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Comparative Secretome Analyses of Trichoderma/Arabidopsis Co-cultures Identify Proteins for Salt Stress, Plant Growth Promotion, and Root Colonization
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Numerous Trichoderma strains are beneficial for plants, promote their growth, and confer stress tolerance. A recently described novel Trichoderma strain strongly promotes the growth of Arabidopsis thaliana seedlings on media with 50 mM NaCl, while 150 mM NaCl strongly stimulated root colonization and induced salt-stress tolerance in the host without growth promotion. To understand the dynamics of plant-fungus interaction, we examined the secretome from both sides and revealed a substantial change under different salt regimes, and during co-cultivation. Stress-related proteins, such as a fungal cysteine-rich Kp4 domain-containing protein which inhibits plant cell growth, fungal WSC- and CFEM-domain-containing proteins, the plant calreticulin, and cell-wall modifying enzymes, disappear when the two symbionts are co-cultured under high salt concentrations. In contrast, the number of lytic polysaccharide monooxygenases increases, which indicates that the fungus degrades more plant lignocellulose under salt stress and its lifestyle becomes more saprophytic. Several plant proteins involved in plant and fungal cell wall modifications and root colonization are only found in the co-cultures under salt stress, while the number of plant antioxidant proteins decreased. We identified symbiosis- and salt concentration-specific proteins for both partners. The Arabidopsis PYK10 and a fungal prenylcysteine lyase are only found in the co-culture which promoted plant growth. The comparative analysis of the secretomes supports antioxidant enzyme assays and suggests that both partners profit from the interaction under salt stress but have to invest more in balancing the symbiosis. We discuss the role of the identified stage- and symbiosis-specific fungal and plant proteins for salt stress, and conditions promoting root colonization and plant growth.
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INTRODUCTION

Symbiotic Trichoderma species colonize host plants, often promote their growth and confer tolerance to various (a)biotic stresses (Shoresh et al., 2010; Contreras-Cornejo et al., 2011, 2021; Brotman et al., 2012; Mukherjee et al., 2012; Mangiest, 2020; Tseng et al., 2020), which make them attractive for agricultural applications. We recently described a novel salt-tolerant Trichoderma strain isolated from a stress-exposed Leucas aspera (Wild.) tree which is closely related to T. confertum (Tseng et al., 2020). The fungus also colonized the roots of Arabidopsis thaliana and Nicotiana attenuata, and the interaction of the Trichoderma spp. strain with Arabidopsis seedlings was strongly dependent on the salt concentration in the medium. The fungus promoted the growth of the host plants in soil and media with 50 mM NaCl, while no growth stimulation was observed without salt or concentrations >100 mM. Colonized plants were better protected against pathogen attacks and tolerated higher salt concentrations (Tseng et al., 2020).

The secretomes of beneficial fungi in association with host plants contain stress-, symbiosis-, and defense-specific proteins which orchestrate the diverse responses (Hermosa et al., 2013; Lamdan et al., 2015; Morán-Diez et al., 2015; Druzhinina et al., 2018; Nogueira-Lopez et al., 2018). Likewise, colonized roots respond to stress such as salt, e.g., by activating abscisic acid (ABA)-dependent responses (Kaushal, 2020; van Zelm et al., 2020) and have to balance them with appropriate responses which control root colonization. Overcolonization or aggressive behavior of the microbes activates defense-related responses such as the hormones jasmonic acid or salicylic acid, depending on the mode of interaction between the two partners (Mengistu, 2020). The fungi counteract the plant’s defense by secretion of e.g., carbohydrate-binding enzymes for cell wall degradation, proteases, and mainly uncharacterized small cysteine-rich proteins. They weaken the plant and generate degradation products of plant polymers for the fungal primary metabolism. Secreted plant proteins, which are involved in defense to restrict hyphal propagation in the host, are activated by damage/microbe-associated molecular patterns (D/MAMPs) (Hermosa et al., 2013), such as breakdown products of chitin or β-glucans of the Trichoderma cell wall. Likewise, fungal (chitinases, β-1,3-glucanases, and proteases) and plant (pectinases, cellulases, and xylanases) cell wall hydrolases generate DAMPs by the degradation of their own cell wall or that of the symbiont (Sharon et al., 1993; Seidl et al., 2006; Djonovic et al., 2007; Martinez et al., 2008; Hermosa et al., 2013; Lamdan et al., 2015; Alkooranee et al., 2017; Sarrocco et al., 2017; Silva et al., 2019). In return, fungi secrete effector proteins which inhibit plant defense (Kubicek et al., 2011; Guzmán-Guzmán et al., 2017; Mendoza-Mendoza et al., 2018).

