glycine to glutamate found in EMS71. TM: transmembrane domain. 
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Figure 3. CORK1 encodes a functional membrane-bound receptor kinase. A, Subcellular localization 

of GFP-tagged CORK1 in Arabidopsis mesophyll protoplast. BF: bright-field. B, Phosphorylation of 

the substrate MBP (myelin basic protein) by CORK1KD but not by CORK1KD-G748E. 
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Figure 4. cork1 mutants failed to induce ROS production upon COM perception. A and B, CT (10 

µM) triggers ROS production in root tissue in SWT but not in HO seedlings of cork1-1 (A) and cork1-

2 (B). ROS production by application of 10 µM chitohexaose (Chi) was not affected by the mutation. 

SWT/HO: segregated wild-type/homozygous mutant from the cross to aequorin wild-type. Error bars 

represent SEs from at least 6 seedlings for each treatment. Statistical significance at the peak value 

was determined by Tukey’s HSD test with P < 0.05, and is indicated by different lower-case letters. 

The experiment was repeated 3 times with similar results. 
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Figure 5. Up-regulation of WRKY30 and WRKY40 mRNA level in root tissue by COM is CORK1- 

dependent. A and B, WRKY30 (A) and WRKY40 (B) mRNA level 1 h after 10 µM CT or 10 µM 

chitohexaose (Chi) treatment in cork1-1 and cork1-2 SWT (segregated wild-type) and HO 

(homozygous mutant) from the cross to aequorin wild-type. Values were normalized to water 

treatment on the same genotype. Error bars represent SEs from at least 4 independent biological 

replicates, each with 16 seedlings. Statistical significance was determined by Tukey’s HSD test based 

on ΔCq values with p-value < 0.05, and indicated by different lower-case letters. 
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Figure 6. Two conserved phenylalanine residues in the malectin domain are important for COM 

perception. A, Alignment of the amino acid sequences from malectin of X. laevis and the malectin 

domains present in A. thaliana LRR-malectin RLKs. Shown here are amino acids from position 101-

150 of the alignment. Black shade indicates conserved amino acid residues over 90% threshold. The 

two conserved phenylalanine residues are indicated with an asterisk. B, Cytoplasmic calcium 

elevation by 10 µM CT in leaf tissue of EMS71 complemented with CORK1, or with single (CORK1 
F520A/CORK1F539A) or double (CORK1F520AF539A) mutation in the two conserved phenylalanine 

residues. Error bars represent SEs from 12 seedlings. Arrow indicates the onset of elicitor application. 

Statistical significance at the peak value was determined by Tukey’s HSD test with P < 0.05, and is 

indicated by different lower-case letters. The experiment was repeated 3 times with similar results. 

C-E, Protoplasts from A. thaliana Col-0 were transfected with the pFRK1::Luciferase (pFRK1::LUC) 

reporter construct (C), or the reporter construct plus the CORK1 receptor (D), or the reporter construct 

plus the double mutated version CORK1F520AF539A (E). Results show luciferin-dependent light 

emission over time after treatment with water (Mock) or 1 µM CT. Arrow indicates the onset of 

elicitor application at 0 h. Each data point represents the mean value from 4 technical replicates. Error 

bars represent SEs. Statistical significance was determined by Student’s T-test between the two 

treatments (*P < 0.05; **P < 0.01). The experiment was repeated 4 times with similar results. F, 

Western blot indicating the expression of both versions of GFP-tagged CORK1. ctrl: control, 

protoplast transfected with pFRK1::LUC reporter construct only. 
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Figure 7. CT-regulated genes. A, Volcano plots showing the distribution of differentially expressed 

genes in root tissue. Left: 10 µM CT treatment compared to water control in SWT. Right: 10 µM CT 

treatment compared to water control in HO. NC: no change; Up: up-regulation; Down: down-

regulation; padj: adjusted p-value using Benjamini and Hochberg method. The FDR cutoff value is 

set as 0.1. B, qPCR analysis of candidate genes regulated by 10 µM CT in root tissue SWT and HO 

seedlings. Values were normalized to water treatment on the same genotype. SWT/HO: segregated 

wild-type/homozygous mutant from the cross of cork1-2 to aequorin wild-type. Error bars represent 

SEs from 4 independent biological replicates, each with 16 seedlings. Statistical significance was 

determined by Student's T-test based on ΔCq values (NS: not significant; *P < 0.05; **P < 0.01; ***P 

< 0.001). 
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Supplementary Figure S1. Alignment of malectin domains (MD) in A. thaliana and the malectin in 

X. laevis. Black shade indicates conserved amino acid residues over 90% threshold. 
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Supplementary Figure S2. Alignment of malectin domains (MD) and malectin-like domains (MLD) 

in A. thaliana, and the malectin in X. laevis. Black shade indicates conserved amino acid residues 

over 90% threshold. 
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Supplementary Figure S3. Biological functions enriched from up-regulated genes by 10 µM CT 

compared to water control in root tissue of cork1-2 segregated wild-type from the cross to aequorin 

wild-type. 
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Supplementary Figure S4. Biological functions enriched from down-regulated genes by 10 µM CT 

compared to water control in root tissue of cork1-2 segregated wild-type from the cross to aequorin 

wildtype. 
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Supplementary Figure S5. Biological functions enriched from phosphoproteomic analysis between 

10 µM CT compared to water control in root tissue of cork1-2 segregated wild-type from the cross to 

aequorin wild-type. Top: 5 minutes after treatment; Bottom: 15 minutes after treatment. 
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5. Unpublished Results 

