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Editorial on the Research Topic
 Designing Bio-Formulations Based on Organic Amendments, Beneficial Microbes and Their Metabolites



The future scenario in the agricultural sector, challenged by regulatory pressure, public concern and environmental issues, continues to motivate the development of alternative methods to chemicals for applications as fertilizers and pesticides (Martin, 2003). Among these, the use of organic amendments and microbial biocontrol agents represents the most promising soil management strategy, that may contribute both directly and indirectly to crop production and plant health (Bargaz et al., 2018).

The aim of this Research Topic was to provide insight in recent advances and challenges of plant-microbiomes studies focused on novel bio-formulations useful for the development of sustainable and eco-efficient approaches for plant disease control. The Topic includes 19 original research and review articles, which have been grouped in four categories.


MODULATION OF PLANT RESPONSE BY BENEFICIAL MICROBES

The interactions between plant and microbes have attracted great attention in the last decades. Biotechnological applications of beneficial microbes (BMs) in different areas, e.g., stimulation of plant-growth, biocontrol, bioremediation of contaminated sites and production of bioactive compounds with pharmaceutical and industrial relevance have been evaluated (Wu et al., 2009). Several studies have investigated the molecular changes occurring in the host plant and the interacting microbe aiming to improve our understanding about how plants respond to microbial colonization or attack and how microbes affect plant cellular processes (Cheng et al., 2019; Adeniji et al., 2020; Jain et al., 2021). In their work, Bonini et al. showed that the metabolic profile in pepper leaves was modulated in response to microbial treatments consisting of arbuscular mycorrhizal fungi (AMF: Rhizoglomus irregularis and Funneliformis mosseae), and Trichoderma koningii. Root colonization by BMs increased total fruit yield, modified gibberellin, auxin, and cytokinin plant hormone patterns, as well as other secondary metabolism processes, determining the accumulation of carotenoids, saponins, and phenolic compounds. Similarly, Lombardi et al. found that selected Trichoderma strains stimulated the growth of strawberry plants and improved crop yield. Moreover, proteomic analysis of the produced fruits revealed a complex reprogramming of physiological processes e.g., stress response, nutrient uptake, protein metabolism, etc., that improved the health properties.

The application of microbial (e.g., AMF, Trichoderma koningii and rhizobacteria) or non-microbial (e.g., a protein hydrolyzate) biostimulants elicited biomass increase in maize plants and affected the metabolomic response in leaves and roots (Rouphael et al.). Interestingly, most of the differential metabolites consisting mainly of phenylpropanoids and terpenes were accumulated more in plant tissues following the application of the protein hydrolyzate in comparison to the treatments with microorganisms alone. The treatments also induced a reprogramming of the entire phytohormone profile, particularly in the roots, thus supporting the hypothesis that some biostimulants may have a hormone-like activity.

Conventional farming relies highly on N-fertilizers to improve crop yield, but this practice can lead to severe environmental pollution, hence the urgent need to find sustainable alternatives to inorganic fertilizers. Rubio et al. analyzed the transcriptomic response of wheat seedling roots inoculated with Trichoderma harzianum under different inorganic N supplies using wheat genome 61K microarrays. Forty-eight hours after inoculation, Trichoderma induced a greater expression of defense-related genes than the calcium nitrate application, that also down-regulated expression of genes involved in plant growth and development processes. Moreover, genes involved in the flavonoid biosynthetic pathway were differentially expressed in treated plants, thus reinforcing the hypothesis that Trichoderma is capable of inducing plant defense through the modulation of secondary metabolism.



EFFECTS OF MICROBIAL METABOLITES ON PLANT-MICROBE INTERACTIONS

Greater understanding about the effects induced by microbial metabolites on the host plant or by the host plant on the metabolism of the associated microbes could ultimately lead to the development of new crop protection bio-formulations for improving crop quality and yields. In their review, Tilocca et al. discussed the potential exploitation of volatile organic compounds (VOCs) produced by bacterial and fungal biocontrol agents (BCAs) in the control of many important phytopathogens. The authors underline the importance of the ecosystem in shaping the microbial VOCs composition. The adoption of holistic approaches, such as -omics and bioinformatics prediction tools, may help scientists to unravel the dynamic network of molecular cross-talk occurring between microbial partners and their plant hosts.

Members of the genus Bacillus are examples of well-known producers of antifungal compounds (Chaurasia et al., 2005). Zhang et al. analyzed the antifungal effects of twenty-nine VOCs produced by a novel strain of B. subtilis (ZD01) against the airborne plant pathogen Alternaria solani. VOCs produced by ZD01 caused a strong decrease in hyphae penetration, inhibition of conidia germination, and reduced virulence of the fungus on potato leaves. Moreover, the expression of two virulence-associated genes (sod and slt2) in A. solani was strongly down-regulated after exposure to ZD01 VOCs.

Marine-derived fungi are considered good producers of valuable compounds with original structures and interesting biochemical properties that can be exploited for new drug discovery (Silber et al., 2016; Nicoletti and Vinale, 2018; Vinale et al., 2020). Zhao et al. isolated two novel fusarisetins, namely fusarisetins C and D, and four known compounds produced by the fungus Fusarium equiseti D39. These 3-decalinoyltetramic acid (3DTA) derivatives showed potent phytotoxicological and antimicrobial activities. Moreover, the optimization of fermentation conditions favoring equisetin production was conducted by using the “one strain many compounds” (OSMAC) approach.

A new method to rhizosphere engineering proposes the inoculation of microbial consortia to emulate the complex biological networks in natural soils, thus recruiting beneficial microbes and establishing optimized plant microbiomes (Syed Ab Rahman et al., 2018; Woo and Pepe, 2018). Inoculation with endophytes was found to stimulate the biosynthesis of secondary metabolites (SMs) in medicinal plants (Pandey et al., 2016a,b, 2018). The inoculation of an endopyhytic-consortium, consisting of Acinetobacter sp. and Marmoricola sp., significantly increased the biosynthesis of benzylisoquinoline alkaloids including morphine and thebaine in poppy plants, as well as improvement in plant growth and yield (Ray et al.). Interestingly, the increment in metabolite content was related to the modulation of the biosynthetic pathway due to the complementary activities of the consortium member endophytes. Lin et al. observed that the production of plant alkaloids by the association between the fungal endophyte Epichloë and the perennial grass Festuca sinensis depended mainly on the environmental growth conditions. In field and greenhouse tests, the seasonal variation more than the plant ecotype significantly affected the concentrations of alkaloids (peramine, lolitrem B, and ergot) produced by F. sinensis.

Plant–microbe interactions can be exploited to enhance the production of important SMs having multiple roles (Singh et al., 2017). As an alternative approach to the application of phytohormones and plant growth regulators, Luziatelli et al. investigated the biostimulant properties of compounds secreted by Pantoea agglomerans strain C1, known to produce indole-3-acetic acid (IAA) and siderophores (Luziatelli et al., 2019). The P. agglomerans C1 metabolites effectively stimulated root formation and plant development of woody fruit crops, thus offering novel opportunities in designing innovative biostimulants.

Microbial metabolites have been proposed as alternatives to the use of living BCAs, because the efficacy of the latter is often limited by their low persistence in the environment, inconsistent performance under diverse field conditions and slower mode of action against pathogens, in comparison to chemical counterparts (Zaidi and Singh, 2013). Berini et al. investigated the activity of two metagenome-sourced microbial chitinases (Chi18H8 and 53D1) as potential insecticidal proteins against Bombyx mori, a model system among Lepidoptera. Although both proteins gave similar results in vitro, only 53D1 orally administered to B. mori larvae induced mortality and dramatically affected insect development. This study confirms that novel insecticidal formulations based on microbial bioactive proteins may be used in the progressive reduction of synthesized chemical compound applications, thus reducing the environmental impact of single active substances and the risk of resistance selection (Chandler et al., 2011; Hardy, 2014).

New microbial species or antimicrobial metabolites can be found by exploring environments having a high microbial biodiversity. Xu et al. observed that among insect symbionts, fungi isolated from the termite species Odontotermes formosanus demonstrated a great diversity and revealed the association with different bacterial symbionts. Moreover, the fungal metabolites exhibited antimicrobial activities when used in combination both as crude extracts and when applied as purified compounds. These results demonstrated that insect symbionts may represent a powerful source of novel species useful in agriculture or for drug discovery.



NOVEL BIOFORMULATIONS FOR APPLICATIONS IN AGRICULTURE

Trichoderma spp. are well-known examples of BCAs used as active ingredients of many plant protection products for agriculture and are also known for their ability to promote plant growth and/or induce disease resistance (Woo et al., 2014; Woo and Pepe, 2018). Besides the continuous search for novel effective natural strains, numerous efforts have been carried out to obtain modified microbial isolates with improved abilities compared to wild type strains, produced by using processes including UV radiation or chemical mutagenesis (Papavizas et al., 1982). Mukherjee et al. developed a novel seed dressing formulation based on a T. virens mutant (named G2) obtained by gamma-ray-induced mutagenesis. In comparison to the wild-type strain, T. virens G2 revealed a superior ability to contrast pathogens, both in vitro and in greenhouse or field trials. Transcriptome analysis revealed an up-regulation of genes involved in the synthesis of SMs. The proposed formulation consisted of the T. virens G2, tamarind seeds as a fermentation medium and talcum powder as a carrier and demonstrated a better efficacy in controlling Sclerotium rolfsii in chickpea and lentil production. In addition, it exerted multiple beneficial effects on plant, but it did not have toxic effects on mammals, birds or fish. Commercial formulations of Trichoderma spp. have been also tested as systemic resistance inducers of plants attacked by the parasitic nematode Meloidogyne incognita. Pocurull et al., in agreement with previous studies (de Medeiros et al., 2017; Martínez-Medina et al., 2017), showed that T. asperellum T34 and T. harzianum T22 induced resistance in tomato plants against M. incognita. Interestingly, the resistance was also induced in tomato bearing the Mi-1.2 root-knot nematode resistance gene, and this protective effect was additive to that observed in T34-inoculated plants. In the review by Poveda et al., Trichoderma, mycorrhizal and endophytic fungi were indicated as the main filamentous fungi used as BCAs or resistance inducers against plant-parasitic nematodes. Different mechanisms of action were discussed that were differentiated according to each group of fungi, including those employing the production of SMs and lytic enzymes, the competition for space and nutrients, or direct parasitism; and those relying on the activation of plant defense mechanisms, such as the activation of SAR and ISR, modification of root exudates composition, or production of strigolactones. The wide diversity of mechanisms used by this consortium of microorganisms may represent a valid durable strategy for the control of plant-parasitic nematodes, but several issues (e.g., the influence of local environment and the results in field experiments) require further investigations before BCA applications may be used effectively in nematode-control of a particular crop.

Romano et al. isolated and characterized plant growth-promoting bacteria (PGPB) from the rhizosphere of wheat plants cultivated under abiotic stresses as plant probiotics. Two isolates of Kosakonia pseudosacchari TL8 and TL13 were identified that showed multiple plant growth promotion activities as well as antimicrobial activity and stress tolerance. TL13, the best PGP performer, was selected to develop a novel microbial-based formulation obtained using agro-industrial by-products as carbon source. This permits a reduction of costs and the development of an eco-sustainable inoculant, resulting in an eco-friendly, easy and economically advantageous approach to manage by-products.



ECOLOGY AND FUNCTIONALITY OF PLANT-SOIL MICROBIAL COMMUNITY

Complex interactions are established in the soil microbial community with plant roots and soil components, that significantly influence plant growth and resistance toward multiple stresses (Vishwakarma et al., 2020). Understanding the processes in the rhizosphere, as well as unraveling the composition and biological functions of the plant-root microbiome becomes essential, since recent evidence has confirmed that host plants and their associated microbes function as metaorganisms or holobionts (Hacquard, 2016).

Rhizosphere microbial community structures is continuously adapting to the environment, particularly to the agronomic practices. Bacterial and fungal community structures were strongly affected by soil and soilless cultivation systems of tomato plants subjected to different fertilization strategies (Grunert et al.). In both cultivation systems, similar plant performance was observed, but multivariate analysis showed that physicochemical characteristics (e.g., plant length, pH, phosphorous, ammonium, potassium, etc.) changed and altered mainly the bacterial community composition. These results may offer novel opportunities for designing tailored fertilizers applicable to sustainable agriculture.

The development of novel bio-formulations also requires an in-depth study of the molecular factors regulating plant-microbe interactions and to possibly unravel the interactive mechanisms occurring in the rhizosphere (Vishwakarma et al., 2020). In the study by Pachauri et al. the characterization of the mutant M7 of Trichoderma virens, previously obtained by gamma-ray induced mutagenesis, showing morphological and metabolic deficiencies compared to the wild-type strain (Mukherjee et al., 2006), was completed. Transcriptome analysis showed that several genes involved in secondary metabolism, carbohydrate metabolism, hydrophobicity, and transportation were down-regulated in M7. In addition, a genetic deletion comprising a total of 250 kb, including 71 predicted ORFs, was found by whole genome sequencing. This approach could help in the identification of novel regulators resulting in the beneficial traits of Trichoderma fungi.

Despite the importance of plant-fungus interactions, the molecular factors involved in the regulation of these systems are not fully understood. By using the filamentous fungus Neurospora crassa as a model organism to study plant-fungal relationships, Martins et al. demonstrated that the deletion of the gene encoding the zinc finger transcription factor PAC-3, regulated by ambient pH, affected numerous physiological functions, including adaptation to nutritional conditions, regulation of virulence, or regulating the expression of genes associated with structural and metabolic features. These findings highlighted the pivotal role of PAC-3 as regulatory mediator involved in fungal pathogenesis.