Apart from the battle for establishing conditions for a stable symbiosis, many Trichoderma strains stimulate the host’s growth. They can produce or stimulate the production of plant growth hormones, in particular auxin or auxin-precursors, or promote the nutrient supply from the rhizosphere to the host, or induce alterations in the root architecture which allows better access of the host to nutrients in the soil (Contreras-Cornejo et al., 2009; Hermosa et al., 2012; Samolski et al., 2012; Ruocco et al., 2015; Nieto-Jacobo et al., 2017).

Very little is known about how plant and fungal secreted proteins are involved in these processes. Therefore, we investigated which proteins are secreted by the two partners under the different salt conditions to identify which of them are specific for the beneficial phase (50 mM NaCl), and for the phase when both partners suffer under salt stress (150 mM NaCl). Our results demonstrate that less stress-related proteins are secreted under co-culture conditions whereas the investment in proteins involved in colonization increases.



RESULTS AND DISCUSSION


Secretome Analysis of Trichoderma spp. and Arabidopsis thaliana Exposed to Different Salt Concentrations

Previously, we showed that co-cultivation of a Trichoderma strain with Arabidopsis seedlings resulted in growth promotion on media with 50 mM salt whereas, under higher salt concentrations, the fungus conferred salt tolerance to the host (Tseng et al., 2020). To identify plant and fungal proteins with specific functions in the interaction, we co-cultivated the symbionts, either alone or together, in a liquid plant nutrient medium (PNM) with 0, 50, 100, or 150 mM NaCl for 5 days. After centrifugation, the remaining culture media were filtered and proteins were isolated by solid-phase extraction followed by LC-MS/MS (liquid chromatography-tandem mass spectrometry) analysis (cf. section “Materials and Methods”). In total, 722 and 605 proteins from Arabidopsis and Trichoderma spp., respectively, were uniquely identified in all salt concentrations and three independent biological replicates. In the Trichoderma spp. cultures, 236, 114, 102, and 311 proteins were observed in at least 2 of 3 biological replicates in 0, 50, 100, and 150 mM NaCl, respectively, whereas 19, 107, 81, and 119 proteins were observed in the plant cultures. In the co-culture, 82, 135, 160, and 116 different plant proteins and 241, 248, 278, and 170 fungal proteins were observed, respectively, in each salt concentration. Just ten Arabidopsis and 49 Trichoderma spp. proteins were common to all salt concentrations and replicates (cf. data submission).



Classification of Secreted Fungal Proteins

The fungal proteins were classified according to their biological functions. The vast majority of them were uncharacterized (Figure 1). Furthermore, in many cases, a pathway is only represented by a single protein. Therefore, it is difficult to draw general conclusions from the pie diagrams shown in Figure 1 without a more detailed analysis of the individual proteins (cf. below). However, it is obvious that the percentage of proteins with known functions is almost twice as high in the exudate preparation from fungi grown in the co-culture with 50 mM NaCl compared to all other exudate preparations. More importantly, 9% of all identified fungal proteins in the exudate of the co-culture with 150 mM NaCl are lytic polysaccharide monooxygenases (Andlar et al., 2018; Forsberg et al., 2019; Almeida et al., 2021; Calderaro et al., 2021; Jagadeeswaran et al., 2021). These enzymes are major contributors to the recycling of carbon in nature, mainly by degradation of plant lignocellulose (Sagarika et al., 2021; Vuong and Master, 2021; Zerva et al., 2021). They catalyze the oxidative cleavage of glycosidic bonds in polysaccharides such as chitin and cellulose, hemicellulose or starch and their discovery has revolutionized our understanding of enzymatic biomass conversion (Manavalan et al., 2021; Wang et al., 2021). Lytic polysaccharide monooxygenases require oxygen and partners to donate electrons during catalytic action on the cellulose backbone which must be present in the cell wall and released into the apoplastic space (Rani Singhania et al., 2021). Due to their enormous potential for application in agricultural waste decomposition, the current research focusses on biochemical application. However, also a few studies showed that they are involved in plant/microbe interactions (reviewed in Jagadeeswaran et al., 2021). The diagram in Figure 1 shows that lytic polysaccharide monooxygenases increase with increasing salt concentrations in the co-culture. This indicates that the fungus degrades more plant cell wall material under salt stress which might be an indication of a more aggressive behavior of the fungus under stress, associated with a shift toward a more saprophytic lifestyle.
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FIGURE 1. Annotation of the identified fungal proteins according to the biological pathways (GO annotation). The fungus was either grown alone or in co-culture with the plants in media supplemented with 0, 50, 100, or 150 mM NaCl.