5.1 Supplemental experiment for Manuscript 1 

 

Trichoderma cell wall preparation induces cytoplasmic Ca2+ elevation in Arabidopsis roots  

 As the Trichoderma mycelium did not possess detectable amounts of JA, ABA or JA-

isoleucine (JA-Ile), I assumed that the fungsus induces these phytohormones in the Arabidopsis roots 

by releasing (an) elicitor(s). Anderson-Prouty and Albersheim (1975) established a protocol for the 

enrichment of nonproteinous compounds from mycelial cell wall which are potentially involved in 

the chemical communication with their hosts (Johnson et al., 2018). Application of such cell wall 

preparation from Trichoderma (CWP-Th) to roots from A. thaliana seedlings expressing apoaequorin 

induced [Ca2+]cyt elevation. After 30 to 40 seconds, the [Ca2+]cyt level in the root cells reached its 

maximum before it declined to the level before CWP-Th application (Figure S1A). To test whether 

the Ca2+ response is induced by known elicitors, we performed the test with the cerk1, bak1, fls2 and 

cycam mutants in the aequorin background. The cerk1 mutant is impaired in chitin perception; the 

fls2 and bak1 defect in flagellin perception or response, and cycam does not respond to cellooligomers 

(Chinchilla et al., 2006, 2007; Miya et al., 2007; Wan et al., 2008; Johnson et al., 2018).  CWP-Th 

induced [Ca2+]cyt elevation in the cerk1, fls2 and bak1 mutants, but the response in the cycam mutant 

was strongly reduced (Figure S1A). This suggests that [Ca2+]cyt elevation induced by the CWP-Th 

requires the poly(A) ribonuclease CYCAM, which is also required for cellooligomer signaling 

(Johnson et al., 2018). 

 

CWP-Th contains at least two compounds responsible for [Ca2+]cyt in A. thaliana roots 

 The CWP-Th was separated by HPLC. The obtained fractions were tested for their Ca2+-

inducing activities. Two fractions induced [Ca2+]cyt elevation in A. thaliana roots. The response 

pattern of fraction 2 resembled that of the total CWP-Th. The [Ca2+]cyt level rose to ~ 0.2 µM within 

30 seconds before decline to the baseline level (Figure S1B). Fraction 6 induced the [Ca2+]cyt level to 

~ 0.4 µM, but the response started less than 1 minute after application (Figure S1B). This suggests 

that the CWP-Th contains two different [Ca2+]cyt-inducing compounds.    

 If the two fractions were applied to the cycam, cerk1, fls2 or bak1 mutants, fraction 2 failed 

to induce proper [Ca2+]cyt elevation in the cycam mutant while all other responses were comparable 

to those in wild-type (Figure S1C - S1D) . This confirms that fraction 2 contains compounds which 

require CYCAM for Ca2+-induction, whereas fraction 6 contains a different compound. 
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Figure S1. Mycelial cell wall material from the new Trichoderma strain (CWP-Th) elevates [Ca2+]cyt 

in A. thaliana roots. (A): [Ca2+]cyt measurement was carried out with wild-type (Col-0), cerk1, fls2, 

bak1 and cycam mutants expressing cytosolic aequorin. Error bars represent SEs from 11 independent 

biological replicates for each genotype. Statistical significance was determined by Tukey’s HSD test 

with P < 0.05, and is indicated by different lower-case letters with corresponding color. (B): Two 

fractions from the CWP-Th induced [Ca2+]cyt in A. thaliana roots. Error bars represent SEs from at 

least 8 independent biological replicates for each treatment. (C) and (D): Elevation of [Ca2+]cyt in A. 

thaliana root of wild-type (Col-0), cerk1, fls2, bak1 and cycam mutants treated with fraction 2 (C) or 

with fraction 6 (D). Error bars represent SEs from at least 8 independent biological replicates. 

Statistical significance was determined by Tukey’s HSD test with P < 0.05, and is indicated by 

different lower-case letters. 

 

Materials and Metehods 

Elicitor preparation from the mycelial cell walls  
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 The preparation was done according to Anderson-Prouty and Albersheim (1975) with 

modifications (Johnson et al., 2014; Lee et al., 2011). The Trichoderma strain was cultured in potato-

dextrose broth for 2 - 3 weeks at 22 °C, and mycelia were harvested by filtration through four layers 

of nylon membrane. After five washes with sterile H2O, the mycelia were homogenized in sterile H2O 

(1:5, w/v) with a Waring blender. The homogenate was filtered through four layers of nylon 

membrane. The residue was collected and washed with sterile H2O three times, twice with 

chloroform/methanol (1:1, vol/vol), and twice with acetone. The material was air-dried for at least 2 

hours under a sterile bench. The dried material was suspended in sterile H2O (1 g/ 100 mL), filtered 

through four layers of nylon membrane followed by two layers of Whatman filter paper. Finally, the 

material was filter-sterilized through a 0.22 μm filter. The final preparation was named cell wall 

preparation-T. harzianum (CWP-Th).  