CONCLUSION

Currently, the most active research field of investigating integrated pest management strategies is the development of sustainable and eco-efficient approaches for plant disease control. The commercial development of a microbial formulation requires several steps including: isolation, identification and characterization of selected microbes and their biological activity; the optimization of fermentation processes, storage conditions, and the development of the formulation; the registration through opportune patenting, and commercialization (Montesinos, 2003). The articles included in this Research Topic cover different aspects of the interactions occurring in agroecosystems between plants and microbes that will facilitate the implementation of novel sustainable strategies for plant defense.
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Secondary metabolite biosynthesis in medicinal plants is multi-step cascade known to be modulated by associated endophytes. While a single endophyte is not able to upregulate all biosynthetic steps, limiting maximum yield achievement. Therefore to compliment the deficient characteristics in an endophyte we tried consortium of endophytes to achieve maximum yield. Here, efforts were made to maximize the in planta morphine yield, using consortium of two endophytes; SM1B (Acinetobacter sp.) upregulating most of the genes of morphine biosynthesis except T6ODM and CODM, and SM3B (Marmoricola sp.) upregulating T6ODM and CODM in alkaloid-less Papaver somniferum cv. Sujata. Consortium-inoculation significantly increased morphine and thebaine content, and also increased the photosynthetic efficiency of poppy plants resulted in increased biomass, capsule weight, and seed yields compared to single-inoculation. The increment in morphine content was due to the modulation of metabolic-flow of key intermediates including reticuline and thebaine, via upregulating pertinent biosynthetic genes and enhanced expression of COR, key gene for morphine biosynthesis. This is the first report demonstrating the endophytic-consortium complimenting the functional deficiency of one endophyte by another for upregulating multiple genes of a metabolic pathway similar to transgenics (overexpressing multiple genes) for obtaining enhanced yield of pharmaceutically important metabolites.
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INTRODUCTION

Increasing populations have threatened food security due to the availability of limited land for cultivation. Moreover, changing environmental conditions are also causing a considerable reduction in the crop productivity. It is estimated that by the year 2050, the world population may reach nine billion. Therefore, to satisfy the needs of the growing population diverse approaches have been tried to increase the food production at the same or even higher rates. Developing transgenics has so far received foremost attention by introducing desired traits to produce the desired product and improving the productivity in normal as well as changing environmental conditions including cultivation under biotic and abiotic stresses. Plant yield and tolerance to different environmental stresses are polygenic traits and regulated by multiple genes (Bohnert et al., 2006). Therefore, integration/expression/genetic manipulation of more than one genes in a plant became the preferred choice for improvement of plant yield and performance under stressful environmental conditions. However, these practices have limitations related to production cost, social acceptability, and sustainability (Halpin, 2005). Therefore, besides developing transgenic plants, alternate sustainable approaches need to be explored for achieving maximum plant yield.

Endophytes have emerged as a promising candidate for sustainable agriculture. Endophytes are plant-associated microbes residing within the plant without harming or causing any disease symptoms. They promote plant growth, protect plants from environmental stresses and are the promising source of therapeutic secondary metabolites (Kuklinsky-Sobral et al., 2004; Strobel et al., 2004; Waller et al., 2005; Rodriguez et al., 2008; Staniek et al., 2008; Kusari et al., 2012; Quecine et al., 2012; Otieno et al., 2015; Egamberdieva et al., 2017). Involvement of endophytes in the modulation of secondary metabolite biosynthesis of the host plant has also been established (Pandey et al., 2016a,b, 2018). Bacterial endophyte interaction with E. purpurea enhances its secondary metabolites which contributes to therapeutic properties of this medicinal plant (Maggini et al., 2017). An Artemisia annua endophytic actinobacterium Pseudonocardia strain YIM 63111 has been able to induce artemisinin production by upregulating the genes of artemisinin biosynthetic pathway, i.e., cytochrome P450 monooxygenase and cytochrome P450 oxidoreductase (Li et al., 2012). Also role of microbial community present in the cortical parenchymatous tissue of Vetiver in essential oil biosynthesis has been reported (Del Giudice et al., 2008). Inoculation with bacterial endophytes increases biomass and in planta content of terpenoid indole alkaloids like vindoline in Catharanthus roseus (Tiwari et al., 2013). Paenibacillus strain has been found to strongly influence the plant metabolites of in-vitro grown poplar plants (Scherling et al., 2009). Interestingly, endophytes are also able to produce secondary metabolites analogous to their host plants, e.g., camptothecin and analogs (Shweta et al., 2010), taxol (Soliman et al., 2011), vincristine, and vinblastine (Kumar et al., 2013). Fungal endophytes as symbiotically modified organism (SMO) have also been used to improve grass yield, provide resistance against pests, weeds and herbivores by accumulation of alkaloids and antioxidants (Gundel et al., 2013, 2018). It has been demonstrated in our laboratory that endophytes are involved in the improvement of the content of vindoline (intermediate for the biosynthesis of anticancerous vinblastine and vincristine) in Catharanthus roseus (Pandey et al., 2016a), withanolides in Withania somnifera (Pandey et al., 2018), and benzylisoquinoline alkaloids (BIAs) in Papaver somniferum (Pandey et al., 2016b). Previous studies have also demonstrated the diverse role of endophytes in a host plant (Di Fiore and Del Gallo, 1995; Saikkonen et al., 1998; Singh et al., 2011;Hardoim et al., 2015; Pandey et al., 2016a,b, 2018). Every endophyte has a specific characteristic, up/down-regulating certain specific genes responsible for plant growth, yield, and modulation of secondary metabolite biosynthesis. Although reports signifying the role of a particular endophyte modulating a single functional characteristic like growth promotion or disease resistance, stress tolerance or enhance secondary metabolite production are available, but the information on the possibility of strengthening multiple functional characteristics through the use of consortium is scarce. Therefore, the use of consortium of endophytes having different functional characteristics should be explored to maximize the yields and desired products.

Here, we demonstrated the use of consortium of selected endophytes associated with the capsule of opium poppy plant which is the site for BIA biosynthesis to maximize the yield of pharmaceutically important metabolite morphine. Opium poppy is an important medicinal plant and sole source of therapeutically important BIAs such as morphine, codeine, thebaine, papaverine, noscapine, and sanguinarine. Morphine belongs to the group “opioids” which are key drugs for the alleviation of moderate-to-severe acute pain associated with cancer and other diseases or after any surgery or physical trauma (Rosenblum et al., 2008; Whittle et al., 2011).

Previously we have established that the opium poppy has potential endophytes which can enhance in planta BIA biosynthesis. We demonstrated that different endophytes are associated with different parts of poppy plants performing an important role in a tissue-specific manner. In general, endophytes related with leaf were involved in modulating photosynthetic efficiency and endophytes associated with the capsule were drawn in modulating the BIA-biosynthesis of the poppy plant. It was observed that endophytes SM1B and SM3B isolated from capsule of alkaloid rich Sampada were unable to enhance the BIA production in P. somniferum cv. Sampada plants. However, these capsule-associated endophytes were able to increase the production of BIAs in alkaloid-less cv. Sujata. The cv. Sujata was developed from alkaloid-rich cv. Sampada with the aim to convert a narcotic “opium poppy” (i.e., cv. Sampada) into non-narcotic seed poppy (i.e., cv. Sujata) using gamma rays and EMS (ethyl methane sulphonate) (Sharma et al., 1999). The cv. Sujata is considered to be having the potential for commercial cultivation of seeds due to high nutritive value of 24% protein, >58% oil with high unsaturated fatty acids makes it a safe and potential food crop having protein rich seeds (Sharma et al., 2002). Previously we have established that the individual inoculation with endophytes SM1B and SM3B increased biomass upto 44% in cv. Sujata. SM1B inoculation in cv. Sujata plants increased content of Morphine by 1044%, Papaverine by 349% and Noscapine by 936%, and SM3B inoculation increased Morphine by 37%, Papaverine by 66%, Noscapine by 72%, and Thebiane by 154% (Pandey et al., 2016b). It was observed that endophyte SM1B could upregulate most of the genes of BIA biosynthesis except thebaine 6-O-demethylase (T6ODM) and codeine O-demethylase (CODM) (Pandey et al., 2016b). However, we could also identify another endophyte SM3B that was able to upregulate T6ODM and CODM expression. We, therefore, expected that the consortium of SM1B and SM3B will lead to the overexpression of all BIA biosynthetic pathway genes simultaneously and will produce more morphine than single inoculation. Here, efforts were made to maximize morphine yield using the consortium of two capsule-associated endophytes SM1B (Acinetobacter sp.) and SM3B (Marmoricola sp.) in the poppy plant by upregulating different genes of BIA biosynthesis.



MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of Papaver somniferum cv. Sujata was obtained from the National Gene Bank for Medicinal and Aromatic Plants at CSIR-CIMAP, Lucknow. Poppy plants were grown in pots filled with 3.5 kg of autoclaved soil and vermicompost mixture (2:1, v/v) having dimension (17 cm height × 22 cm top diameter × 12 cm bottom diameter and 3.7 l volume) and irrigated with sterile water with an ordinary photoperiod in a greenhouse under natural light intensity at 20°C ± 2°C.

Antagonistic Activity of Endophytes

Antagonistic activity of both the selected endophytes was tested by in vitro antimicrobial assay. For this, the disc diffusion method of Bhunia et al. (1988) was followed with some modifications. SM1B and SM3B both were grown in nutrient broth for 24 h at 28°C. The final concentration of each bacterium was adjusted to 106 CFU/ml. 100 μl 106 CFU/ml cell suspension was spread on nutrient agar media and leave the plates to get dried on room temperature (Tajehmiri et al., 2014). The sterile paper disc (6 mm) were placed over nutrient agar media plates, seeded with indicator strains. Hundred microliter of culture was added to the sterile paper disc and incubated at 28°C for 48 h. After incubation, antagonistic activity was observed around the paper disc. As there was no zone of inhibition around the paper disc and both the bacteria were growing with each other which confers that there is no antagonistic activity between the two bacterial strains and they synergistically performed their function.

Endophyte Inoculation

For consortium development individual suspension (1 × 108 CFU ml−1) of the two endophytes (SM1B and SM3B) was prepared in PBS and were mixed at a CFU of 1 × 108ml−1 microbes each in 5 ml culture prepared in PBS. Endophyte-free seeds were treated by putting them in consortium suspension for 2 h and then used for sowing in pots. Pots were kept in the controlled condition in greenhouse. For each treatment the experiment was conducted in triplicates. Initially, there were 25 seeds sown in each pot, and when the seeds grown for 2 weeks. Only five healthy seedlings were kept in each pot. In order to boost up the soil with sufficient inoculum of endophyte, to ensure their presence in the soil. The pots were again inoculated with 10 ml pot−1 of the endophyte suspension (1 × 108 CFU ml−1). To make certain the presence of adequate numbers of endophyte in the soil, pots were inoculated for a second time after 2 weeks of germination of seeds. PBS was used in place of endophyte suspension in case of the control plants (uninoculated). To confirm the presence of specific endophytes, re-isolation of endophyte has been done from various parts of poppy plants at 60 days stage. No endophytes were found to be present at any stage from the uninoculated endophyte-free control plants. SM1B and SM3B inoculated plants (individual inoculation) were grown simultaneously with the consortium-inoculated (SM1B and SM3B) plants.

Colonization of Endophytes

Endophyte colonization was inspected in the capsule of poppy plants in triplicates after 90 days of growth. Tissues were surface sterilized and sterility check was performed as illustrated previously (Pandey et al., 2016b). Under sterile conditions, the surface sterilized tissues were thoroughly macerated, and serial dilutions were plated on nutrient agar with three replications each. The plates were then incubated at 28°C for 24–72 h and then the CFU were estimated. The obtained colonies were confirmed by the morphological characteristics followed by 16S rRNA sequencing.

Photosynthetic Pigment Content, Photosynthetic Rate, Stomatal Conductance, Transpiration Rate

Photosynthetic pigment (Chlorophyll) content and photosynthetic efficiency of fully expanded leaves (third from the top) of 60 days poppy plants (n = 6) were measured. Chlorophyll extraction was performed in chilled methanol, and the content was estimated (Lichtenthaler and Buschmann, 2001). Photosynthetic efficiency (net CO2 assimilation, transpiration rate and stomatal conductance) was measured in the attached leaves (third from the top) using the Portable Photosynthesis System (CIRAS-3, PP System, United States) attached with the Chlorophyll fluorescence module (CFM-3). For photosynthesis measurement, CO2 concentration in leaf cuvette was maintained at ambient CO2 (400 ppm), temperature (25°C) and 400 μmol photons m−2 s−1 light.

Biomass, Capsule Weight, and Seed Yield

Biomass of 60 days old poppy plant (n = 6) was measured by harvesting the entire shoots and dried at 70°C for 5 days, and their dry weights were measured. Capsule weight and seed yield were measured from 120 days mature poppy plants.