Classification of the Secreted Plant Proteins

All identified plant proteins were classified according to their biological functions (Figure 2). Overall inspection of the generated pie diagrams for the plant proteins under the different salt conditions demonstrated that the diversity of the protein functions is much higher in the co-cultures with 0–100 mM salt compared to the diversity of the proteins from plants grown without the fungus (Figure 2). For instance, in media with 50 mM NaCl which favors growth promotion of the host, the identified proteins of plants growing alone belong to 4 categories, whereas those in the co-culture to 17 categories. In media with 150 mM NaCl, the complexity of the identified proteins of the plant growing without the fungus becomes more complex (cf. below), which is consistent with many observations that 150 mM salt induces massive salt stress responses. Overall, the result demonstrates that the fungus has a strong influence on the plant protein pattern, in particular in media with 0–100 mM salt.
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FIGURE 2. Annotation of the identified plant proteins according to the biological pathways (GO annotation). The plants were either grown alone or in co-culture with the fungus in media supplemented with 0, 50, 100, or 150 mM NaCl.


Among all identified proteins, 193 plant and 199 fungal proteins were predicted to possess an N-terminal secretion sequence. After annotation according to the GO terms “molecular functions,” “biological processes,” and “cellular components,” the 20 most abundant proteins for each salt concentration were further analyzed. The number of proteins annotated as “Response to stress” in Arabidopsis cultures was reduced when Trichoderma was present (Figure 3B). Only 4% of the secreted proteins in the co-culture without salt were annotated as “Response to stress” and none of them were present in the single cultures. In particular, the number of secreted plant proteins of the categories “Antioxidant activity,” “Peroxidase activity,” and “Oxidoreductase activity, acting on peroxide as acceptor” was highly reduced in the presence of Trichoderma spp. in media with 50, 100, or 150 mM NaCl (Figure 3C). This suggests that the fungus reduces oxidative stress to the host under salt stress. In contrast, proteins with predicted “Hydrolase activity” showed elevated abundances in the co-cultures with salt (Figure 3C).


[image: image]

FIGURE 3. (A) Percentage of the secreted plant (P) and fungal (F) proteins of all identified proteins when the two symbionts are either growing alone or in co-culture, in the presence of 0 mM, 50 mM, 100 mM, or 150 mM NaCl, respectively. Secreted proteins are those with predicted N-terminal secretion sequences. (B) Percentage of the plant proteins annotated as “Response to stress” among all secreted plant proteins. (C) Percentage of plant proteins predicted to contain “Antioxidant activity,” “Peroxidase activity,” “Oxidoreductase activity, acting on peroxide as acceptor,” and “Hydrolase activity” among all secreted plant proteins. Error bars (SEs) refer to the differences between the three replicates.




Plant Secretome

We classified the secreted plant proteins into those which are only detectable in the presence of the fungus under low (i) or high (ii) salt concentrations, (iii) those which are detectable in the presence of the fungus under all salt conditions, and (iv) those which disappear in the presence of the fungus.