 

HPLC analysis of CWP-Th and fraction collection 

 45 mL of CWP were concentrated to about 4 mL by rotary evaporation. Aliquots of this 

concentrated extract were repeatedly injected for fraction collection into an HPLC (Agilent 1100 

system) using a Nucleodur Sphinx RP column (250 mm × 4.6 mm, 5 µm; Macherey-Nagel, Düren, 

Germany). The mobile phase consisted of 0.05% (v/v) formic acid in water as solvent A and 

acetonitrile as solvent B, with the flow rate set at 1 mL/min. The gradient was as follows: 0 - 15.0 

min, 10 - 90% B; 15.0 - 15.1 min, 90% - 100% B; 15.1 - 16.0 min, 100% B, 16.0 - 16.1 min, 100% 

B - 10% B and 16.1 - 20.0 min 3% B. Eluent was monitored by a UV detector at 261 nm. The 

following fractions were collected: F1: 2.4 - 3.3 min, F2: 3.3 - 4.0 min, F3: 4.0 – 6.5 min, F4: 6.5 – 

10.0 min, F5: 10.0 – 12.5 min, F6: 12.5 – 15.0 min. The fractions were evaporated to dryness by a 

rotary evaporator and resuspended in 2 mL of distilled water.  
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6. General discussion 

 Plants and microbes communicate with each other by various means. The mediating chemical 

elicitors exist in the cell wall material, secretome, or as volatile compounds. Upon perception of these 

chemical mediators, they elicit physiological response in plants, shaping the interaction. Once the 

plant-microbe interaction is established, in case of PGPMs, both partners gain benefits. On the other 

hand, pathogenic microbes take advantage of their host, resulting in loss of fitness of the host. This 

study covered the multifaceted mode of actions involved in this process. Characteristics of the new 

Trichoderma strain and the advantages it provided to plants were demonstrated. Potential elicitors 

from both partners and environmental factors which shape the interaction were examined. Next, 

TMTM, the fungal VOC from M. hyalina headspace, was unveiled. Its role in providing S nutrition 

to plants under S deficiency was indicated. Finally, to understand the perception system of elicitors 

in plants, a novel receptor kinase for COMs was identified and analyzed.  

 

6.1 The new Trichoderma strain promoted plant fitness against pathogens 

 The new Trichoderma strain from this study was first isolated from the leaf of Leucas aspera 

(Willd.) Link (Lamiaceae). It was selected for further characterization because it promoted growth of 

several crop species in in preliminary field experiments. In a co-cultivation system on petri-dish with 

A. thaliana, it colonized the root tissue and resided in root hairs (Manuscript 1, Figure 2E – 2G). 

Although Trichoderma species has been discovered to be endophytes in woody trees, this endophytic 

behavior has not been observed on other hosts (Chaverri and Samuels, 2013).  

 Trichoderma species are well-known for their mycoparasitism (Brotman et al., 2010). The 

new strain exhibited similar behavior on the pathogen A. brassicicola (Manuscript 1, Figure 6). 

Interestingly, this aggressiveness was not due to its fast growing behavior, since the fungus could out-

grow A. brassicicola even when A. brassicicola had already occupied 80% of the agar medium 

(Manuscript 1, Figure 6D – 6E). This could be due to its abundant cell-wall degrading enzymes 

(Druzhinina et al., 2018). Although mycoparasitism against pathogenic fungi could be one 

mechanism to protect plants, it might affect the interaction between the host and other PGPMs. 

Several reports have indicated that some Trichoderma species negatively influenced AMF 

colonization on plants (Martinez et al., 2004; De Jaeger et al., 2010). On the other hand, other strains 

could be applied together with AMF to enhance plant growth (Chandanie et al., 2009; Baldi et al., 

2016; Poveda et al., 2019). The new strain analyzed in this study did not affect AM formation in N. 

attenuata (Manuscript 1, Figure 8). This indicates its potential to be applied together with AMF to 

protect host plants without eradicating the growth promoting effect and other benefits from AMF.  

 Another aspect of this strain lies in its ability to redistribute phytohormone in its host 

(Manuscript 1, Figure 9 and Supplementary Figure 6). Redistribution of defense-related SA and JA 
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likely primed the plants against subsquent pathogen attack by A. brassicicola (Manuscript 1, Figure 

7). Together with the observation on its interaction with AMF, this new strain has the potential to be 

developed as a new BCA in the field. 

  

6.2 Novel elicitors from the fungal cell wall material triggered calcium response 

  Fungal mycelia possess phytohormones that can influence phytohormone distribution in 

plants, adjusting plant defense and growth (Meents et al., 2019). In the mycelium of the Trichoderma 

strain, only SA and IAA were found, while JA, JA-Ile and ABA were undetectable (Manuscript 1, 

Figure 7A). Therefore, there must be chemical elicitors other than phytohormones which mediate 

plant responses, alter the phytohormone distribution in the host after colonization, and consequently 

enhance plant defence. In deed, several chemicals that are involved in plant-microbe interaction have 

been shown to trigger plant defence via phytohormones (Pršić and Ongena, 2020). One strategy to 

discover potential elicitors is to look into the cell wall material, as non-proteinaceous components in 

the cell wall can induce plant defense (Anderson-Prouty and Albersheim, 1975; Johnson et al., 2018). 

In the cell wall preparation (CWP) of the Trichoderma strain, at least two fractions with potential 

elicitor functions were found (unpublished results, Figure 1), since they induced different calcium 

responses in Arabidopsis roots. While the [Ca2+
cyt] elevation by fraction 2 depends on the the poly(A) 

ribonuclease PARN, similar to the COM signaling (Johnson et al., 2018), fraction 6 might contain 

elicitors other than the well-known MAMPs such as COM and chitin (unpublished results, Figure 1C 

and 1D). Determination of the key constituents in these two fractions can strengthen our knowledge 

on the Trichoderma strain.  