Benzylisoquinoline Alkaloids

BIAs analysis was performed from the capsules of 120 days old poppy plants. Capsules were completely dried and ground to fine powder. Powdered samples (1 g) were extracted three times in 100% methanol (30 ml) with 20 min sonication at 42°C. Extract was filtered through Whatman Number 1 filter paper and then the filtrates were concentrated in Rotavapour, dried, and re-dissolved in methanol. BIAs (morphine, codeine, thebaine, papaverine, noscapine and reticuline) were analyzed by isocratic reverse-phase HPLC using phosphate buffer (0.1 M NaH2PO4.2H2O, pH 3.5, 77%, v/v) and acetonitrile (23%, v/v), sample injection volume of 20 μl, at flow rate of 1.0 ml min−1 on Phenomenex, Luna C18 column®, Waters (4.6 × 250 mm, 5 μm). The analysis was performed with Empower Pro software (Waters, United States). Photodiode array data acquisition was in the range of 200–400 nm and the quantitation was done at 240 nm. Peaks of analyzed alkaloids were identified by comparing their retention times with commercially available authentic standards. Noscapine and reticuline were purchased from Sigma-Aldrich, St. Louis, United States. Morphine, codeine, thebaine and papaverine were gifted from CSIR-National Botanical Research Institute, Lucknow. The data was an average of two independent quantifications repeated in three biological replicates (n = 6).

qRT-PCR Analysis

Total RNA was isolated from the green capsule of un-inoculated endophyte-free control and endophytes-inoculated 90 days old poppy plants by using TRI-reagent (Sigma-Aldrich). RNA quantification was done using NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). Genomic-DNA contamination in the total RNA preparation was eliminated using RNase-free DNase I enzyme (Thermo Scientific). First-strand cDNA synthesis was performed with ∼5 μg of total RNA using the RevertAid First Strand cDNA Synthesis Kit with oligo(dT)18 primer (Thermo Scientific) following the manufacturer’s instructions. Previously described gene-specific primers were used for the analysis of relative quantification of 16 biosynthetic gene transcripts involved in BIA biosynthetic pathway (Pandey et al., 2016b). qRT-PCR was performed using SYBR-Green I detection on triplicate technical replicates of triplicate biological samples (n = 3) on an Applied Biosystems StepOnePlusTM Real-Time PCR System as described previously (Pandey et al., 2016b). PCR mixture contains 1 μl of 10 times diluted cDNA synthesis reaction, 300 nM each forward and reverse primers and 5 μl Power SYBR Green PCR Master Mix (Applied Biosystems), in a 10 μl reaction volume. PCR conditions were maintained at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s each and annealing at 60°C for 1 min each. The intensities of fluorescent signal were recorded on an Applied Biosystems StepOnePlusTM Real Time PCR System and analysis were carried out using StepOne software (Applied Biosystems). Specificity of RT-qPCR was evaluated by using the dissociation method (Applied Biosystems) subjecting all amplicons to a melt-curve analysis. The threshold cycle (Ct) for each gene was normalized against the Ct for β-actin (EB740770) of opium poppy, which was used as the endogenous reference transcript. Further, Mean Ct values were calculated from technical triplicates, and the relative levels of transcripts of different genes. BIAs biosynthetic genes in endophyte-inoculated plants were compared with the calibrator (non-inoculated control plant) using the relative quantification 2−ΔΔCt method and efficiency of PCR was also determined by the method of Livak and Schmittgen (2001) and Schmittgen and Livak (2008). For amplification serially diluted cDNA was used as template for different target genes and reference gene. To determine ΔCt (Ct target – Ct reference) the average Ct was calculated for both target gene and reference gene. A plot of the log cDNA dilution versus ΔCt was drawn, and the absolute value of the slope were found to be near zero for all the target genes that showed that the efficiencies of the target and reference genes were quite similar. Therefore, relative quantification 2−ΔΔCt method was applied to analyze the data (Livak and Schmittgen, 2001).

Statistical Analysis

Statistical analysis of data was carried out following ANOVA analysis of variance, suitable to completely randomized design (CRD), using SPSS (IBM, Chicago, IL, United States). Comparisons between means were carried out using Duncan’s multiple range tests at a significance level of P ≤ 0.05.



RESULTS

Antagonistic Activity of Endophytes and Their Colonization in the Capsule of Poppy Plants

Antagonistic activity of SM1B and SM3B was tested. It was observed that both endophytes grew well together and did not inhibit the growth of each other (Supplementary Figure S1). Colonization of SM1B and SM3B endophytes was determined in the capsule of poppy plant inoculated with SM1B and SM3B individually as well as a consortium of SM1B and SM3B. It was observed that both endophytes could successfully colonize the capsule of P. somniferum plant (Figure 1). Colonization of SM1B was reduced in the poppy plants inoculated with a consortium of SM1B and SM3B compared to individual inoculation of SM1B. However, the colonization of SM3B was found to be similar in both individual (SM3B), and consortium inoculated plants (Supplementary Table S1).
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FIGURE 1. Colonization of endophytes in the capsule of Papaver somniferum plants. CFU- colony forming unit. Values are the mean ± SE of three replicates (n = 3). Different letters (a–b) indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).



Effect of a Consortium of Endophytes on Photosynthetic Efficiency of the Plant

Photosynthetic efficiency of plants was studied by measuring the chlorophyll content, net CO2 assimilation rate, stomatal conductance, and transpiration rate. Application of endophytic consortium improved the measured parameters. Inoculation with the consortium of SM1B and SM3B in P. somniferum plants increased chlorophyll content, net CO2 assimilation rate, stomatal conductance, and transpiration rate by 27.1, 25.8, 39.3, and 46.5%, respectively, compared to endophyte-free control plants (Table 1). Individual inoculation of SM1B could increase the chlorophyll (21.43%), net CO2 assimilation rate (15.63%), stomatal conductance (30.36%), and transpiration rate (21.81%), however, SM3B inoculation could only increase the chlorophyll content (17.14%).

TABLE 1. Effect of inoculation of consortium of endophytes on different physiological parameters of Papaver somniferum plant.
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Effect of a Consortium of Endophytes on Biomass, Capsule Weight, and Seed Yield

Application of consortium of endophytes significantly enhanced the biomass, capsule weight and seed yield of P. somniferum plants. Inoculation with a consortium of SM1B and SM3B increased the biomass of P. somniferum plant by 75% compared to endophyte-free control plants (Table 1). Consortium inoculated plants also had 66.4% higher capsule weight than that of endophyte-free control plants. More importantly, the consortium of endophytes could enhance the yield of seeds, another economic part of the plant, by 78.8% over control (Table 1). Individual inoculation (SM1B) could only increase the biomass by 31.7%, capsule weight by 30.3% and seed yield by 26.9% which was considerably lower than the consortium inoculated plants. However, SM3B inoculation could only increase the biomass (13.3%) (Table 1).

Effect of a Consortium of Endophytes on Alkaloid Content

To study the impact of a consortium of endophytes on BIA production, the content of morphine, codeine, thebaine, papaverine, and noscapine was estimated in the capsule of individual, consortium inoculated and non-inoculated endophyte-free control poppy plants (Figure 2). Consortium inoculation increased the content of morphine content (2250%) than that of endophyte-free control plants. Consortium inoculation also increased papaverine and noscapine content by 36.4 and 53.3%, respectively.
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FIGURE 2. Effect of endophytes inoculation on the alkaloid content of Papaver somniferum. Morphine (A), codeine (B), thebaine (C), papaverine (D), and noscapine (E) content was measured from the dried capsule of 120 days old P. somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B). Non-inoculated endophyte free plants were used as a control. The data was an average of two independent quantifications repeated in three biological replicates (n = 6) and represented in % content/gram of dry weight (DW). Error bars represent standard errors. Different letters (a–d) indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).



Individual inoculation of SM1B and SM3B could increase the morphine (200–1150%) which was considerably lower than consortium inoculated plants; also an increase in the content of papaverine (27.3–263.6%) and noscapine (226.7–886.7%) was noticed over non-inoculated plants. Although consortium inoculated plants, had 1067% higher thebaine than that of endophyte-free control plants, inoculation of SM3B could enhance thebaine content only by 483% whereas inoculation SM1B did not affect the thebaine content. Individual inoculation of both the endophytes as well as consortium, on the other hand, decreased the content of codeine (17.6–98.9%).

Reticuline content was also found to be affected with the endophyte inoculations. Reticuline was not detected in SM1B-inoculated plants. However, SM3B-inoculated plants had a higher accumulation of reticuline compared to endophyte-free control plants (Figure 3). Consortium-inoculated plants had lower reticuline accumulation than that of SM3B, however, content was higher than that of endophyte-free control plants (Supplementary Table S2).
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FIGURE 3. Effect of endophytes inoculation on the reticuline content of Papaver somniferum. Reticuline was measured from the dried capsule of 120 days old P. somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B). Non-inoculated endophyte free plants were used as a control. The data was an average of two independent quantifications repeated in three biological replicates (n = 6) and represented in % content/gram of dry weight (DW). Error bars represent standard errors. Different letters (a–c) indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05). nd, not detected.



Expression of Genes of BIA Biosynthesis

To understand the mechanism of endophytes consortium-mediated increase in morphine content the expression of different genes of BIA biosynthesis was quantified using qRT-PCR. Transcript of a total of 16 genes was quantified. Results were normalized to endogenous gene of opium poppy reference transcript (β-actin) and are presented relative to the level in non-inoculated endophyte-free control plants (calibrator). RQ was calculated using the equation; RQ = 2−ΔΔCt. Expression of TyrAT was not affected significantly due to the individual as well as consortium inoculations. The expression of TYDC, NCS, and 6OMT in the consortium-inoculated plants was 4.4-, 5.3-, and 7.6-fold higher compared to non-inoculated endophyte-free control plants, respectively (Figure 4). Contrary, SM1B alone inoculated plants had only 2.5- and 3.2-fold higher expression of TYDC and NCS, respectively, while SM3B inoculation did not affect their expression significantly. 6OMT expression was lower in individual inoculated plants compared to consortium inoculated plants. Expression of CNMT and NMCH in consortium-inoculated plants was 8.9- and 9.2-fold higher than that of endophyte-free control plants, respectively (Figure 4). Individual inoculation of SM1B and SM3B could also increase the expression of CNMT (5.9–7.3-fold) and NMCH (4.2–6.3-fold), but the increment was lower compared to consortium inoculation.
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FIGURE 4. Effect of endophytes inoculation on the expression of genes involved in reticuline biosynthesis. Total RNA was isolated from the green capsule of 90 days old P. somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B), reverse transcribed and used as a template for RT-qPCR with SYBR Green detection. The capsules of non-inoculated endophyte free plants were used as a control. Expression of TyrAT (A), TYDC (B), NCS (C), 6OMT (D), CNMT (E), NMCH (F) was analyzed. Results were normalized to actin (reference transcript) and are shown relative to the level in non-inoculated endophyte free control plants (calibrator). qRT-PCR was performed on triplicate technical replicates of triplicate biological samples (n = 3). Data are means ± SE (n = 3 biological replicates) and Y-axis represents relative quantity (RQ). RQ was calculated using the equation; RQ = 2−ΔΔCt. Different letters (a–d) indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).



Expression of genes involved in papaverine biosynthesis, i.e., N7OMT and 7OMT was increased by 7.2- and 2.6-fold, in consortium-inoculated plants, respectively (Figure 5). Individual inoculation could also upregulate N7OMT and 7OMT expression but were lower than that of consortium inoculated plants. In consortium-inoculated plants expression of genes involved in noscapine biosynthesis, i.e., BBE and TNMT was increased by 5.3- and 7.3-fold, respectively (Figure 5) whereas individual-inoculation could also increase BBE (5.5–11.8-fold) and TNMT (4.5–8-fold) expression.
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FIGURE 5. Effect of endophytes inoculation on the expression of genes involved in papaverine and noscapine biosynthesis. Total RNA was isolated from the green capsule of 90 days old P. somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B), reverse transcribed and used as a template for RT-qPCR with SYBR Green detection. The capsules of non-inoculated endophyte free plants were used as a control. Expression of genes involved in papaverine biosynthesis N7OMT (A), 7OMT (B) and noscapine biosynthesis BBE (C), TNMT (D) was analyzed. Results were normalized to actin (reference transcript) and are shown relative to the level in non-inoculated endophyte free control plants (calibrator). qRT-PCR was performed on triplicate technical replicates of triplicate biological samples (n = 3). Data are means ± SE (n = 3 biological replicates) and Y-axis represents relative quantity (RQ). RQ was calculated using the equation; RQ = 2−ΔΔCt. Different letters (a–d) indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).



The increment in the expression of SalSyn, SalR, and SalAT mediated by consortium inoculation was higher than the individual endophyte inoculation (Figure 6). Consortium-inoculated plants had 7.0-, 5.9-, and 6.4-fold higher SalSyn, SalR, and SalAT expression compared to non-inoculated endophyte-free control plants. Individual inoculation of SM1B and SM3B could increase the expression of SalSyn (2.8–5.8-fold), SalR (2.7–2.8-fold) and SalAT (3.6-fold) to lower levels only. The consortium-inoculated plants and SM1B inoculated plants had reduced expression of T6ODM, however, SM3B inoculated plants had 2.4-fold higher T6ODM expression compare to endophyte-free control plants (Figure 6). Expression of CODM was not affected significantly due to the consortium- and SM1B-inoculation. However, SM3B inoculated plants had almost twofold higher CODM expression than the endophyte-free control plants, SM1B and consortium inoculated plants (Figure 6). Expression of COR, considered to be the most critical regulatory gene, was 2.3-fold higher in the consortium- inoculated plants whereas SM1B alone could increase it to the level of 0.9-folds only and SM3B inoculation reduced COR expression compare to endophyte-free control (Figure 6). Upregulation of multiple genes involved in morphine biosynthesis due to inoculation of a consortium of endophytes is represented in Figure 7 (Supplementary Table S3).


[image: image]

FIGURE 6. Effect of endophytes inoculation on the expression of genes involved in morphine biosynthesis. Total RNA was isolated from the green capsule of 90 days old P. somniferum plants inoculated with endophytes SM1B and SM3B individually, and in the form of consortium (SM1B+SM3B), reverse transcribed and used as a template for RT-qPCR with SYBR Green detection. The capsules of non-inoculated endophyte free plants were used as a control. Expression of SalSyn (A), SalR (B), SalAT (C), T6ODM (D), CODM (E), COR (F) was analyzed. Results were normalized to actin (reference transcript) and are shown relative to the level in non-inoculated endophyte free control plants (calibrator). qRT-PCR was performed on triplicate technical replicates of triplicate biological samples (n = 3). Data are means ± SE (n = 3 biological replicates) and Y-axis represents relative quantity (RQ). RQ was calculated using the equation; RQ = 2−ΔΔCt. Different letters (a–d) indicate statistically significant differences between treatments (Duncan’s multiple range test P < 0.05).
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FIGURE 7. Upregulation of multiple genes involved in morphine biosynthesis due to inoculation of a consortium of endophytes. SM1B (Acinetobacter) endophytes upregulated the expression of most of the genes of BIAs pathway except T6ODM and CODM whereas SM3B (Marmoricola sp.) inoculation upregulated the T6ODM and CODM. Consortium-inoculation (SM1B+SM3B) could enhance the morphine production by upregulating, the expression of most of the BIA biosynthetic genes (TYDC, NCS, 6OMT, CNMT, NMCH, SalSyn, SalR, SalAT, COR) involved in morphine biosynthesis to a greater extent, than that of single-inoculations. Expression of different genes was presented in square boxes. Red color of boxes indicate upregulated expression (intensity of red color shows the level of expression, i.e., more red more expression and vice versa), yellow color shows the level of expression in non-inoculated endophyte free control plants and light yellow color shows downregulated expression. Enzyme abbreviations: TyrAT, tyrosine aminotransferase; TYDC, tyrosine/ dopa decarboxylase; NCS, norcoclaurine synthase; 6OMT, (S)-norcoclaurine 6-O-methyltransferase; CNMT, (S)- coclaurine N-methyltransferase; NMCH, (S)-N-methylcoclaurine 3-hydroxylase; 4-OMT, (S)-30-hydroxy-N-methylcoclaurine 4-O-methyltransferase; DRS, 1,2-dehydroreticuline synthase; SalSyn, salutaridine synthase; SalR, salutaridine reductase; SalAT, salutaridinol 7-O-acetyltransferase; T6ODM, thebaine 6-O-demethylase; COR, codeinone reductase; CODM, codeine O-demethylase.