(i) Plant proteins which are only secreted in the presence of the fungus under 50 mM salt

Three plant proteins were only detected in co-cultures which stimulated plant growth (50 mM NaCl; Table 1; Tseng et al., 2020). PYK10 (Q9SR37) is the most abundant β-glucosidase in Brassicae roots and a major constituent of endoplasmic reticulum (ER) bodies. Several studies showed that PYK10 is involved in the mutualistic interaction between Arabidopsis and the endophytic fungus Piriformospora indica (Thürich et al., 2018, and ref. therein). The protein is released from the ER bodies to the extracellular space after cell disruption. The detectability of this protein only in co-cultures with 50 mM NaCl suggests that it has a specific function under these conditions. Since one would expect more cell injury or disruption under higher salt conditions (cf. below), an uncontrolled accumulation of PYK10 in the exudate fraction under 50 mM salt conditions is unlikely. The two other plant proteins specific for this co-cultivation condition are the uncharacterized GDSL-motif-containing esterase Q9C7N5 and glycosyl hydroxylase P94078.

(ii) Plant proteins which are only secreted in co-cultures with high salt

Plant proteins that are specific for exudates with high salt are mainly involved in stress responses (Table 1). DEGRADATION OF PERIPLASMIC PROTEIN 8 (DEG8; Q9FMA9), RESPONSIVE TO DEHYDRATION 19 (P43296) and the lectins Q9LJR2 and Q9LK72 are related to salt and/or microbial stress (Bernier and Berna, 2001; Lyou et al., 2009). Q9LV60 is a stress-inducible receptor-like kinase and the lipid recognition protein F4J7G5 is involved in sterol transport under stress (TAIR; arabidopsis.org). The mannose-binding lectin Q9ZVA4 has anti-fungal activities (Wu and Bao, 2013; Barre et al., 2019; Ghahremani et al., 2019), and the EPITHIOLSPECIFIER MODIFIER 1 Q9LJG3 participates in isothiocyanate production during glucosinolate hydrolysis (Burow et al., 2008; cf. Sato et al., 2019). Finally, the oligogalacturonidase oxidases Q9SA85/7 generate oligomers which function as DAMPs for the activation of the plant immune system (Benedetti et al., 2018). Besides proteins involved in salt stress responses, the appearance of defense-related proteins indicates that the fungus becomes more aggressive (cf. below) and the plant activates its defense machinery to restrict fungal growth. Consistent with this interpretation, we observe a strong increase in root colonization when the salt concentration increases to 150 mM (Tseng et al., 2020). Hyphae are not only found in roots but also around and in the stem tissue as well as on leaves (Figure 4).

(iii) Plant proteins from co-cultures under all salt conditions

Plant proteins with known functions which were detected in the presence of the fungus under all salt conditions (Table 1) are α-galactosidase 3 (Q8VXZ7) which hydrolzses β-L-arabinofuranose in cell wall-localized arabinogalactan-proteins (Imaizumi et al., 2017), the β-xylosidase Q9FLG1 involved in systemic acquired resistance (Breitenbach et al., 2014), the cysteine proteinase RESPONSIVE TO DEHYDRATION 21(A) (P43297) which is involved in immunity under drought stress (Ormancey et al., 2019; Pogorelko et al., 2019; Liu et al., 2020) and the chitinase Q9M2U5 which participates in cell wall remodeling and degradation of Trichoderma hyphae (Kappel and Gruber, 2020). All these proteins have protective functions in plant/microbe interactions, with a focus on the cell wall, and accumulate independently of salt stress.

(iv) Plant proteins that disappear in the presence of the fungus

Proteins that are only found in the absence of the fungus are either not synthesized/released by the host, because they are not required under symbiotic conditions, or they are degraded by fungal enzymes, e.g., for weakening the plant to allow better colonization (Table 2). The lipid-transfer proteins (LTPs, Q9FJ65, Q9LV65) respond to drought and salt stress (Yeats and Rose, 2008; Golldack et al., 2014). Q9FJ65 increases the glutathione content and enhances pathogen resistance (McLaughlin et al., 2015). DIR-1 like (Q9LV65) has an overlapping function with DIR1 involved in systemic acquired resistance (Champigny et al., 2013). The absence of this protein in the co-culture suggests that the fungus restricts systemic signaling under salt stress. The β-glucosidase 1 Q9SCW1 and pectin methylesterase inhibitor O49297 are involved in cell wall remodeling (Moneo-Sánchez et al., 2019). The disappearance of these two enzymes in the co-culture indicates that the fungus reduces the pressure on the plant to adapt the cell wall to salt stress. Calreticulin (O04151) accumulation indicates ER stress, which appears to be reduced in the co-culture as well. β-glucosides and lipid-transfer proteins are involved in membrane stabilization under biotic (Q9LLR6) and abiotic stress (Q9LLR6, Q9LLR7 Q9FF10) (cf.TAIR)1. PELPK1 (Q9LXB8) might be an important target of fungal signals to restrict root growth under salt stress (Rashid and Deyholos, 2011; Guo et al., 2013). In summary, the functional analysis of the proteins which disappear in the co-culture under salt stress, is in line with the overall analysis that the fungus reduces salt stress for the plant (e.g., results in Figure 1). On the other hand, in spite of the strong increase in root colonization in media with 150 mM NaCl (Figure 3), stress-related proteins which are found in uncolonized roots disappear in the presence of the fungus (Table 1). A detailed analysis of the identified proteins might help to understand how the balance between beneficial features in the symbiotic interaction and restriction of fungal growth is achieved.