 

6.3 Environmental factors affected the growth-promotion effect by Trichoderma 

 Root architecture is often altered by microbe colonization. A typical feature of AMF is 

reprogramming of root development, inhibition of root growth and stimulating root branching 

(Bonfante and Genre, 2010; Paszkowski and Gutjahr, 2013). This was also observed on Trichoderma-

colonized Arabidopsis roots (Contreras-Cornejo et al., 2015). On petri-dishes with synthetic agar 

medium, root growth of N. attenuata seedlings decreased upon fungal colonization, although more 

root hairs were observed (Manuscript 1, Figure 3E and 3F), showing similar effects.  

 However, at initial stage, the growth of Arabidopsis and Nicotiana plants was stimulated when 

they were grown on soil with Trichoderma (Manuscript 1, Figure 3A – 3D). To achieve a similar 

result on petri-dish for Arabidopsis, the medium must contain 50 mM NaCl (Manuscript 1, Figure 

5A and 5B). A possible scenerio is that mild salt application enhanced fungal colonization, therefore 

strengthened the fungal effect on the plant (Manuscript 1, Figure 5C).  



185 

 

 In contrast, under high salt stress (150 mM NaCl), fungal colonization occurred on both root 

and shoot (Manuscript 1, Figure 5C; Manuscript 3, Figure 4). This observation was not specific to 

this strain, as other reports also mentioned high salinity increased fungal colonization rates, and 

beneficial effects for the host were only observed under moderate salt conditions (Farias et al., 2020; 

Scharnagl et al., 2018). This indicates the PGPM function is subjected to salt. 

 

6.4 Secretome provided new insight into the dynamics of symbiosis under different salt 

concentrations 

 During the symbiosis, both partners secrete various compounds to communicate with each 

other (Vincent et al., 2020). To understand how salt conditions affect root colonization by 

Trichoderma and the response of the host to the fungus, the secretomes from both partners were 

investigated in co-culture and alone.  

 Trichoderma sp. are the most successful fungi in producing lignocellulolytic enzymes for 

biomass conversion (Bischof et al., 2016). They acquired a large collection of these enzymes through 

out evolution, which resulted in their pivotal role in industrial applications (Druzhinina et al., 2018). 

In co-culture with increasing NaCl concentration, increased lytic polysaccharide monooxygenases 

were found in the secreted fungal proteins (Manuscript 3, Figure 1). Conversely, the plant secreted 

more stress- and defense-related proteins under high salt in co-cultivation (Manuscript 3, Table 1). 

The high level of colonization under 150 mM NaCl indicates that the fungus tries to escape from the 

hight salt stress. This results in an increased demand for engery, which is reflected by the increase in 

the digestion of plant material (Manuscript 1, Figure 5C and Manuscript 3, Figure 4). 

 Under mild salt stress (50 mM NaCl), fungal colonization reduced the secreted plant proteins 

involved in antioxidant activity. This suggests lower oxidative stress in the symbiosis (Manuscript 3, 

Figure 3C and Figure 5). However, in the fungal secretome, enzymes involved in carbohydrate 

catabolism and a prenylcysteine lyase were found (Manuscript 3, Table 1). The presence of these 

degradation enzymes might allow fungal colonization, and the released free sugar might also 

contribute to increase plant growth (Souza et al., 2017). Nevertheless, since defense proteins do not 

accumulate under 50 mM NaCl condions, and the host profits from the interaction as shown by the 

growth promoting effect, the symbiotic interaction appears to be stable.  Only under these conditions, 

we observed 3 secreted plant proteins (Manuscript 3, Table 1). One of them is the β-glucosidase 

PYK10, which is the major component in the endoplasmic reticulum (ER) body (Matsushima et al., 

2003). Mutation in the basic helix–loop–helix (bHLH)-type transcription factor gene NAI1 resulted 

in no ER body formation, or abnormal ER body accumulation upon JA application (Matsushima et 

al., 2004). NAI1 controls the transcription of PYK10, and nai1 mutant resulted in over-colonization 

in plants, leading to reduced plant fitness (Sherameti et al., 2008). Upon tissue damage, the β-
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glucosidase activity from PYK10 increased, and accumulated with its substrates (Yamada et al., 

2011). It is likely that PYK10 activated proper defense to balance fungal colonization, maintaining 

the symbiosis at beneficial level.  

 

6.5 Environmental factors shape the plant-Trichoderma interaction 

 The new Trichoderma strain possesses P solubilization ability to provide P nutrition for its 

host, enhancing its fitness under P deficiency (Manuscript 2, Figure 1, Figure 4 and Figure 5). 

However, a transition from a beneficial to a more saprotrophic life-style was observed, as under 

prolonged P deficiency, Trichoderma colonization propagated to the shoot as well (Manuscript 2, 

Figure 3). It seems that when the fungus experiences high level of stress in its environment, it tries to 

avoid it by taking advantage of the host which provides a habitat with a less hazardous environment 

(see also Manuscript 3, Figure 3). 

 Pathogenic fungi are efficient in taking advantage from their host by means of sugar 

acquisition (Breia et al., 2021). In plants, sugar mobilization is regulated by sugar transporters, such 

as SWEETs (Jeena et al., 2019). Xanthomonas sp. could secrete transcription activator-like (TAL) 

effectors to enhance the transcription of SWEET11, 13, 14 in rice to increase sugar release (Chen et 

al., 2010). In contrast, the vacuolar type SWEET transporters in Arabidopsis root, SWEET2, 16, 17, 

played different role (Guo et al., 2014; Chen et al., 2015). Pythium sp. infection highly up-regulated 

SWEET2 expression in Arabidopsis (Chen et al., 2015). Instead of losing sugar to pathogen, more 

sugars were sequestered in the vacuole, and sweet2 mutants demonstrated higher susceptibility 

towards the pathogen (Chen et al., 2015). This indicates that the regulation of sugar transporter genes 

might be a protective mechanism of the plant against massive hyphal propagation in the host tissue.  