DISCUSSION

Due to limitations related to social acceptability and cost-effectiveness in genetic manipulation approaches such as the development of transgenics by overexpressing single or multiple genes simultaneously, there is a need of an alternate sustainable approach for improvement of crop production and a healthier environment. Microbes associated with plants such as plant growth promoting rhizobacteria (PGPRs) and endophytes have been used as promising candidates for sustainable agriculture. They are found to be involved in improving plant growth and protection from environmental stresses. We have demonstrated that PGPRs and endophytes can protect the plant from environmental stresses by modulating the phytohormone status of plants and by modulating the expression of stress-responsive genes (Bharti et al., 2016; Barnawal et al., 2016, 2017). Also, endophytes residing in most of the parts of the plant including root, stem, leaves, seeds, fruits, flower, and found to perform the tissue-specific function may also modulate primary and secondary metabolism of a plant (Pandey et al., 2016a). Endophytes are considered better candidates than PGPR because they function residing inside the plant and therefore, they do not face any competition with the resident soil microorganisms and also escape from the surrounding harsh environmental conditions. Diverse endophytes are available with specific characteristics related to growth promotion ability and stress tolerance such as an ability of nutrient acquisition, nitrogen fixation, phosphate solubilization, ACC-deaminase production, phytohormone production and suppression of plant pathogens that make them useful for improvement of plant growth and for providing tolerance to environmental stresses. A single endophyte may not be able to carry said multiple growth promotion activities. Therefore, to obtain maximum growth and crop yield consortium of endophytes having different characteristics will be a better approach than single-endophyte inoculation.

Previously, we have demonstrated that inoculation of an endophyte of opium poppy SM1B (Acinetobacter sp.) which was isolated from the capsule of an alkaloid-rich cultivar of P. somniferum (cv. Sampada) enhanced morphine content substantially in alkaloid-less cv. Sujata. However, the accumulation of intermediates of morphine synthesis; thebaine and codeine was very low in SM1B-inoculated plants (Pandey et al., 2016b). Also, another endophyte SM3B (Marmoricola sp.) inoculation could not increase the morphine content significantly, but substantially increased the thebaine (another important alkaloid) accumulation compared to endophyte-free control plants. Gene expression study of these endophytes (SM1B and SM3B) inoculated plants showed that most of the genes (except T6ODM and CODM) of BIA biosynthesis were upregulated in SM1B-inoculated plants. On the other hand, T6ODM and CODM could be upregulated by SM3B-inoculation. The present study therefore aimed at upregulation of all the genes involved in morphine biosynthesis by inoculating these two endophytes through complementarity. Single-inoculation of these endophytes enhanced the morphine content in a morphine-less cultivar of P. somniferum (cv. Sujata), however, this could not increase up to the level of an alkaloid-rich cultivar of P. somniferum (cv. Sampada) from where these endophytes were isolated. Therefore, the efficacy of combined inoculation of both the endophytes (SM1B and SM3B) in maximizing the production of morphine, was tested in P. somniferum cv. Sujata which is otherwise morphine-less variety.

Both the endophytes (SM1B and SM3B) were able to survive and perpetuate in combination and could colonize successfully in the capsule of the poppy plant when applied as a consortium. However, consortium inoculation slightly reduced the colonization of SM1B compared to individual SM1B inoculation. Consortium inoculation could enhance the growth of P. somniferum cv. Sujata plants compared to individual inoculations by increasing the content of photosynthetic pigments, photosynthetic rate, transpiration rate and stomatal conductance. The increased photosynthetic efficiency of the consortium-inoculated poppy plant could enhance the biomass (73.3%), capsule weight (66%), and seed yield (79%) which was substantially higher than single-inoculation.

Combined-inoculation of SM1B and SM3B could generate higher increments in morphine content compared to individual-inoculations by modulating the utilization of the key intermediates (reticuline and thebaine) of morphine biosynthesis. Enhanced morphine content was due to more thebaine production in consortium inoculated plants (0.07% content gDW−1) compared to individual-inoculation (0.005% content gDW−1 in case of SM1B and 0.035% content gDW−1 in case of SM3B). Higher thebaine production could result in lower accumulation of reticuline (upstream intermediate) in consortium inoculated plants compare to single inoculation of SM3B. However, very low accumulation of reticuline and thebaine indicates complete utilization of these intermediates for morphine biosynthesis in the case of SM1B-inoculated plants.

Consortium-inoculation could enhance the morphine production by upregulating, the expression of most of the BIA biosynthetic genes (TYDC, NCS, 6OMT, CNMT, NMCH, SalSyn, SalR, SalAT, COR) involved in morphine biosynthesis to a greater extent, than that of single-inoculations (Figure 7). Expression of TYDC, NCS, 6OMT, CNMT, NMCH which are the genes upstream to reticuline biosynthesis was higher in consortium inoculated plants, clearly indicating greater flux of BIA biosynthesis toward central intermediate, i.e., reticuline. However, due to the increased expression of SalSyn, SalR, and SalAT (which was higher in consortium-inoculated plants than that of single-inoculation); reticuline accumulation was found to be low than that of SM3B-inoculated plants. Due to higher expression of SalSyn, SalR, and SalAT than that of single inoculation; conversion of reticuline to thebaine was higher, and that could have resulted in more thebaine accumulation in consortium-inoculated plants compared to single-inoculated plants.

Here, we probably for the first time demonstrated that endophytes affecting the host metabolism at gene expression level having different modes/targets of action could be combined to compliment the inability of one endophyte to upregulate certain genes thus improving the biosynthesis of secondary metabolites. Also, by using the consortium of different endophytes with diverse functional growth attributes, we can compliment the functional deficiency of one by another. These endophytes would be a better alternative in place of transgenic plants and also could be explored for the development of designer plants. Here, in the present study, we also established that consortium of selected endophytes could be applied to overexpress multiple genes to increase the plant yield/desired product. The present study was conducted in morphine-less genotype Sujata to establish the role of combined inoculation of endophytes in enhancing morphine, and therefore the magnitude of enhancement was quite high considering very low concentrations inherently present in genotype Sujata. These enhancements, however, might not be possible in morphine/alkaloid rich variety(ies). It is, however, essential to understand the detailed mechanism of action of promising endophytes, and then a combined approach can be applied to attain maximum yields.
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Two novel 3-decalinoyltetramic acid (3DTA) derivatives, namely fusarisetins C and D (1 and 2), and four known derivatives (3–6) were isolated from the marine-derived fungus Fusarium equiseti D39. Their structures were determined by spectroscopic data, vibrational circular dichroism (VCD) calculations, and X-ray crystallography. Compound 2 was identified as the first fusarisetin to possess an unprecedented carbon skeleton with a tetracyclic ring system comprised of a decalin moiety (6/6) and a tetramic acid moiety. A plausible biosynthetic pathway for the isolated compounds was proposed. All 3DTAs derivatives exhibited a potent phytotoxicity, and 5 also displayed a remarkable anti-phytopathogenic activity superior to the positive control resulting in damage of the cell membrane of Pseudomonas syringae and ensuing leakage of the intracellular components. Here, the phytotoxicity of fusarisetins has been reported for the first time. The OSMAC fermentation optimization approach to give 5 was performed by varying the culture media and salinities. The results showed that potato liquid medium with 1% salinity is the most favorable condition for the production of 5.
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INTRODUCTION

3-Decalinoyltetramic acids (3DTAs) are natural products that contain the tetramic acid structure (pyrrolidine-2,4-dione) featuring substituted decalin ring systems (Schobert and Schlenk, 2008; Mo et al., 2014). The most representative compound is equisetin, which was the first member of this family to be identified (Royles, 1995). 3-Decalinoyltetramic acids have been isolated from various terrestrial and marine microorganisms, but mainly from fungi (Mo et al., 2014). These compounds exhibited various notable biological activities, such as antimicrobial, antiviral, cytotoxic, and phytotoxic activities (Schobert and Schlenk, 2008; Mo et al., 2014). In 2011, the biogenetically related compound fusarisetin A, that possesses both an unprecedented carbon skeleton and a new pentacyclic ring system with acinar morphogenesis inhibitory activity, was identified, thereby enriching the structural and biological diversity of 3DTAs (Jang et al., 2012). Thus, due to their intriguing structures and associated biological activities, 3DTAs are gaining growing attention from the communities of biologists and chemists.

Marine fungi are a hotspot for the study of various natural products, as they produce secondary metabolites with novel structures and interesting bioactivities endowed by the unique marine environment (Carroll et al., 2019). However, each microbial strain has the potential to produce multiple compounds, and only subsets of these compounds are produced under specific growth conditions. Based on this, the “one strain many compounds” (OSMAC) culture strategy was conceptualized to increase the chemical diversity and improve the yields of new microbial bioactive compounds by varying the nutrient content, temperature, salinity, aeration, etc. (Romano et al., 2018).

During our ongoing search for novel secondary metabolites with agricultural bioactivities from marine-derived fungi (Huang et al., 2018; Zhao et al., 2018), the fungus Fusarium equiseti D39 (previously numbered as GLY27 and P18), collected from the intertidal zones of the Yellow Sea in Qingdao, China, attracted our attention because the extract of the fungal culture exhibited a strong anti-phytopathogenic activity. Using the bioassay-LCMS-1H NMR screening technology, the HPLC profile and 1H NMR spectrum of the extract of the fungal culture were obtained and found to exhibit distinctive UV-absorption peaks and proton signals corresponding to 3DTAs, while the MS spectrum indicated the presence of some novel 3DTAs. However, only two anthraquinone derivatives were isolated from the fungal cultures (Zhao et al., 2018), thereby prompting further investigations into the metabolome of this fungus to isolate the 3DTAs. Further chemical investigation of the ethyl acetate (EtOAc) extracts led to the isolation of six 3DTAs (Figure 1), including two novel fusarisetins, namely fusarisetins C and D (1 and 2), and the four known compounds fusarisetin B (3), fusarisetin A (4), equisetin (5), and epi-equisetin (6). To the best of our knowledge, only two fusarisetins have been reported as natural products to date (Ahn et al., 2012; Jang et al., 2012). Thus, we herein report the isolation, structural elucidation, and biological activities of these compounds. In addition, to improve the yield of compound 5, fermentation optimization was carried out using the OSMAC approach.
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FIGURE 1. Chemical structures of 1–6.





MATERIALS AND METHODS

General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 digital polarimeter with a 1 dm cell (Jasco, Inc., Easton, MD, United States). UV spectra were recorded on a Techcomp UV2310II spectrophotometer (Techcomp, Ltd., Shanghai, China). IR and vibrational circular dichroism (VCD) spectra were acquired using a BioTools ChiralIR-2X spectrophotometer (BioTools Inc., Olathe, KS, United States). NMR spectra were acquired on an Agilent DD2 500 MHz NMR spectrometer (500 MHz for 1H and 125 MHz for 13C; Agilent Technologies, Santa Clara, CA, United States), using tetramethylsilane (TMS) as an internal standard. Electrospray ionization mass spectrometry (ESIMS) and high resolution ESIMS (HRESIMS) were carried out using a Micromass Q-TOF spectrometer (Waters, Milford, MA, United States) and a Thermo Scientific LTQ Orbitrap XL spectrometer (Thermo Fisher Scientific, Waltham, MA, United States). Single-crystal data were collected on an Aglient Technologies Gemini E Ultra system (Cu Kα radiation) (Agilent Technologies). Semi-preparative HPLC was performed on a C18 (Waters, 5 μm, 10 × 250 mm) column using a Waters e2695 separation module equipped with a Waters 2998 detector (Waters). Silica gel (200–300 mesh; Qing Dao Hai Yang Chemical Group Co., Qingdao, China), octadecylsilyl silica gel (ODS) (RP18, 40–63 μm; Merck, Billerica, MA, United States), and Sephadex LH-20 (GE Healthcare, Pittsburgh, PA, United States) were used for column chromatography. Compounds were monitored by thin layer chromatography (TLC) (G60, F-254; Yan Tai Zi Fu Chemical Group Co., Yantai, China), and spots were visualized by heating the silica gel plates sprayed with 12% H2SO4 in H2O containing saturated vanillins. All the solvents for extraction and isolation were of analytical and HPLC grade.

Fungal Material

The fungal strain F. equiseti D39 was isolated from a piece of fresh tissue obtained from the inner part of an unidentified plant, which was collected from the intertidal zone of the Yellow Sea, Qingdao, China, in July 2016. The fungus was identified according to its morphological characteristics and a molecular protocol by amplification and sequencing of the DNA sequences of the ITS region of the rDNA gene (Zhao et al., 2018). The strain was deposited in the Marine Agriculture Research Center, Tobacco Research Institute of Chinese Academy of Agricultural Sciences, Qingdao, China, with the GenBank (NCBI) accession number KY945342.