TABLE 1. Secreted plant proteins in the presence of the fungus under the different salt concentrations.
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FIGURE 4. Trichoderma spp. hyphae in the root, hypocotyl and leaf of 15 day-old Arabidopsis seedlings colonized by the fungus since 10 days. Cocultivation occurred on media with 0–150 mM NaCl.



TABLE 2. Plant proteins with predicted N-terminal secretion sequences in media with/without salt in the absence of the fungus.
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The comparative analysis identified secreted plant proteins that are specific for the described conditions. While some of them are well characterized (e.g., PYK10), barely anything is known for others. Their appearance in the plant secretome under the specific conditions and the context of other proteins should be investigated in the future in more detail.



Fungal Secretome


Fungal Proteins in the Co-culture

Without salt in the co-cultivation medium, only three fungal enzymes with known functions were found: the glucosaminidase A0A2T4AMN0 removes glucosamine from chitosans, the monooxygenase A0A2T3ZSA1 and the glucosidase A0A2T4A915 are involved in polysaccharide catabolism. The absence of these proteins in salt-containing media suggests specific functions of these enzymes in cell wall degradation.

In media with 50 mM salt, the number of secreted fungal enzymes involved in catabolism is higher: we found the β-xylanase A0A2T4A4K2 and β-1,3-glucanase A0A2T4ADC1 involved in polysaccharide catabolism, the peptidases A0A2T3ZS57, A0A2T4A515, and A0A2T4AAN8 and three uncharacterized proteins (A0A1P8ATL2, A0A2T4A7S8, A0A2T4A7H4). The catabolic enzymes might be important for the generation of metabolites required for the stimulation of the growth of the host. A prenylcysteine lyase (A0A2T4AFC0) generates cysteine, H2O2, and an isoprenoid aldehyde. The H2O2 generated by this enzyme might participate in promoting lateral root and root hair development and thus root growth of the host. Furthermore, the release of a farnesyl or geranyl-geranyl residue from the cysteine of a lipoprotein suggests that the fungus might interfere with the isoprenoid metabolism of the plant.



Trichoderma-Secreted Proteins That Disappear in the Co-culture Under Salt Stress

The fungus secretes 11 proteins in a medium with 150 mM salt which disappear in the co-culture (Table 3). A0A2T4AS91 is a cysteine-rich Kp4 domain-containing protein, which inhibits cell growth and division by blocking calcium uptake and signaling (Gu et al., 1995; Gage et al., 2002) and responds to environmental stress (Skamnioti et al., 2008; Brown, 2011; Zapparata et al., 2021). Two CFEM domain-containing proteins (A0A2T4ATW6 and A0A2T4APB9) with predicted GPI anchors (Kulkarni et al., 2003; Zhang et al., 2015; Kou et al., 2017) are proposed to function in surface sensing and stress-tolerance (Sabnam and Barman, 2017; Zhu et al., 2017), heme-iron acquisition (Nasser et al., 2016), cell wall stability and biofilm formation (Vaknin et al., 2014). Recent studies also showed the involvement of the CFEM motif in redox regulation in rice blast (Kou et al., 2017). Furthermore, the cell wall stress-responsive (WSC) domain in A0A2T4AAU9 function as a sensor of multiple stresses at the surface of the plasma membrane (Tong et al., 2016, 2019; Oide et al., 2019) and might be involved in β-glucan remodeling in the fungal cell wall (Wawra et al., 2019). The disappearance of these proteins in the presence of the host indicates that the fungus suffers less under salt stress in the symbiosis which might be the driving force for the intensified root colonization.