 In the gene expression analysis of Trichoderma colonization upon P deficiency, SWEET11 

and -12 were largely down-regulated, while SUC1 and SWEET2 were up-regulated (Manuscript 2, 

Figure 7). As SWEET11 and -12 are involved in pholem unloading and SUC1 is involved in transport 

of sugar from apoplast into root cells, respectively, the change in their transcript indicates that plants 

try to restrict sugar loss to the fungus (Milne et al., 2017; Sauer and Stolz, 1994); Manuscript 2, Figure 

8).   

 The isolation and molecular characterization of the new Trichoderma strain, as well as its 

physiological effects on plants under different stress conditions, revealed that the strain could be 

interesting for practical application. Analysis of elicitors from the fungal cell wall and the secretomes 

of both partners under changing environmental threat conditions showed the potential mechanism 

involved in the interaction, and how the symbionts respond to environmental changes.  

 



187 

 

6.6 Effect of M. hyalina VOCs on plant  

 Microbial VOCs are involved in numerous aspects in plant-microbe interaction, from growth 

promotion to activating the plant defense machinery (Li et al., 2018b; Ameztoy et al., 2019; Chen et 

al., 2016). The volatiles from M. hyalina, M. alpina and M. turficola increased growth of Arabidopsis 

seedlings and induced flowering (Manuscript 4, Supplementary Figure 1). A common characteristic 

of the headspace of the plant growth-promoting Mortierella strains was their garlic-like smell. Two 

other Mortierella strains, M. vinacea and M. longicolis, did not promote plant growth nor flowering, 

and did not have the garlic-like smell (Manuscript 4, Supplementary Figure 1).This suggests that the 

distinct VOCs of the first three strains could be responsible for or involved in the growth promoting 

effects.  

 From M. hyalina, TMTM was found to be the major compound, while two other S-containing 

volatiles, dimethyl trithiocarbonate and bis(methylthio)methane, contributed only to ~ 4% of the total 

headspace (Manuscript 4, Table 1). It is known that microbial VOCs can trigger growth promotion at 

low concentration, while high concentrations have inhibitory effects (Blom et al., 2011; Park et al., 

2015; Choi et al., 2016). Under our conditions, TMTM did not promote plant growth on full media, 

while co-cultivation with the fungus did. Therefore, additional factors, such as the two low abundant 

VOCs and/or additional unknown compounds, participate in the growth response. Concentration of 

each components may also play a role in growth promotion. 

 However, under S deficiency, TMTM treatment sustained plant growth (Manuscript 4, Figure 

3 and Figure 4). This was achieved by the incorporation of TMTM into plant metabolites such as 

cysteine, methionine, GSH and GSLs (Manuscript 4, Figure 2). We observed a shift in the S 

homeostasis (Manuscript 4, Figure 5 and Figure 6). The dynamics of TMTM incorporation was also 

inferred from the expression of SDI1 and SDI2, two marker genes for S deficiency (Aarabi et al., 

2016). Under S deficiency, SDI1 down-regulated the activity of the transcription factor MYB28 by 

forming a complex with it, and reduced GSL biosynthesis to preserve available S for growth 

(Gigolashvili et al., 2007; Aarabi et al., 2016). The changes in SDI1 and SDI2 expression can be 

explained by available S in the plant, which is higher upon TMTM treatment (Manuscript 4, Figure 

5).  

 On the other hand, high dosage of TMTM induced GSH and GSLs accumulation (Manuscript 

4, and Figure 6). High amount of TMTM may redirect plant to synthesize the defense-related 

secondary metabolites GSLs, while seedling´s growth is reduced (Manuscript 4, Figure 1). GSLs are 

known to be involved in defense against herbivores (Jeschke and Burow, 2018), while GSH possesses 

antioxidant ability (Tausz et al., 2004). Thus high doses of TMTM may stimulate the biosynthesis of 

S-containing secondary defense compound as well as strengthen the antioxidant capacity of the plant. 

Exploring whether TMTM contributes to biotic/abiotic stress resistance in natural evironments would 
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be another direction to understand the role of the volatile for the performance of the plants. Recently, 

a S-containing volatile from bacteria was shown to protect potato plants against pathogens (Chinchilla 

et al., 2019). It would be interesting to know whether TMTM can also act as pesticide. 

 

6.7 Incorporation pathway of S-containing VOCs into plant metabolism 

 The first hypothesis for TMTM incorporation is that the organosulfide could be a substrate 

for O-acetylserine(thiol)lyases (OASTLs), since the assimilated sulfate is first transformed to sulfide 

for OASTLs to produce cysteine (Mugford et al., 2011). However, this does not occur in our case 

(Manuscript 4, Figure 7). Studies on the garlic S-containing volatile diallyl disulfide (DADS) showed 

that the organosulfide also affected sulfur metabolism genes and metabolites in plants (Cheng et al., 

2016, 2020; Yang et al., 2019). The involvement of GSH and cysteine were suggested to be involved 

in DADS incorporation (Bolton et al., 2019; Liang et al., 2015; Cai and Hu, 2017). GSH reacted with 

DADS to generate S-allyl GSH and a short-lived intermediate allyl perthio, through α-carbon 

nucleophilic substitution. The allyl perthio reacted with another GSH molecule, releasing H2S and S-

allyl GSH disulfide (Liang et al., 2015). This mechanism could be another path for the incorporation 

of TMTM. Accumulation of GSH is consistent with its requirement for the biochemical reaction. 