Extraction and Isolation

The fungal strain F. equiseti D39 was fermented by solid-state fermentation (SSF) on rice medium in 100 Erlenmeyer flasks (each containing 80 g of rice and 120 mL of H2O) at 28° C for 30 days. The culture medium was extracted three times repeatedly with EtOAc, and the solvent was concentrated under reduced pressure to yield the EtOAc extract (25.8 g). This EtOAc extract was then subjected to vacuum liquid chromatography (VLC) on silica gel using a step gradient elution of EtOAc–petroleum ether (0–100%) and subsequently EtOAc–MeOH (0–100%) to provide six fractions (Fr.1–Fr.6). Fraction 3 was initially fractionated using an ODS gel column with a step gradient elution of MeOH–H2O (30–90%), followed by separation on Sephadex LH-20 CC (CH2Cl2/MeOH, v/v, 1/1) to afford Fr. 3-1–Fr. 3-8. Fraction 3-6 was then purified by reversed phase (RP)-HPLC eluting with 55% MeOH–H2O to obtain compound 1 (5.0 mg). Fraction 4 was separated on silica gel CC (EtOAc/petroleum ether = 20/80 to 100/0) to obtain Fr. 4-1–Fr. 4-5. Fraction 4-2 was applied to an ODS column eluting with 30–90% MeOH–H2O, followed by purification on Sephadex LH-20 CC (CH2Cl2/MeOH, v/v, 1/1) to obtain Fr. 4-2-1–Fr. 4-2-9. Fraction 4-2-6 was further separated by HPLC using 40% MeCN–(H2O + 0.1% TFA) to yield compounds 3 (61.2 mg) and 4 (28.5 mg). Fraction 4-2-7 was purified by HPLC using 55% MeCN–H2O (containing 0.1% TFA) to give compounds 5 (238.2 mg) and 6 (126.5 mg). Fraction 5 was subjected to ODS column chromatography using a gradient elution of 30–80% MeOH–H2O to afford subfractions Fr.5-1–Fr.5-8. Fraction 5-7 was then subjected to chromatography on Sephadex LH-20 (CH2Cl2–MeOH, v/v, 1/1) and finally purified by semipreparative HPLC eluting with 60% MeOH–H2O to give compound 2 (4.0 mg).

Fusarisetin C (1): Colorless crystals; [α]20D +15.0 (c 0.25, MeOH); UV (MeOH) λmax (log ε) 202 (3.42) nm; 1H and 13C NMR data, Tables 1, 2; HRESIMS m/z 372.1825 [M - H]− (calcd for C21H27NO5, 372.1816).

TABLE 1. 1H NMR Data (500 MHz, δ in ppm, J in Hz) and 13C NMR Data (125 MHz, δ in ppm) for 1.
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TABLE 2. 1H NMR Data (500 MHz, δ in ppm, J in Hz) and 13C NMR Data (125 MHz, δ in ppm) for 2.
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Fusarisetin D (2): Colorless oil; [α]20D -9.2 (c 0.13, MeOH); UV (MeOH) λmax (log ε) 200 (3.19) nm; 1H and 13C NMR data, Tables 1, 2; HRESIMS m/z 390.2278 [M + H]+ (calcd for C22H32NO5, 390.2275).

X-ray crystallographic analysis of 1 and 3. Colorless crystals of 1 and 3 were obtained upon evaporation of the CH2Cl2–MeOH (2:1, v/v) solvent mixture by maintaining the sample at 25°C for 3 days. Single-crystal X-ray diffraction data were recorded on a Xcalibur, Eos, Gemini ultra diffractometer at 298 K. The structures were solved by direct methods (SHELXS-2018) and refined using full-matrix least-squares difference Fourier techniques. All non-hydrogen atoms were refined anisotropically, and all hydrogen atoms were placed in idealized positions and refined relatively isotropically with a riding model. Crystallographic data for 1 and 3 were deposited in the Cambridge Crystallographic Data Centre with the deposition numbers 1893702 and 1895292, respectively. Copies of the data can be obtained, free of charge, on application to the Director, CCDC, 12 Union Road, Cambridge CB21EZ, United Kingdom (fax: +44 (0)-1233-336033 or e-mail: deposit@ccdc.cam.ac.uk).

Crystal data for 1: C21H27NO5, Mr = 373.44, monoclinic, a = 12.5780 (12) Å, b = 7.4893 (8) Å, c = 22.119 (2) Å, α = 90.00°, β = 95.281 (10)°, γ = 90.00°, V = 2074.7 (4) Å3, space group C2, Z = 4, Dx = 1.196 mg/m3, μ = 0.694 mm−1, and F(000) = 800. Crystal size: 0.08 mm × 0.07 mm × 0.07 mm. Reflections collected/unique: 6383/2896 [R(int) = 0.0556]. The final indices were R1 = 0.0607, wR2 = 0.1313 [I > 2σ(I)]. Flack parameter = 0.0 (5).

Crystal data for 3: C22H31NO5, Mr = 389.22, monoclinic, a = 10.1548 (5) Å, b = 17.3448 (9) Å, c = 11.9203 (6) Å, α = 90.00°, β = 94.435 (4)°, γ = 90.00°, V = 2093.27 (19) Å3, space group P21, Z = 4, Dx = 1.236 mg/m3, μ = 0.705 mm−1, and F(000) = 840. Crystal size: 0.12 mm × 0.11 mm × 0.11 mm. Reflections collected/unique: 8355/5693 [R(int) = 0.0199]. The final indices were R1 = 0.0459, wR2 = 0.1026 [I > 2σ(I)]. Flack parameter = 0.0 (2).

Phytotoxicity Bioassays

The phytotoxicities of the isolated compounds against the seedling growth of amaranth (Amaranthus retroflexus) and lettuce (Lactuca sativa) were tested using a previously reported method (Zhang et al., 2013; Huang et al., 2018). Glyphosate was used as a positive control with concentrations of 200 and 50 μg/mL, respectively.

Antibacterial and Antifungal Assays

The antibacterial and antifungal activities were evaluated using the conventional broth dilution assay (Appendino et al., 2008; Wang et al., 2016). Five phytopathogenic bacterial strains, including Acidovorax avenae, Clavibacter michiganensis, Pseudomonas syringae, Ralstonia solanacearum, and Xanthomonas campestris, and 12 phytopathogenic fungal strains, including Alternaria alternata, Alternaria brassicicola, Aspergillus niger, Botrytis cinerea, Botryosphaeria dothidea, Colletotrichum sp., Fusarium graminearum, Fusarium oxysporum, Magnaporthe grisea, Pseudopestalotiopsis theae, Rhizoctonia cerealis, and Valsa mali were used. Streptomycin sulfate, carbendazim, and prochloraz were used as positive controls for the bacteria and fungi, respectively.

TEM was performed to evaluate the effects of 5 (MIC and 4 × MIC) on P. syringae according to previously described methods (Liu et al., 2018; Zhao et al., 2018).

Fermentation Optimization

The fungal strain F. equiseti D39 was cultured according to the OSMAC approach (Wang et al., 2017). To prepare the seed culture, a portion of fresh fungal mycelium was inoculated in potato dextrose water (PDW, 200 mL) culture medium with shaking (180 rpm) at 28°C for 3 days. For medium optimization, 500 mL baffled Erlenmeyer flasks, each containing a different medium (250 mL), were inoculated using the seed culture (5 mL) and grown at 28°C for 9 days with shaking (180 rpm). The seven media contained different crops, including carrots, maize kernels, malt, tuberous root of pachyrhizus, peanuts, potatoes, and soybean seeds, and were labeled as crops A–G. A portion of each product (200 g) was then boiled in water for 60 min, and the broth obtained was filtered through gauze. The infusion volume was subsequently adjusted to 1 L by adding distilled water, followed by the addition of glucose (20 g) to obtain the culture media. F. equiseti D39 was fermented in three 500-mL Erlenmeyer flasks each containing 250 mL crops A–G liquid medium and was shaken for 9 days at 28°C and 180 rpm. The culture media (750 mL) were then filtered to separate the broth from the mycelia, the broth samples were extracted three times with equal volumes of EtOAc. The mycelia were extracted twice with CH2Cl2–MeOH (v/v, 1/1), and then extracted three times with EtOAc after concentration. The organic extracts were combined and concentrated under vacuum, in order to get a total extract. The extracts were dissolved in MeCN to a final concentration of 10.0 mg/mL for HPLC analysis.

The production of 5 was estimated by establishing the standard curve between the HPLC peak areas and the concentrations of 5. The standard curve was established using standard solutions of 0.05, 0.1, 0.2, 0.4, 0.6, and 1.0 mg/mL (sample size 10.0 μL) with a flow rate of 1.0 mL/min (MeCN/[H2O + 0.1% TFA], v/v, 60/40) on a C18 (Waters, 5 μm, 4.6 × 250 mm) column using a Waters e2695 separation module equipped with a Waters 2998 photodiode array detector. The linear curve and its fitting equation were established, and the production of 5 was calculated according to the fitting equation.

The optimal culture medium for production of 5 selected among crops A–G was further optimized with reference to salt concentration. In this respect, cultures were prepared in this medium after adjusting salinity at the levels of 1, 3, 5, 7, and 9% by adding natural sea salt. The procedure for determining the optimal fermentation salinity was as that described above.



RESULTS AND DISCUSSION

Chemical Identification of the 3-Decalinoyltetramic Acids

Fusarisetin C (1) was obtained as colorless crystals and assigned the molecular formula C21H27NO5 by HRESIMS, indicating nine degrees of unsaturation (Supplementary Figure S13). The 1H NMR spectrum in CD3OD (Table 1) displayed signals corresponding to two mutually coupled olefinic protons at δH 5.84 (ddd, J = 10.0, 4.5, 2.5 Hz) and 5.59 (d, J = 10.0 Hz), one oxymethine at δH 4.74 (dq, J = 6.5, 2.0 Hz), one N-methyl proton at δH 3.02 (s), two doublet methyl protons at 1.15 (d, J = 6.5 Hz) and 0.94 (d, J = 6.5 Hz), together with one singlet methyl proton at δH 0.98. Additionally, one exchangeable proton signal was observed in DMSO-d6 at δ 8.17 (s), and assigned as a hydroxyl proton (Table 1). The 13C NMR (Table 1) and DEPT spectra in DMSO showed resonances corresponding to three carbonyl groups including one ketone (δC 209.0) and two acylamides (δC 172.9, 172.6), eight methine carbons (δC 131.8, 124.5, 82.8, 56.8, 48.3, 37.4, 35.9, and 32.2), three quaternary carbons (δC 105.5, 73.3, and 53.2), three methylene carbons (δC 41.3, 34.8, and 24.7), one N-methyl carbon (δC 25.0), and three methyl carbons (δC 22.6, 22.2, and 13.8). These spectroscopic features suggested that 1 is a type of fusarisetin, possessing a carbon skeleton with a pentacyclic ring system comprising a decalin moiety (6/6) and a tricyclic moiety (5/5/5) (Supplementary Figures S3–S7, S9–S11). This structure is similar to fusarisetin B, which was isolated from the soil fungus, Fusarium sp. FN080326 (Jang et al., 2012). Compared to fusarisetin B, the disappearance of signals corresponding to oxymethylene and methine moieties, in addition to the appearance of an acylamide peak indicated that the -CHCH2OH group in the ring E of fusarisetin B was replaced by an acylamide carbonyl group in fusarisetin C. Indeed, the HMBC correlations from H-18 to C-2 and C-3, and from 4-OH to C-1 and C-3 confirmed the above conclusion (Figure 2). Detailed analysis of the HMQC, COSY, and HMBC spectra allowed the assignment of all carbon and proton resonances of 1, and the planar structure of 1 was elucidated. In the NOESY spectrum, the correlations of H-21 with H-7 and H-10, and of H-10 with H-12, as well as of H-5 with H-7 and 4-OH indicated that these groups are positioned on the same face (Figure 2). These NOESY data and the relevant coupling constants confirmed the trans junction of the decalin ring system and the cis junction between the tricyclic and decalin ring systems (Supplementary Figures S8, S12). Thus, the relative configuration of 1 was thereby established as 1R′,4R′,5R′,6S′,7S′,10S′,12R′,15R′,16S′ since the 1S,4R′,5R′,6S′,7S′,10S′,12R′,15R′,16S′ combination does not lead to a reasonable model according to 3D simulations.
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FIGURE 2. COSY, key HMBC, and NOESY correlations of 1 and 2.



Recently, the VCD approach has become a robust and reliable alternative for the stereochemical characterizations of natural products (Sadlej et al., 2010; Keiderling and Lakhani, 2018). Thus, the experimental IR and VCD spectra of 1 (5.0 mg) were measured in DMSO-d6 (120 μL) using a BioTools dual PEM ChiralIR-2X spectrophotometer. The IR and VCD frequencies of (1R,4R,5R,6S,7S,10S,12R,15R,16S)-1 were calculated at the MPW1PW91/6-311+G(d)//B3LYP/ 6-311+G(d) level of theory in the gas phase and the spectra were compared with the experimental IR and VCD spectra of 1 (Supplementary Table S1). As shown in Figure 3, all calculated IR and VCD signals of (1R,4R,5R,6S,7S,10S,12R,15R,16S)-1 agreed with the experimental IR and VCD signals of 1, thereby confirming the (1R,4R,5R,6S,7S,10S,12R,15R,16S) configuration for 1. Fortunately, 1 was recrystallized from a mixture of dichloromethane/methanol (2:1) to yield crystals that were suitable for single-crystal X-ray diffraction. This confirmed the unambiguous assignment of the absolute configuration as 1R,4R,5R,6S,7S,10S,12R,15R,16S (Figure 4).
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FIGURE 3. Comparison of the calculated VCD/IR spectra of (1R,4R,5R,6S,7S,10S,12R,15R,16S)-1 and the experimental VCD/IR spectra of 1.
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FIGURE 4. X-ray structure of 1 and 3.