TABLE 3. Fungal proteins secreted under specific salt conditions in the co-culture.
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Malondialdehyde Levels and Antioxidant Enzyme Activities

The malondialdehyde (MDA) level is an indicator of oxidative stress. In the absence of salt in the culture medium, the MDA level was identical in seedlings with and without Trichoderma. With increasing salt concentrations, the MDA level increased and was always lower in the presence of the fungus. The fungal inhibition in media with up to 100 mM NaCl was<10%, whereas 21% reduction was observed with 150 mM NaCl (Figure 5). Furthermore, the activities of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT) and glutathione reductase (GR) increased with increasing salt concentrations in the medium, and the activity levels were always lower in the presence of the fungus (Figure 5). These results are consistent with the interpretation of the proteomic data that the fungus reduces salt stress for the plants, despite the massive increase in root colonization in 150 mM NaCl. Apparently, interaction is still better than living alone. Furthermore, without salt in the medium, the roots do not profit from the presence of the fungus. Consistent with the microscopic data (Figure 4), and the observation that without salt, no growth-promoting effect of the fungus on Arabidopsis seedlings can be detected (Tseng et al., 2020), it appears that there is barely any interaction between the two partners without salt. The sharp difference in the symbiotic interaction between 0 mM and 50 mM NaCl needs to be investigated in more detail.
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FIGURE 5. MDA levels and CAT, SOD, and GR enzyme activities in the root of Arabidopsis seedlings which were either colonized (black bars) or mock-treated (white bars) with Trichoderma on media with 0–150 mM NaCl. The treatment was identical to that for the peptide extraction. The results are based on 3 independent experiments, bars represent SEs. Asterisks above the bar pairs indicate significant differences by Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).






CONCLUSION

The plant and fungal secretome patterns differ substantially under different salt conditions and when the two organisms are co-cultured. Overall, the identified proteins support the idea that the symbiotic interaction between the two organisms has an advantage for both partners under salt stress. The number of plant enzymes involved in oxidative stress is lower (Figure 3) and fungal proteins with known functions in stress sensing are reduced in co-cultures with 150 mM NaCl. The high salt concentration promotes root colonization by the fungus and the higher demand for nutrients by the microbe is visible by the appearance of fungal catabolic enzymes. Not surprisingly, the root counteracts the increased root colonization by releasing proteins with antifungal activities. However, comparison of the number of apoplastic plant proteins in co-cultures with high salt (ii) with fungal proteins which attack the plant cell wall (Figure 1 and Table 3) indicates that the plant apoplastic defense machinery is probably too weak to restrict fungal propagation in the host under salt stress. It would be interesting to see how the protein composition within the plant cell responds to the hyphal propagation and whether the host accumulates proteins which restrict fungal entry into the host cell or reduce loss of nutrients to the microbe.

Only a few proteins are exclusively found under co-cultivation conditions which resulted in the promotion of plant growth. Among them is the well-characterized plant PYK10. Since this abundant root protein is not detectable in exudate preparation from co-cultures with no or higher NaCl concentrations, nor in the plant cultures without the fungus, it is tempting to speculate that PYK10 is involved in beneficial features of the symbiosis resulting in plant growth promotion. Moreover, the appearance of this protein in this specific exudate fraction suggests the existence of a secretion mechanism that operates under the growth-stimulating conditions. Among the fungal proteins which are specific for co-cultures with 50 mM NaCl, the H2O2-generating prenylcysteine lyase has the potential to promote root growth.

Besides the general reduction of plant enzymes with antioxidant activities in co-cultures with 150 mM salt, also proteins with other functions confirm that symbiotic roots are less stressed. Examples are calreticulin for ER stress, cell wall remodeling and membrane-stabilizing enzymes, but also PELPK1 involved in root growth inhibition. The majority of fungal proteins which disappear in the co-culture with 150 mM salt stabilize the plasma membrane or senses stress.