Therefore, unlike sulfate assimilation, the GSH/GSSG (glutathione disulfide) system might play a 

crucial part in organosulfide assimilation. A detailed metabolomic analysis of early sulfur-containing 

compounds after TMTM treatment might elucidate the early steps in the mechanism.  

 

6.8 Synthetic pathway of S-containing VOCs in microbes 

 Since microbes can produce VOCs that have potential to improve plant nutrition, 

understanding how these VOCs are produced can allow us to engineer strains for their production. 

Catabolic processes such as glycolysis, proteolysis, and lipolysis are the major pathways for microbial 

VOC synthesis (Peñuelas et al., 2014; Veselova et al., 2019). The isoprenoid pathway gives rise to 

isoprene, monoterpenes and sesquiterpenes (Schmidt et al., 2015). From amino acids, N- and S-

containing volatiles, such as benzonitrile or dimethyl disulfide, can be generated (Schmidt et al., 

2015). Finally, alkanes and alkenes can be generated from fatty acids (Schmidt et al., 2015).  

 For S-containing VOCs, it is known that lactic acid bacteria can produce methanethiol, 

dimethyl sulfide (DMS) and DMDS. The biosynthetic pathway starts by L-methionine γ-lyase to 

process L-methionine or by transamination and subsquent reductive demethylation of L-methionine. 

Cystathionine β-lyase and cystathionine γ-lyase are also proposed to be involved in VOC production, 

which utilize tiol-containing amino acids (Schulz and Dickschat, 2007). Co-cultivation of VOC-

producing microbes with crops could be a new direction for future agricultural research. 
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6.9 Receptor perception of chemical mediators 

 Receptor kinases have been shown to perceive various MAMPs and DAMPs (CERK1, FLS2, 

WAK1). To understand how chemical elicitors are recognized and how they trigger plant response, 

the receptor of COMs, named CORK1, was identified and characterized (Manuscript 5). So far, this 

is the first receptor for cellulose fragment perception, and is the second receptor recognizing cell wall 

fragments after pectin and its OG fragments (Brutus et al., 2010; Tang et al., 2022).  

 Mitogen-activated protein kinase (MAPK) cascades play a pivotal role in signal transduction 

of these MAMPs and DAMPs. Bacterial flagellin triggered phosphorylation of MAPKKK8 

(MEKK1), MKK4/MKK5 and MPK3/MPK6, leading to up-regulation of WRKY22/WRKY29 in 

Arabidopsis (Asai et al., 2002). In turn, chitin triggered phosphorylation of PBL27, MAPKKK5, 

MKK4/MKK5 and MPK3/MPK6 in Arabidopsis, and OsMAPKKK18, OsMKK4 and 

OsMPK3/OsMPK6 in rice (Yamada et al., 2016, 2017). Application of COMs induced MPK3/MPK6 

phosphorylation in Arabidopsis, as also reported for other cell wall breadown products (Manuscript 

5, Table 2; Johnson et al., 2018; Souza et al., 2017; Claverie et al., 2018; Mélida et al., 2020; Rebaque 

et al., 2021; Yang et al., 2021a). It appears that MPK3/MPK6 are situated at the converging point for 

MAMPs and DAMPs signalling. However, other phosphorylation targets for DAMPs have not yet 

been reported.  

 In our phosphoproteomic study using the cork1 mutant, we identified the early (5 min) and 

the late (15 min) phosphorylation target proteins of CORK1 after CT perception (Manuscript 5, Table 

2 and Supplementary Dataset 2). Most of the targets are related to CSC, the ER secretory pathway, 

signal transduction, or defense/stress responses. For example, Cellulose synthase 1 (CESA1) and 

Cellulose Synthase-Interactive 1 (CSI1) were phosphorylated after CT treatment, and 

phosphorylation of CESA1 and CSI1 affects the mobility of the CSC (Chen et al., 2010; Li et al., 

2015). Interestingly, phosphorylation of FERONIA (FER) was also observed, which indicates that 

CORK1 may communicate with FER about cell wal integrity (CWI). Considering the observation 

that CORK1 specifically perceive COMs, it is likely a new player in monitoring and regulating CWI.  

 Besides phosphorylation events, perception of chemical mediators also modulate gene 

expression. For example, COM treatment led to up-regulation of WRKY30 and WRKY40 in a receptor-

dependent fashion (Manuscript 5, Figure 5). From our transcriptomic analysis (Manuscript 5, Figure 

7, Table 1 and Supplementary Dataset 1), we also discovered an up-regulation of genes involved in 

tryptophan biosynthesis (eg. TSA1, encoding tryptophan synthase α chain) and secondary metabolite 

biosynthesis (eg. PER4, encoding a peroxidase involved in lignin biosynthesis). Unexpectedly, genes 

indispensable for proper callose deposition after flagellin treatment were also up-regulated by CT 

(such as MYB51, UDP-glycosyltransferase 74B1, ABCG36 and CYP81F2; Clay et al., 2009). 

Although callose deposition was not detected after COM application (Souza et al., 2017), this could 
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be explained by the low induction of callose synthase PMR4. Nevertheless, this result demonstrates 

an overlap of signaling events between PAMPs and DAMPs, and treatment of COM can likely 

prepare the plants for faster or stronger response towards PAMPs, as the synegestic effects by pre- or 

co-treatment of COMs and other elicitors trigger faster or higher calcium signaling, ROS production 

and MPK3/MPK6 phosphorylation (Souza et al., 2017; Johnson et al., 2018).  