Fusarisetin D (2) was isolated as colorless oil possessing the molecular formula C22H31NO5 with eight degrees of unsaturation (Supplementary Figure S25). The general features of its 1H and 13C NMR spectra (Table 2) suggested that 2 is also a 3-decalinoyltetramic acid, and belongs to the family of fusarisetins. Analysis of the 1D and 2D NMR spectra indicated that the main differences between 2 and fusarisetin B could be found in the C, D, and E rings (Supplementary Figures S14–S18, S20–S22). The additional keto carbonyl signal and the disappearance of the C-4 oxymethine signal indicated that ring D was not present in 2. In addition, the COSY cross-peaks of H-7/H-6/H-5/H-20, together with the HMBC correlations from H-6 to C-1, C-2, C-4, and C-8, and from H-20 to C-6 (Figure 2) reavealed that there was a –CH(OH)CH3 group anchored to C-6. The HMBC correlations from H-3 and H-18 to C-4 suggested that the C-O bond at C-4 in fusarisetin B was fractured in 2. Thus, the planar structure of 2 was confirmed. Indeed, compound 2 represents the first 3-decalinoyltetramic acid, possessing an unprecedented carbon skeleton with a tetracyclic ring system comprising a decalin moiety (6/6) and a bicyclic moiety (5/5).

The relative configuration of 2 (with the exception of C-1 and C-5) was then deduced on the basis of NOESY spectroscopic data (Figure 2) and Supplementary Figures S19, S23). The correlations of H-22 with H-7, H-10, and H-12 indicated that these groups are positioned on the same face. The correlations of H-6 with H-3 and H-15, and of H-15 with H-21 reaveled a cis-relationship. Furthermore, the relative configuration between C-5 and C-6 was determined by J-based configuration analysis (including 2JC,H and 3JC,H carbon-proton spin coupling constants, and proton-proton spin coupling constants 3JH,H) (Matsumori et al., 1999; Halecker et al., 2014) (Supplementary Figure S24). In acyclic systems such as the side chain of 2, the configuration of adjacent asymmetric centers can be represented by staggered rotamers (Figure 5). Among the various configurations, four conformers, namely A-1, A-3, B-1, and B-2, could be identified using the 3JH,H, 2JC,H, and 3JC,H values, while rotamers A-2 and B-3 could not be distinguished. The small coupling constants of 3J (H5,H6) = 1.5 Hz, 2J (H5, C6) = 1.8 Hz, and the large coupling constant of 3J (H6, C5) = 6.0 Hz, indicated an anti-like configuration between the proton and hydroxyl functions corresponding to B2 in Figure 4, thereby confirming the relative configuration of 2.
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FIGURE 5. J-Based analysis of six hypothetical rotamers with 5R,6S (A1–A3) and 5S,6S (B1–B3) configuration to determine the stereochemistry of 2.



Attempts were then made to determine the absolute configuration of 2 at the C-5 position using the modified Mosher’s method (Kusumi et al., 1991); however, neither the reactants nor the corresponding acylation products were detected, possibly because 2 was not stable under the alkaline conditions required for this technique. As the various natural fusarisetins included in the present study (i.e., 1, 3–4) have the same configuration in the A, B, and C rings, based on the biogenetic consideration, the absolute configuration of 2 should be 1R,3S,5S,6S,7S,10S,12R,15R,16S.

Known compounds 3–6 were identified as fusarisetin B (Ahn et al., 2012), fusarisetin A (Jang et al., 2012), equisetin (Singh et al., 1998), and epi-equisetin (Singh et al., 1998), by comparison of their spectroscopic data with the literature. Compound 3 was previously reported as its enantiomer in a patent, but was cited in another article as fusarisetin B, which corresponds with the structure determined herein (Ahn et al., 2012; Caro-Diaz et al., 2014). Although the structure of 4 was revised in 2012, that of 3 was not, and the determination of its absolute configuration was also not discussed. Fortunately, 3 was crystallized herein by evaporation from a solution of 20:1 MeOH/H2O over the course of 1 w, and the absolute configuration was determined to be 1R,3S,4R,5R,6S,7S,10S,12R,15R,16S (Figure 4).

Plausible Biosynthetic Pathway Toward Compounds 1–4

To the best of our knowledge, only two fusarisetins have been previously isolated from nature. Inspection of the fusarisetin and equisetin frameworks revealed that fusarisetins A–D may derive biogenetically from the oxidation of equisetin upon exposure to reactive oxygen species (ROS) (Figure 6; Xu et al., 2012; Yin et al., 2012). This biosynthetic scenario could account for the formation of a stabilized radical that, upon cyclization at the pendant alkene followed by trapping by ROS, could produce fusarisetins through single-electron oxidation and hemiketalization. Thus, the absolute configurations of the chiral centers in rings A, B, and C of fusarisetins A and D should be the same as those of fusarisetins B and C, which were confirmed by their X-ray structures (Figure 4).
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FIGURE 6. Proposed biosynthetic pathway of compounds 1-4.



TABLE 3. Anti-phytopathogenic bacterial and fungal activities of 5 and 6.
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Bioactivities of Compounds 1–6

3-Decalinoyltetramic acids and their derivatives have been found to exhibit a broad range of biological activities, including antiviral, antimicrobial, cytotoxic, and phytotoxic activities (Schobert and Schlenk, 2008; Mo et al., 2014). In the present study, all isolated compounds were subjected to a panel of bioassays to evaluate their potential activities. These included evaluation of their anti-phytopathogenic bacterial activities against A. avenae, C. michiganensis, P. syringae, R. solanacearum, and X. campestris, anti-phytopathogenic fungal activities against A. alternata, A. brassicicola, A. niger, B. cinerea, B. dothidea, Colletotrichum sp., F. graminearum, F. oxysporum, M. grisea, P. theae, R. cerealis, and V. mali, and phytotoxicities toward the seedling growth of amaranth (A. retroflexus) and lettuce (L. sativa). The corresponding results are outlined in Tables 3–5. As indicated, compounds 1–6 displayed obvious phytotoxicities, while compounds 5 and 6 also exhibited potent anti-phytopathogenic bacterial and fungal activities. Notably, compounds 5 and 6 showed remarkable antimicrobial activities against P. syringae and R. cerealis, with minimum inhibitory concentration (MIC) values of 1.1 and 8.4 μM, respectively, compared to 3.4 μM for streptomycin sulfate, and 16.3 μM for carbendazim. Interestingly, the equisetins have been widely reported for their antibacterial activities against Gram-positive bacteria (Schobert and Schlenk, 2008; Mo et al., 2014), and in this study, their remakable anti-Gram negative bacterial activity was also found. Moreover, compounds 4–6 exhibited a prominent phytotoxicity against growth of amaranth and lettuce seedlings at 200 μg/mL, and this strong phytotoxicity was still evident at lower concentrations (50 μg/mL). In addition, the fusarisetins were quoted as exhibiting acinar morphogenesis inhibitory activities (Ahn et al., 2012; Jang et al., 2012), and were reported to be phytotoxic for the first time in the present paper.

TABLE 4. Phytotoxicity of compounds 1–6 (200 μg/mL) toward seedling growth of amaranth and lettuce.
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TABLE 5. Phytotoxicity of compounds 4–6 (50 μg/mL) toward seedling growth of amaranth.
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The effect of 5 on the cell membrane of P. syringae was then examined by TEM. The untreated cells appeared to be intact with the typical cellular organization (Supplementary Figure S1), while cells treated with 5 (1 × MIC and 4 × MIC) disintegrated, with this effect being more pronounced at higher concentration (Supplementary Figure S1). Indeed, compound 5 completely lysed the cell walls of the majority of cells, which were misshapen and disproportionate (Supplementary Figure S1). Hence, 5 treatment was confirmed to damage the cell membrane of P. syringae resulting in leakage of the intracellular components.

Fermentation Optimization of 5

Due to the prominent bioactivities exhibited by compound 5, the fermentation optimization was performed based on the OSMAC approach to improve its yield. Strain D39 was initially cultivated by SSF on rice medium, as it was reported that SSF is an efficient fermentation process in terms of producing complex metabolites due to its longer metabolic circle. In addition, SSF offers potential benefits for microbial cultivation for bioprocesses and product development (Dong et al., 2016). However, many fatty acids and other components from the solid culture medium could be mixed with those from the fungus during the extraction process, which can significantly affect the bioassays and chemical fingerprint assays. The long fermentation time of SSF is also a disadvantage, and so submerged flask fermentation (SmF) using seven different crop media was applied for the purpose of this study.

The standard curve of 5 was established by means of HPLC-UV measurements. Thus, the linear regression equation for 5 was determined to be y = 8.34 × 106× -3.54 × 104 (R2 = 0.99) (Supplementary Figure S2) (R2 = 0.99), where x is the concentration of 5 (mg/mL), and y is the peak area. All curves showed good linear relationships that could be used to estimate the production of 5 from the corresponding HPLC peak areas. The crude extracts were then subjected to HPLC analysis to determine the yields of 5, which varied significantly (Supplementary Table S2). The results showed that the highest production of 5 was obtained using the crop F medium, yielding 21.61 mg/L.

Thus, the productivity of 5 was further optimized in the crop F medium by investigating the effects of salinity (i.e., 0, 1, 3, 5, 7, and 9%). It was found that the highest production of 5 was obtained under 1% salinity with a yield of 59.85 mg/L (Supplementary Table S2), and the production decreased upon increasing the salinity. Thus, crop F medium with a salinity of 1% was found to be the most favorable condition for the production of 5 from F. equiseti D39.



CONCLUSION

In conclusion, we herein reported the isolation and identification of two novel fusarisetins (1 and 2), along with four known antimicrobial and phytotoxic analogs (3–6) from the marine-derived fungus F. equiseti D39. The absolute configuration of 1, which was difficult to be determined by common means, such as ECD calculations and chemical conversions, due to the lack of chromophores and low yields, was determined by VCD method and verified by X-ray diffraction, suggesting a new horizon to define the absolute configurations of fusarisetins. The phytotoxicity of fusarisetins was reported for the first time in the present study. Furthermore, as the need for subsequent field trials, the OSMAC fermentation optimization approach toward the most bioactive compound 5 was employed, and the potato dextrose liquid medium with a salinity of 1% was found to be the most favorable, with a high yield of 59.85 mg/L. Due to the neglect on the study of agricultural biological activities of marine-derived fungi worldwide, the present study revealed that searching for new biopesticides from secondary metabolites of marine-derived fungi has a very broad prospect.
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Microbial chitinases are gaining interest as promising candidates for controlling plant pests. These enzymes can be used directly as biocontrol agents as well as in combination with chemical pesticides or other biopesticides, reducing their environmental impact and/or enhancing their efficacy. Chitinolytic enzymes can target two different structures in insects: the cuticle and the peritrophic matrix (PM). PM, formed by chitin fibrils connected to glycoproteins and proteoglycans, represents a physical barrier that plays an essential role in midgut physiology and insect digestion, and protects the absorptive midgut epithelium from food abrasion or pathogen infections. In this paper, we investigate how two recently discovered metagenome-sourced chitinases (Chi18H8 and 53D1) affect, in vitro and in vivo, the PM integrity of Bombyx mori, a model system among Lepidoptera. The two chitinases were produced in Escherichia coli or, alternatively, in the unconventional – but more environmentally acceptable – Streptomyces coelicolor. Although both the proteins dramatically altered the structure of B. mori PM in vitro, when administered orally only 53D1 caused adverse and marked effects on larval growth and development, inducing mortality and reducing pupal weight. These in vivo results demonstrate that 53D1 is a promising candidate as insecticide protein.
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INTRODUCTION

Pesticides derived from chemical synthesis are massively used to control different pests that constantly threaten crop production (Atwood and Paisley-Jones, 2017). The main drawbacks of chemically synthesized pesticides are their broad toxicity and accumulation into ecosystems and food chains (Kumar et al., 2019). Alternatively, biocontrol or biological control, i.e., the use of organisms or their products (biopesticides), is favored by the better selectivity of these agents toward the target pests, their biodegradability, and reduced toxicity (Czaja et al., 2015; Bonanomi et al., 2018; Damalas and Koutroubas, 2018). In contrast, the successful use of biocontrol agents is often limited by their instability and scarce persistence into environment, as well as by their slower mode of action and reduced efficacy in comparison to chemical pesticides. Bacteria and fungi exhibiting fungicidal, insecticidal, and/or nematicidal action are commonly used as biocontrol agents. They produce antibiotics and secrete a variety of hydrolytic enzymes (chitinases, proteases, lipases, and glucanases), which concur in disrupting essential structures for pathogen life. A compelling alternative is formulating cocktails of (semi)purified antibiotics and enzymes, which mimic living biocontrol agents, without presenting the limitations inherent to their use and storage. Such biopesticides can be used alone or in combination with other controlling agents to enhance their efficacy (Regev et al., 1996; Karasuda et al., 2003; Liu et al., 2010). If added to chemically synthesized pesticides, biopesticides might allow the reduction of their dosage, alleviating their negative impact on the ecosystem (Karasuda et al., 2003). To this purpose, chitinases represent promising biopesticides, since they hydrolyze chitin, which is present in different plant pests, i.e., insects, fungi, and nematodes (Mavromatis et al., 2003; Neeraja et al., 2010; Hjort et al., 2014; Soares et al., 2015; Berini et al., 2016, 2017b, 2018). Additionally, they are harmless for plants and vertebrates, which do not possess chitin in their tissues. Chitin is a linear homopolymer of N-acetylglucosamine (GlcNAc) and exerts fundamental roles in the vital structures of pests. It is a structural component of cell wall in fungi, of eggshell in nematodes, and of both cuticle and peritrophic matrix (PM) in insects. PM is a thin acellular sheath formed by chitin, glycoproteins, and proteoglycans, which lines the midgut epithelium of most insects (Hegedus et al., 2009; Berini et al., 2018). Chitinases belong to the family of glycosyl hydrolases. Based on their mode of action on chitin, they are classified as endochitinases, which split chitin randomly at internal sites, or as exochitinases that remove monomers (β-N-acetyl glucosaminidases) or dimers (chitobiosidases) of GlcNAc from the non-reducing end of chitin chains (Adrangi and Faramarzi, 2013; Berini et al., 2018).