Numerous studies investigated the Trichoderma secretome in symbiotic interactions with hosts (e.g., Gómez-Mendoza et al., 2014; Lamdan et al., 2015; González-López et al., 2021; Zhao et al., 2021). Besides similarities in the protein patterns and their interpretation (cf. Lamdan et al., 2015; Nogueira-Lopez et al., 2018) several Trichoderma proteins proposed to be involved in root colonization are not found in our study, such as the secreted cysteine-rich proteins swollenins, hydrophobins, and SM1 or SM2 (Viterbo and Chet, 2006; Brotman et al., 2008; Crutcher et al., 2015; Guzmán-Guzmán et al., 2017). We provide a list of proteins that are secreted under specific salt conditions. Since these conditions also influence the symbiotic interaction, the role of these proteins should be investigated in more detail. Finally, the role of the lytic polysaccharide monooxygeneases for symbiotic plant/fungus interactions requires more attention.



MATERIALS AND METHODS


Cultivation of the Symbionts Alone and in Co-culture


Growth Conditions of Plants and Fungus

Arabidopsis thaliana (ecotype Columbia-0) seeds were surface-sterilized with a solution containing sterile distilled water (dH2O), sodium lauroyl sarcosinate, and DanKlorix (GP GABA GmBH Hamburg, Germany; 64%, 4%, 32%; v/v) for 8 min under constant shaking, followed by six rinses with dH2O. Surface-sterile seeds were sown on MS media supplemented with 0.3% gelrite (Murashige and Skoog, 1962). After cold treatment at 4°C for 48 h, plates were incubated for 10 days at 22°C under continuous illumination (100 μmol m–2 s–1). The Trichoderma strain was propagated on KM medium (pH 6.5) for a week at 25°C in the dark (Tseng et al., 2020).

Co-cultivation of A. thaliana and Trichoderma strain was performed under in vitro culture conditions. Ten-day-old A. thaliana seedlings of equal sizes were directly transferred from MS medium to the plant nutrient medium (PNM) medium. The fungus was grown on PNM plates. The co-cultivation of Arabidopsis plants and Trichoderma strain were performed on PNM medium with the salt concentrations mentioned in the text. A 5 mm plug of the Trichoderma strain was placed at the center of co-cultivation’s plate, as control only a plaque of the medium without hyphae was transferred. Microscopic analyses occurred after 5 day-incubation at 22°C under continuous illumination (100 μmol m–2 s–1) (Peškan-Berghöfer et al., 2004; Tseng et al., 2020). For the secretome analysis, the co-cultivation (or growth of the partners alone) was performed in liquid PNM with 0, 50, 100, or 150 mM NaCl for 5 days. After centrifugation, the remaining culture media were filtered and proteins were isolated by solid-phase extraction followed by LC-MS/MS (liquid chromatography-tandem mass spectrometry) analysis.



In-Solution Digest

The culture supernatant was filtered through 3 kDa MWCO spin filters (VWR) at 16,000 × g for 10 min. The protein retentate was resolubilized in 25 μl 100 mM TEAB and the solution was mixed with 25 μl 2,2,2-trifluoroethanol. Reduction and alkylation of cysteine thiols were performed by the addition of each 1 μL of 500 mM TCEP (tris(2-carboxyethyl) phosphine) and 625 mM 2-chloroacetamide incubated at 70°C for 30 min. The proteins were further cleaned up using C4 spin columns (Thermo Fisher Scientific): Acetonitrile (ACN) for reconstitution, 0.1% trifluoroacetic acid (TFA) for equilibration, loading, and washing, 0.1% TFA in 80:20 ACN/H2O (v/v) for elution. Proteins were dried in a vacuum evaporator (Eppendorf), resolubilized in 50 μl of 100 mM TEAB, and digested overnight (18 h) with a Trypsin + LysC mixture (Promega) at a protein to protease ratio of 25:1. Samples were vacuum-evaporated, resolubilized in 25 μL of 0.05% TFA in H2O/ACN 98/2 (v/v), and filtered through Ultrafree-MC 0.2 μm PTFE membrane spin filters (Merck-Millipore) at 14 000 × g for 15 min. The filtrate was transferred to HPLC vials and injected into the LC-MS/MS instrument. Each sample was measured in triplicate (3 analytical replicates of 3 biological replicates of 16 different conditions equals 144 LC-MS/MS runs).