 

6.10 Lectin receptor-like kinases (LecRLKs) 

 Lectins are carbohydrate-binding proteins prevalent in both animal and plant kingdom. The 

first discovered member was ricin, a highly toxic protein reside in seeds of castor bean (Ricinus 

communis L.) owing to its hemagglutination activity (Stillmark, 1888). It is now known that animals 

and plants possess more than 20 different types of lectins (Tsaneva and Van Damme, 2020). They 

can be localized in different subcellular compartments, from the nucles, ER, vacuole to the cell 

membrane. Each of them recognizes different sugars, and most of them are involved in the immune 

system (Tsaneva and Van Damme, 2020). 

 According to protein sequence homology and function, lectins can be categorized into C-, G-, 

L-type lectins, and proteins with lysine motives (LysM) or malectin/malectin-like carbohydrate-

binding modules (CBMs). C-type lectins require calcium for substrate binding, and can be further 

categorized into 17 subgroups according to their domain structure (Zelensky and Gready, 2005; 

Bellande et al., 2017). G-type lectins contain a Galanthus nivalis agglutinin mannose-binding motif. 

They are also called B-type lectin, because they are commonly found in the bulb of Galanthus nivalis 

in high amount (Teixeira et al., 2018; Bellande et al., 2017). L-type lectins are found in legume seeds 

(hence L-type). Several of the L-type LecRLKs has been demonstrated in bacterial defense 

mechanism in plants (Balagué et al., 2017; Huang et al., 2014). LysM-RLKs (LYKs) have been found 

to perceive Nod factors, and recognize chitin in cooperation with CERK1 to induce immunity (Arrighi 

et al., 2006; Fliegmann et al., 2013; Willmann et al., 2011; Cao et al., 2014).  

 

6.11 Malectin/malectin-like domain receptor kinases (MD-/MLD-RLKs) 

 The last group of carbohydrate-binding proteins are malectins, first described in Xenopus 

(Schallus et al., 2008). It is a highly conserved sugar-binding protein in animals, and localized on the 

ER membrane inportant for protein glycosylation (Schallus et al., 2008; Galli et al., 2011). The 

distribution of malectin-domain containing proteins is widely found in plants, but not in fungi (Yang 

et al., 2021b).  

 In Arabidopsis, most of the malectin domains are found to be coupled with receptor-like 

proteins RLPs or RLKs, while two proteins have a MD-kinesin-like structure. MLD proteins contain 

two MD domains. It can be in combination with RLKs (MLD-RLKs), RLPs (MLD-RLPs), or with 



191 

 

LRR domains after the MLD (MLD-LRR-RLKs). However, all MD-RLKs found so far have a N-

terminal LRR domain (LRR-MD-RLKs; Yang et al., 2021b). 

 Biological function of several MLD-LRR-RLKs has been demonstrated. FRK1 (Flg22-

Induced Receptor-Like Kinase 1; AT2G19190) is a MLD-LRR-RLK and the gene is one of the early 

responsive gene for flagellin perception (Asai et al., 2002). Another protein with the same structure 

is IOS1 (Impaired Oomycete Susceptibility 1; AT1G51800). It can interact with BAK1 to mediate 

immunity against pathogens such as Oomycetes and Pseudomonas syringae (Hok et al., 2014; Yeh et 

al., 2016). In legume plants, MLD-LRR-RLKs play a decissive role in the nodulation by rhizobia. 

This feature gives them the name symbiosis receptor-like kinase (SYMRK; Stracke et al., 2002; Ané 

et al., 2002; Antolín-Llovera et al., 2014b; Gherbi et al., 2008). Upon perception of Nod factors, the 

MLD is cleaved from the GDPC sequence, leaving only the LRR domain outside of the cell 

membrane (Antolín-Llovera et al., 2014b). The cleaved SYMRK can then interact with Nod factor 

receptors (NFRs) to pass on the signal cascades (Antolín-Llovera et al., 2014b, 2014a). Through 

domain-swap experiments, it has recently been found that the cytoplasmic domain of the SYMRK is 

important for the proper signaling for nodule formation (Li et al., 2018a). 

 The MLD-RLKs are well known for their involvement in CWI signaling and in development 

of reproductive organs. FERONIA (FER), one of the the first characterized member in the 

Catharanthus roseus RLK1-like (CrRLK1L) protein family, is involved in pollen tube development 

(Escobar-Restrepo et al., 2007; Duan et al., 2014). The fer knock-out mutants showed severed female 

fertility due to incompetence in pollen tube rupture and sperm release (Escobar-Restrepo et al., 2007). 

Four more members in this group, ANXUR1/ANXUR2 (ANX1/ ANX2) and Buddha’s Paper Seal 

l/Buddha’s Paper Seal 2 (BUPS1/BUPS2), were shown to interact with each other to prevent 

precocious pollen tube rupture (Miyazaki et al., 2009; Ge et al., 2017; Boisson-Dernier et al., 2009). 

Furthermore, FER is involved in mechano sensing and binding to pectin (Shih et al., 2014; Feng et 

al., 2018; Tang et al., 2022). THESEUS (THE1) is another member found as CWI sensor, as it was 

first identified in screening in the cellulose deficient mutant procuste1-1 (Hématy et al., 2007). 

Furthermore, the RALF (rapid alkalinization factor) peptides are ligands for the MLD-RLKs 

mentioned here (Ge et al., 2017; Gonneau et al., 2018; Zhang et al., 2020). The last clade consists of 

MLD-RLPs. Some of them have been expressed in Arabidopsis, but their functions remain unknown 

(Sultana et al., 2020). 