In the recent years, we applied function- and/or sequence-based screening approaches to different metagenomes for discovering novel bioactive chitinases of microbial source, which differ from those already known that have been discovered by classical microbiological methods (Hjort et al., 2014; Cretoiu et al., 2015; Berini et al., 2017b). Since the vast majority of microorganisms present in natural samples (up to 99–99.9%) are recalcitrant to cultivation, metagenomics, being culture-independent, facilitates the task of encrypting novel chitinases (Berini et al., 2017a). Thanks to this approach, two of the first metagenomics-sourced chitinases were recently discovered: Chi18H8 was identified in 2014 from a naturally phytopathogen-suppressive soil in Sweden (Hjort et al., 2014; Berini et al., 2017b), whereas 53D1 was identified in 2015 in a chitin-supplemented agricultural soil from an experimental farm in the Netherlands (Cretoiu et al., 2015). Few milligrams of both chitinases were initially produced in Escherichia coli as heterologous host and partially biochemically/functionally characterized. Interestingly, Chi18H8 showed antifungal activity toward the phytopathogen fungi Fusarium graminearum and Rhizoctonia solani (Hjort et al., 2014; Berini et al., 2017b), whereas 53D1 looked interesting since it was markedly stable in a wide range of conditions, including in the presence of high salt concentrations (Cretoiu et al., 2015). We recently described the development to a 30-L bioreactor pilot scale of an effective process to produce Chi18H8 by mild solubilization of inclusion bodies (IBs) in E. coli (Berini et al., 2017b). Herein, we describe the optimization of 53D1 production by using an alternative heterologous host – the Gram-positive bacterium Streptomyces coelicolor A3(2) – and report on producing and testing both Chi18H8 and 53D1 as insecticidal proteins in Bombyx mori, a reference model among Lepidoptera. To our knowledge, this is the first investigation on the insecticidal activity of metagenome-sourced chitinases, which might represent promising candidates as biocontrol agents.



MATERIALS AND METHODS

53D1 Gene Cloning

The nucleotide sequence of the metagenomic fosmid insert that includes 53D1 chitinase gene was deposited in the GenBank database (accession number LN824156.1) (Cretoiu et al., 2015). The chitinase-encoding cDNA was sub-cloned into the multi-copy expression vector pIJ86 (Binda et al., 2013) (kindly gifted by M. J. Bibb, John Innes Centre, Norwich, United Kingdom) under the control of the constitutive ermE∗ promoter, by using the fosmid DNA as template. Primers used for amplification were pIJ86_53D1_FW (5′ ATATGGATCCGTATGAAGGAGGTCATTCATGAGTCACGGTTCGGTC 3′) and pIJ86_53D1_RV (5′ ATTAAAGCTTCTAGTGGTGGTGGTGGTGGTGCGGTCTCAGCCGGGA 3′), including the restriction sites (underlined) for BamHI and HindIII, respectively, and introducing a C-terminal His6-Tag in the recombinant protein. All cloning procedures were carried out in E. coli DH5α (Invitrogen-Life Technology, Carlsbad, CA, United States). The construct was checked by DNA sequencing (BMR Genomics, Padua, Italy) and transformed into the non-methylating E. coli ET12567/pUZ8002 cells (Marcone et al., 2010b). Luria-Bertani (LB, Sigma-Aldrich, St. Louis, MO, United States) agar plates were used for propagating E. coli strains.

Intergeneric conjugation between the E. coli donor and the recipients S. coelicolor A3(2), S. venezuelae ATCC 10595, and S. lividans TK24 was conducted following the protocol reported in Binda et al. (2013). Transformation of the recombinant Streptomyces spp. was checked by colony PCR (Binda et al., 2013). pIJ86_53D1_FW and pIJ86_53D1_RV primers were used to verify ex-conjugants carrying pIJ86::53D1 plasmid. Primers pIJ86_FW (5′ TGCACGCGGTCGATCTTGAC 3′) and pIJ86_RV (5′ TCATGGTCGGTCTCCTGGTG 3′), annealing to regions of the vector around the multiple cloning site, were used to check transformation with the empty pIJ86 vector.

53D1 Heterologous Production

Reagents were purchased from Sigma-Aldrich, St. Louis, MO, United States, unless otherwise indicated. Mannitol soya flour (MS) agar medium (Kieser et al., 2000) was used for propagating Streptomyces spp. Streptomycetes were stored for long-term preservation as spores in 10% (v/v) glycerol. For cultivating the recombinant strains, agar plates and liquid media were always supplemented with 50 μg/mL apramycin. Strains were reactivated by growing them for 72 h into 100-mL Erlenmeyer flasks containing 20 mL AurM medium (in g/L: 20 maltose, 10 dextrin, 15 soybean meal, 4 casein enzymatic hydrolysate, 4 bacteriological peptone, 2 yeast extract, 2 CaCO3, pH 7.0) (Marcone et al., 2010b). Three hundred milliliters baffled flasks containing 50 mL YEME (yeast extract – malt extract, in g/L: 3 yeast extract, 5 bacteriological peptone, 3 malt extract, 20 glucose, pH 7.0) (Binda et al., 2013) were then inoculated at 10% (v/v) and further shaken at 200 revolutions per minute (rpm) at 28°C for 72 h. Finally, 500-mL baffled flasks containing 100 mL of five different production media (commonly used for streptomycetes) were inoculated at 10% (v/v), incubated at 200 rpm and 28°C for 240 h. Liquid production media used were YEME, MV (medium V) (Marcone et al., 2010a), R5 medium (Kieser et al., 2000), TSB (tryptone soya broth) (Kieser et al., 2000), and Bennett’s medium (Dalmastri et al., 2016). All media were supplemented with 20 g/L glucose, if not already included, in order to repress the endogenous chitinolytic system of streptomycetes (Berini et al., 2018).

Every 24 h, 10 mL of culture broth were centrifuged at 1900 × g for 10 min at 4°C. Cell-free culture broths were collected and pH and residual glucose were measured by pH Test Strips 4.5–10.0 and Diastix strips (Bayer, Leverkusen, Germany). Secreted 53D1 production was estimated in cell-free culture broths by western blot analysis [after protein concentration by 10% (v/v) trichloracetic acid precipitation] and fluorimetric enzyme activity assay (see below). In parallel, cell pellets were recovered and biomass production was measured as wet weight. Then, pellets were sonicated on ice with 10–15 cycles of 30 s each (interposed with 30-s intervals), using a Branson Sonifier 250 (Dansbury, CT, United States) in 20 mM sodium acetate pH 5.0 supplemented with 10 μg/mL deoxyribonuclease (DNase) and 0.19 mg/mL phenylmethylsulfonylfluoride (PMSF). To remove insoluble material, centrifugation at 20,000 × g for 40 min at 4°C followed. Production of intracellular 53D1 was checked in the soluble fractions by western blot analysis and fluorimetric enzyme activity assay (see below).

53D1 Purification

For 53D1 purification, S. coelicolor/pIJ86::53D1 was grown for 192–240 h in YEME medium. Proteins secreted in the cell-free culture broth were precipitated by slowly adding 80% (w/v) ammonium sulfate. After 2 h incubation at 4°C, centrifugation at 12,000 × g at 4°C for 40 min followed. The pellet was re-suspended in 1/5 (v/v) of 20 mM Tris–HCl pH 8.0 and dialyzed against the same buffer. The recombinant protein was purified onto a 5-mL Ni2+-Hitrap chelating affinity column (1.6 cm × 2.5 cm; GE Healthcare Sciences, Little Chalfont, United Kingdom), according to manufacturer’s instructions. The column was equilibrated with 20 mM Tris–HCl pH 8.0, 500 mM NaCl, and 20 mM imidazole. After extensive washing, the recombinant protein was eluted with 20 mM Tris–HCl pH 8.0, 500 mM NaCl, and 250 mM imidazole, followed by dialysis for 3 h against 20 mM sodium acetate pH 5.0. The purified protein was finally concentrated with 30 K Amicon Ultra-2 centrifugal filter devices (Merck KGaA, Darmstadt, Germany).

Chi18H8 Production and Purification

Chi18H8 production in E. coli BL21 StarTM (DE3), carrying the pET24b(+)::chi18H8 expression plasmid, and its solubilization from IBs were accomplished as previously described (Berini et al., 2017b). In brief, to prepare the protein used in this work, E. coli BL21 StarTM (DE3)/pET24b(+)::chi18H8 cells were grown in 300-mL baffled Erlenmeyer flasks containing 80 mL LB medium supplemented with 50 μg/mL kanamycin, incubated overnight at 37°C and 200 rpm. Two liters flasks with 750 mL selective LB medium were inoculated with the pre-cultures (initial OD600 nm = 0.1), and incubated at 37°C and 200 rpm until OD600 nm reached 0.6. Protein production was induced by adding 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and cultivation was prolonged at 20°C for further 24 h.

Cells were harvested by centrifugation and re-suspended in 50 mM Tris–HCl pH 8.0, 25% (w/v) sucrose, and 1 mM ethylenediaminetetraacetic acid (EDTA). After incubation for 30 min at room temperature and vigorous shaking, samples were sonicated (six cycles of 30 s each). A total of 0.2 M NaCl, 1% (w/v) sodium deoxycholate (DOC), and 1% (v/v) Nonidet P-40 were added; the samples were further incubated as above and centrifuged (20,000 × g at 4°C for 30 min). The pellet was washed with 1% (v/v) Triton X-100 and 1 mM EDTA and centrifuged (12,000 × g at 4°C for 10 min). IB washing with this buffer was repeated twice, followed by washing with deionized water. After overnight storage at −20°C, the frozen pellet was resuspended in 10 mM lactic acid (10 mL/g cell) and incubated at 37°C and 200 rpm for 5 h. Centrifugation at 1900 × g at 4°C for 5 min was employed for removing insoluble material. Finally, solubilized Chi18H8 was dialyzed overnight against 20 mM sodium acetate pH 5.0.

SDS-PAGE Electrophoresis and Western Blot

Protein fractions were analyzed by sodium dodecyl sulfate polyacrylamide (12% w/v) gel electrophoresis (SDS-PAGE), using a Tris-glycine system and Coomassie brilliant blue R-250 straining. For western blot analysis, anti His-Tag Antibody HRP conjugate (Novagen Inc., Madison, WI, United States) and chemiluminescence (ECL Western Blotting Detection System, GE Healthcare Sciences, Little Chalfont, United Kingdom) were used for protein identification.

Chitinase Activity Assays

Chitinase activities were assayed by using the fluorimetric chitooligosaccharide analogs 4-methylumbelliferyl N-acetyl-β-D-glucosaminide (4-MU-GlcNAc), 4-methylumbelliferyl N,N′-diacetyl-β-D-chitobioside [4-MU-(GlcNAc)2], and 4-methylumbelliferyl N,N′,N″-triacetyl-β-D-chitotrioside [4-MU-(GlcNAc)3] (Cretoiu et al., 2015). Activity on these synthetic compounds was assayed in 100 mM sodium acetate pH 5.0, at 37°C. Chitinolytic activity was also determined on colloidal chitin as described in Berini et al. (2016). In this case, activity was measured at pH 3.0, 5.0, 7.0, or 9.0, by adjusting colloidal chitin’s pH with 0.1 M NaOH. One unit (U) of chitinase activity was defined as the amount of enzyme required for the release of 1 μmol of 4-MU or of GlcNAc per min at 37°C. The control of protease or lipase activities in purified 53D1 and Chi18H8 preparations was conducted as described in Berini et al. (2016).

Experimental Insects

Larvae of B. mori [polyhybrid strain (126 × 57) (70 × 90)] were provided by CREA – Honeybee and Silkworm Research Unit (Padua, Italy). Insects were reared on artificial diet (Cappellozza et al., 2005) at 25 ± 0.5°C, under a 12:12 light-dark photoperiod, with 70 ± 5% relative humidity. Once insects had reached the last larval instar, they were staged and synchronized (see Franzetti et al., 2012 for details).

Ultrastructural Analysis of the PM

Isolation of the PM and in vitro Incubation With Chi18H8 or 53D1 Chitinases

On second day of the fifth instar, larvae were anaesthetized with CO2. Midgut was isolated by cutting the insect dorsally and the PM was carefully separated from the midgut epithelium. The lumen content was removed from the PM by rinsing the matrix with PBS (phosphate-buffered saline, 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.0). Each sample was divided into four pieces and transferred into a 24-multiwell plate: two pieces were treated with Chi18H8 or 53D1 (40.5 Utot per well, calculated as the sum of chitobiosidase and endochitinase activities on 4-MU-(GlcNAc)2 and 4-MU-(GlcNAc)3, respectively, in 100 mM sodium acetate buffer pH 5.0, while the other two were incubated in the same buffer in the absence of chitinases (controls). All the samples were processed for electron microscopy analysis.

Scanning Electron Microscopy (SEM)

After incubation with 53D1 or Chi18H8, PM was fixed with 4% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4, overnight at 4°C. After post-fixation with 1% (w/v) osmium tetroxide and 1.25% (w/v) potassium ferrocyanide for 1 h, samples were dehydrated in an ethanol series and then incubated in hexamethyldisilazane (two steps of 10 min each). Samples were mounted on stubs, carbon coated with a Sputter K250 coater, and finally observed with a SEM-FEG XL-30 microscope (Philips, Eindhoven, Netherlands).

Transmission Electron Microscopy (TEM)

To analyze the samples at TEM, PM was fixed with 4% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4, overnight at 4°C and then post-fixed with 1% (w/v) osmium tetroxide for 1 h. After dehydration in an ethanol series, specimens were embedded in an Epon/Araldite 812 mixture. Ultra-thin sections were obtained with Leica Reichert Ultracut S (Leica, Nußloch, Germany), then stained with lead citrate and uranyl acetate, and finally observed with a JEM-1010 transmission electron microscope (Jeol, Tokyo, Japan). Images were acquired with a Morada digital camera (Olympus, Münster, Germany).