Liquid Chromatography-Tandem Mass Spectrometry Analysis

LC-MS/MS analysis was performed on an Ultimate 3,000 nano RSLC system connected to a QExactive Plus mass spectrometer (both Thermo Fisher Scientific, Waltham, MA, United States). 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 as follows: 0 min at 4% B, 4 min at 5% B, 6 min at 6% B, 14 min at 10% B, 20 min at 14% B, 35 min at 20% B, 42 min at 26%B, 46 min at 32% B, 52 min at 42% B, 55 min at 50% B 58 min at 65% B, 60–64.9 min at 96% B, 65–90 min at 4% B.

Positively charged ions were generated at a 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 (Top10) mode. Precursor ions were monitored at m/z 300–1,500 at a resolution of 70,000 FWHM (full width at half maximum) using a maximum injection time (ITmax) of 120 ms and an AGC (automatic gain control) target of 1 ⋅ 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 30% normalized collision energy (NCE). MS2 ions were scanned at 17,500 FWHM (ITmax = 120 ms, AGC = 2 ⋅ 105) using a fixed first mass of m/z 120 amu. Dynamic exclusion of precursor ions was set to 30 s and the underfill ratio was set to 1.0%. The LC-MS/MS instrument was controlled by Chromeleon 6.8, QExactive Tune 2.8 and Xcalibur 4.0 software.



Protein Database Search

Tandem mass spectra were searched against the UniProt databases of A. thaliana and T. harzianum by using Proteome Discoverer (PD) 2.2 (Thermo) and the algorithms of Mascot 2.4.1 (Matrix Science, United Kingdom), Sequest HT (version of PD2.2) and MS Amanda 2.0. 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 and protein N-term acetylation as well as static Cys carbamidomethylation. A strict false discovery rate (FDR) < 1% (peptide and protein level) was required for positive protein hits. If only 1 peptide per protein has been identified the hit was accepted if the Mascot score was >30 or the MS Amanda score was >300 or the Sequest score was >4. The Percolator node of PD2.2 and a reverse decoy database was used for q-value 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 PD2.2 using a signal-to-noise ratio > 5. Imputation of missing quan values was applied by setting the abundance to 75% of the lowest abundance identified for each sample. Significantly different abundances were based on a fold change >4, a ratio-adjusted significance level<0.05, which is the p-value calculated by the 2s t-test divided by the log2 ratio, and the proteins needed to be identified at least in 2 of 3 biological replicates of the sample group with the highest abundance.



Databank Analyses

All identified proteins were examined for an N-terminal secretion sequence, using the TargetP 1.1,2 SignalP 4.1,3 and Predotar 1.34 software (Small et al., 2004; Emanuelsson et al., 2007). The secreted protein candidates were classified according to their Gene ontology (GO) terms using ShinyGO (Ashburner et al., 2000; Gene Ontology Consortium, 2015), or the classification occurred according to their functional description on UniProt Database.



Root Colonization Analyzed by Microscopy

The entire Arabidopsis roots, root tips, hypocotyls and leaves were imaged using an AXIO Imager.M2 (Zeiss Microscopy GmbH, Jena, Germany) equipped with a 10x objective (N-Achroplan 10x/0.3). The bright field and fluorescence images (EX 545/25 and EM 605/70) were recorded with a color camera (AXIOCAM 503 color Zeiss, Jena, Germany) by use of an EGFP (EM 525/50 nm) and DsRED filter (EM 605/70 nm). Digital images were processed with the ZEN software (Zeiss, Jena, Germany), treated with Adobe R Photoshop to optimize brightness, contrast, and coloring and to overlay the photomicrographs to confirm fluorescence information.



Malondialdehyde Levels and Antioxidant Enzyme Activities

The assays for malondialdehyde levels and antioxidant enzyme activities were described in detail in Tsai et al. (2020). About 50 seedlings were collected from the co-cultivation (or growth of the plant partner alone) after 5 days from liquid PNM with 0, 50, 100, or 150 mM NaCl, as outlined above. Data are based on 3 repetitions, bars represent SEs.
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