 In contrast, proteins in the group LRR-MD-RLK are not well-studied. Most of them are 

designated as Brassinosteroid-Signaling Kinase 3-Interacting RLKs (BSRs; Xu et al., 2014). LIK1 

(LysM RLK1-Interacting Kinase; AT3G14840) was shown to be phosphorylated by CERK1, and 

lik1 mutants exhibited different resistance levels against hemibiotrophic or necrotrophic pathogens 

(Le et al., 2014). It is also lileky to perceive LPS (Hussan et al., 2020). RKF1 (Receptor-Like Kinase 
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In Flowers 1; AT1G29720) was found to be involved in regulating pollen hydration for proper pollen 

tube growth at the early stages (Lee and Goring, 2021). LMK1 (Leucine-Rich Repeat Receptor-Like 

Kinase With Extracellular Malectin-Like Domain 1; At1g07650) was involved in sensing 

carbon/nitrogen stress, and overexpression of LMK1 induced cell death in leaf (Li et al., 2020). 

 Although these MD-RLKs, MLD-RLPs and MLD-RLKs possess the potential saccharide 

binding domain, apart from FER which was shown to bind to pectin, none of them has been 

experimentally demonstrated to be a receptor for saccharides (Tang et al., 2022). WAK1 (Cell Wall-

Associated Kinase 1) is the only receptor so far identified to bind to polysaccharide, although it 

possesses a epidermal growth factor (EGF) domain instead of MD/MLD (Brutus et al., 2010; Kohorn 

and Kohorn, 2012).  

Therefore, CORK1 is the first LRR-MD-RLK demonstrated to perceive sugars (Manuscript 

5, Figure 1 – Figure 4). The importance of MD in sugar perception was further demonstrated by 

mutation in the two conserved phenylalanine residues in the MD (Manuscript 5, Figure 6). However, 

CORK1 should not be the only receptor for sugars, as various sugars have been show to elicit calcium 

signaling and ROS production in plants. The uncharacterized LRR-MD-RLKs might be potential 

candidates. 

 

6.12 Conclusion and future perspectives 

 This thesis exemplifies effects of PGPMs and their chemical mediators on model plants. The 

study identified novel mediators and perception systems, which extends our knowledge on plant-

microbe intearction.  

 The new Trichoderma strain has potential for commercial use. However, it is important to 

note that it may not be suitable for all kinds of environments. This strain can solubilize P to provide 

plants and can rerscue salt stress, but if the environemental stress is too harsh, the benefit from the 

fungal colonization may be reduced, and could possible harm plants in the field. Therefore, field 

studies under various conditions should be carried out to determine when and where this strain can 

be applied. Similarly, for the developmet of other bacterial or fungal strains, environmental factors 

should always be taken into account. A single strain can not always provide benefit to plants under 

all circumstances. Furthermore, the interaction with other microbes in the rhizosphere should also be 

considered. For example, although aggressive towards pathogens, the new Trichoderma strain did not 

affect AM formation. Testing the compatability of new PGPMs with each other is important, so they 

can have synergistic effect to provide crops with maximum benefit.  

 The characterized Trichoderma strain appears to communicate with the roots via new 

chemical elicitors in their cell wall, however, whether and how they influence plant growth and 

defence or phytohormone distribution should be further examined.  
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 I demonstrated that volatile compounds can provide nutrition and promote plant growth. 

However, complete understanding of the mechanism of TMTM incorporation would provide us with 

better ideas of how plants utilize atmospheric S. As proposed by Loreto and D’Auria (2021), there 

could be a group of specific proteins which perceive TMTM. Isotope labelling experiments and 

metabolomics should be helpful to elucidate the metabolic pathway Even if the hypothesis proposed 

here is not supported by future studies, metabolomic experiments will provide important information 

on how TMTM reacts with cellular components. Future research should focus on the role of the 

GSH/GSSG system, since previous findings also showed the incoropration of GSH into DADS. 

Moreover, in Manuscript 4, the reduction of GSH is less than GSLs, indicating a possible 

replenishment of GSH by TMTM, while GSLs needed to be converted from other S-containing 

compounds. The connection between these S-containing metabolites may be altered by TMTM. 

 Finally, the identification of the COM-receptor CORK1 opens a new gateway to explore sugar 

perception in plants. As discussed, none of the MD/MLD-RLKs has been shown to be involved in 

sugar binding. Therefore, looking into other members that belongs to the same clade as CORK1 could 

elucidate the perception system of other cell wall sugars. The mechanism of how malectin binds to 

sugars can also be studied. One way is to isolate the MDs/MLDs from different candidates and apply 

different sugars on them for isothermal titration calorimetry (ITC) or surface plasmon resonance (SPR) 

assays. Different mutations can be introduced at the conserved residues to see if the interaction is 

influened (Manuscript 5, Figure 6). Computer modelling or crystallization with sugar ligands can 

demonstrate which sugar can bind and which of the conserved amino acid residues participate in 

binding. Most importantly, with knock-out/over-expression mutants, the function of these MD-RLKs 

in plant growth and development or in plant-microbe interaction can be analyzed. As cork1 mutants 

did not show noticable phenotype under optimal lab growth conditions, it is likely that other members 

participate in sugar sensing.   

 In the near future, not only more PGPMs will be discovered, but how they interact with plants 

will also be clarified through these important chemical mediators and delicate mechanisms. This will 

definitely reinforce our knowledge to manipulate plant growth, and provide a better sustainable way 

for future agriculture.  
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