Bioassays With Chi18H8 and 53D1 Chitinases

After hatching, larvae were reared as reported in the Section “Experimental Insects,” and fed ad libitum with small pieces of artificial diet (1 cm × 1 cm × 1 mm), each overlaid with an equal volume (65 μL) of Chi18H8 or 53D1 (6 Utot/cm2 diet) dissolved in 100 mM sodium acetate, pH 5.0. Control larvae were grown on small pieces of artificial diet overlaid with the same volume of sodium acetate buffer. The diet was replaced every day. Different parameters were recorded: larval mortality (reported as percentage of the initial number of larvae), length of the larval stage (from hatching to the occurrence of wandering behavior), and weight of the pupae (evaluated on the eighth day of the pupal stage). For bioassays with 53D1, maximal larval weight before pupation and cocoon weight (measured on the eighth day of the pupal stage) were registered, too. Developmental stages of B. mori were defined according to Franzetti et al. (2012). Bioassays were performed in triplicate, by using at least 11 larvae for each experimental group. PM samples from larvae at the second day of the fifth instar reared on diet overlaid with 53D1 and relative controls were collected and processed for the analysis at SEM and TEM, as reported in the Section “Ultrastructural Analysis of the PM.”

In vitro Incubation of Chitinases With Midgut Juice

Midgut juice was extracted from larvae at the second day of the fifth instar. Insects were anaesthetized with CO2, whole midguts were dissected and their luminal content was collected into a centrifuge tube. Centrifugation at 15,000 × g for 10 min was performed to remove insoluble material. Supernatants were aliquoted, stored at −80°C, and used within 2 weeks. Six Utot of Chi18H8 or 53D1 were incubated at 25°C in 100 mM Tris–HCl pH 8.0 (control) or in the presence of different dilutions of the midgut juice (undiluted, or diluted 1:10 or 1:100 in 100 mM Tris–HCl pH 8.0). Aliquots were withdrawn at regular intervals up to 8 h and the residual chitobiosidase activity was measured using 4-MU-(GlcNAc)2 as substrate, according to the standard protocol described in the Section “Chitinase Activity Assays.”



RESULTS

Production and Characterization of Chi18H8

Chi18H8 is a protein of 424 amino acids with a predicted molecular mass of 45.96 kDa and a theoretical isoelectric point of 7.75. To assay its insecticidal activity, Chi18H8 was produced in 2-L flasks and recovered from E. coli BL21 StarTM (DE3)/pET24b(+)::chi18H8 cells (Table 1) by using a newly developed process based on the mild solubilization of IBs, as recently described in Berini et al. (2017b). Following purification, Chi18H8 migrated in SDS-PAGE gels as a single band of ca. 47 kDa (46.77 kDa is the expected molecular mass for the recombinant His6-tagged protein). Protein purity was estimated to be >85% (Figure 1).

TABLE 1. Purification of Chi18H8 (A) from E. coli BL21 StarTM (DE3)/pET24b(+)::chi18H8 IBs and 53D1 (B) from S. coelicolor/pIJ86::53D1 culture broth.
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FIGURE 1. SDS-PAGE of Chi18H8 solubilization from E. coli BL21 StarTM (DE3)/pET24b(+)::chi18H8 IBs. 1, solubilized Chi18H8; Std, standard reference proteins.



Fluorimetric enzyme assay using standard synthetic oligosaccharides confirmed the Chi18H8 prevalent chitobiosidase activity on 4-MU-(GlcNAc)2 (37.92 ± 1.17 U/mg protein), its weaker endochitinase activity on 4-MU-(GlcNAc)3 (8.91 ± 1.72 U/mg protein), and none β-N-acetyl-glucosaminidase activity on 4-MU-GlcNAc. As reported in Table 2, pure Chi18H8 was able to hydrolyze colloidal chitin – a substrate that, although soluble, resembles the chemical structure of the naturally occurring insoluble chitin – with a maximum activity of about 1.47 ± 0.25 U/mg protein at pH 5.0. At pH 3.0, 7.0, and 9.0, ca. 22, 83, and 72% of the maximum activity were maintained, respectively (Table 2). None protease or lipase activity (lipases and proteases are enzymes usually secreted by streptomycetes that could interfere with the following insecticide assays) was detected in the enzyme preparation (data not shown).

TABLE 2. Chi18H8 and 53D1 activity on colloidal chitin at different pHs (mean ± standard error from at least three independent experiments).
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Heterologous Expression of 53D1 in Streptomyces spp.

53D1 gene (63.03% G+C) consists of 1191 nucleotides coding for a protein of 396 amino acids with a predicted molecular mass of 43.60 kDa and a theoretical isoelectric point of 4.83. When cloned and expressed in E. coli, >80% of the recombinant protein accumulated as inactive form in insoluble fractions. Despite many efforts, we could not develop a protocol for solubilizing 53D1 in a biologically active form from IBs, as we did for Chi18H8. In addition, as reported in Cretoiu et al. (2015), the recovery yield of the soluble active form of 53D1 from E. coli cytoplasmic fraction was too low (no more than 0.60 mg/L culture and 0.12 mg/g cell) to support its further trials as insecticide protein. Thus, in this paper we report an alternative expression platform using soil Gram-positive actinomycetes belonging to the genus Streptomyces as heterologous hosts for 53D1 production.

53D1 coding gene was thus cloned into the multicopy plasmid pIJ86 and introduced by intergeneric conjugation into S. lividans TK24, S. venezuelae ATCC 10595, and S. coelicolor A3(2). For selecting the best expression system, the three recombinant streptomycetes (and their control strains carrying empty vectors) were cultivated in five different media (see section “53D1 Heterologous Production”). Recombinant S. lividans/pIJ86::53D1 did not produce the heterologous chitinase -neither inside nor outside the cells – in any of the cultivation media used (data not shown). 53D1 was instead secreted by the recombinant S. venezuelae/pIJ86::53D1 growing in YEME medium (data not shown) and, to a major extent, by S. coelicolor/pIJ86::53D1 cultivated in the same condition (Figure 2). Western blot analysis indicated that S. venezuelae/pIJ86::53D1 produced a maximum of 8.75 mg/L of extracellular 53D1 (corresponding to 0.27 mg/g cell) (data not shown), whereas S. coelicolor/pIJ86::53D1 secreted up to 45 mg/L (0.83 mg/g cell) of 53D1 (Figure 2B). No traces of 53D1 were detected into cytoplasmic soluble fractions of both the recombinant strains (data not shown).
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FIGURE 2. Growth curves, 53D1 production (A,B), and chitinase activities (C,D) in S. coelicolor/pIJ86 (left panels) and S. coelicolor/pIJ86::53D1 (right panels), grown in YEME medium. In panels (A,B), wet weight ([image: image], dotted line), pH ([image: image], solid line), glucose consumption (•, dashed line), and 53D1 production determined by western blot analysis of cell-free culture broths (gray bars). In panels (C,D), chitinase activity of cell-free culture broths measured by fluorimetric activity assay on 4-MU-(GlcNAc)2 as substrate (black bars).



Comparison of S. coelicolor/pIJ86::53D1 (Figure 2B) growth curve with the one of its control strain carrying the empty vector (Figure 2A) indicated that S. coelicolor/pIJ86::53D1 grew faster and consumed glucose more efficiently. This better performance of S. coelicolor/pIJ86::53D1 was quite unexpected since the expression of heterologous genes usually causes a metabolic burden to the producing bacterial host, which slows down its growth rate (Binda et al., 2013). When observed at the optical microscope, the mycelium of S. coelicolor/pIJ86::53D1 was less clumpy than in the control strain; this phenotype might be due to a putative lysozyme-like activity of 53D1. It has been demonstrated that lysozyme, producing a more disperse mycelium, facilitates streptomycetes growth in liquid media (Hobbs et al., 1989). A lysozyme activity of several chitinases was indeed previously reported by other authors (Bokma et al., 1997; Wohlkönig et al., 2010).

Cells of S. coelicolor/pIJ86::53D1 started to secrete 53D1 after approximately the first 24 h of growth and continued to produce the heterologous protein during the stationary growth phase: the maximum specific productivity was reached after 240 h (Figure 2B). Consistently, in the same period of time, the chitinase enzyme activity measured in cell-free culture broths of S. coelicolor/pIJ86::53D1 progressively increased and reached a maximum of ca. 18.5 U/g cell after 240 h (Figure 2D). As expected, no 53D1 was detectable by western blot analysis in the cell-free culture broths of S. coelicolor/pIJ86 (Figure 2A). The traces of chitinase activity detectable in the cell-free culture broths of the control strain (never exceeding the level 0.1 U/g cell; Figure 2C) were due to the endogenous streptomycetes chitinolytic system, opportunely repressed by the addition of glucose to the cultivation medium (Berini et al., 2018).

53D1 Purification and Characterization

53D1 was recovered from the culture broth of S. coelicolor/pIJ86::53D1, harvested after 192–240 h of growth in YEME medium, as described in the Sections “53D1 Heterologous Production” and “53D1 Purification.” His6-53D1 was then purified as a single band of ca. 44 kDa (44.40 kDa is the expected molecular mass for the recombinant His6-tagged protein) by means of HiTrap-chelating affinity chromatography, with a purity of ca. 90% (Figure 3). Purification yield was 34.9 mg/L (Table 1), corresponding to ca. 0.64 mg/g cell. Fluorimetric enzyme assay using standard synthetic oligosaccharides confirmed that 53D1 has a prevalent chitobiosidase activity on 4-MU-(GlcNAc)2 (31.60 ± 2.90 U/mg protein), a weaker endochitinase activity on 4-MU-(GlcNAc)3 (16.42 ± 1.85 U/mg protein), and none β-N-acetyl-glucosaminidase activity on 4-MU-GlcNAc. On colloidal chitin, the maximum activity of 53D1 was measured at pH 5.0, although the protein conserved ca. 70% of its maximum activity also at neutral and basic pH. It conserved ca. 27% of its initial activity at pH 3.0 (Table 2). None protease or lipase activity was detected in the enzyme preparation (data not shown).
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FIGURE 3. SDS-PAGE of 53D1 purification. CE, crude extract, i.e., S. coelicolor/pIJ86::53D1 concentrated culture broth, loaded onto HiTrap-Chelating affinity column; 1, fractions collected from the initial washing of the column; 2, purified 53D1; Std, standard reference proteins. 53D1 protein band is indicated with an arrow.



In vitro Effects of 53D1 and Chi18H8 on the PM of B. mori Larvae

To evaluate the potential insecticidal effects of 53D1 and Chi18H8, both chitinases were first tested in vitro by exposing the PM isolated from last instar larvae to a concentrated preparation of pure enzymes (40.5 Utot). SEM and TEM analyses of untreated PM (control) highlighted the well-organized and compact structure of B. mori PM: chitin fibrils were properly aligned and PM showed a continuous surface (Figures 4A,D). On the contrary, the analysis of the PM treated with Chi18H8 revealed a marked effect induced by the chitinase (Figures 4B,E). In particular, ruptures of the superficial layers (Figure 4B) and alteration of the integrity of the chitin network (Figures 4B,E) were clearly visible. The morphological analysis revealed a significant alteration of the structural organization of PM also when treated with 53D1 (Figures 4C,F). As for the PM treated with Chi18H8, the superficial layers of 53D1-treated PM were damaged (Figure 4C) and the disruption of the fibril network was visible (Figure 4F).
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FIGURE 4. Morphology of the peritrophic matrix treated with chitinases. SEM (A–C) and TEM (D–F). (A,D) Control samples; (B,E) in PM treated with Chi18H8, ruptures of the superficial layers (arrows) and alteration of the fibril network (arrowheads) are visible, as confirmed by TEM analysis; (C,F) similar effects can be observed in PM treated with 53D1. Bars: (A–C) 10 μm; (D–F) 0.5 μm.



In vivo Effects of 53D1 and Chi18H8 on B. mori Larvae

To evaluate the in vivo effects of 53D1 and Chi18H8, bioassays exposing the larvae of B. mori to chitinase-containing diet were conducted. The larval mortality, the length of the larval stage, and the weight of the pupae were not significantly different between untreated (control) and Chi18H8-treated larvae (Table 3). In contrast, the developmental parameters recorded for larvae fed with 53D1-containing diet indicated a clear detrimental effect of the chitinase (Table 4). In fact, the mortality of 53D1-treated larvae was significantly higher than in control larvae, the duration of the larval stage of the survived larvae was 25% longer, and their maximal larval weight before pupation was markedly reduced. As shown in Figure 5, the effect on larval development was visible from early instars onward. Moreover, pupal and cocoon weight was significantly lower in 53D1-treated larvae than in controls (Table 4). Finally, the PM isolated from survived last instar larvae reared on 53D1 chitinase-containing diet showed a compromised structure both at SEM and TEM (Figure 6). These effects on PM caused by 53D1 were comparable to those previously observed in in vitro experiments (see Figure 4), indicating that the alterations of the larval growth and development observed in the bioassay were due to the direct effect of 53D1 chitinase on PM.

TABLE 3. Effects of Chi18H8 on B. mori growth and development.
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TABLE 4. Effects of 53D1 on B. mori growth and development.
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FIGURE 5. Pictures of B. mori larvae, on the 11th day after hatching, reared on artificial diet overlaid with 100 mM sodium acetate, pH 5 (A, control) or 6 Utot/cm2 of 53D1 dissolved in the same buffer (B). All the control larvae are alive and the majority of them have reached the third instar (A); a few larvae treated with the chitinase are already dead, and the majority of the survived larvae are still in the second instar (B). Bars: 1 cm.
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FIGURE 6. Morphology of the peritrophic matrix isolated from larvae treated with 53D1. SEM (A,B) and TEM (C,D). (A,C) Control samples; (B,D) the treatment with 53D1 determines ruptures of the PM (arrows) and the disruption of the fibril network as confirmed by TEM analysis. Bars: (A,B) 5 μm; (C,D) 0.5 μm.



53D1 and Chi18H8 Residual Activity in B. mori Midgut Juice

To explain the different in vivo activity of the two chitinases, the residual enzyme activity of Chi18H8 and 53D1 was measured following their incubation for different time intervals in the absence or presence of midgut juice (at different dilutions) isolated from B. mori larvae. Indeed, the midgut juice from lepidopteran larvae has an alkaline pH and contains enzymes responsible for macromolecule digestion, including proteases (Terra and Ferreira, 1994). 53D1 activity was stable in the control buffer at alkaline pH 8 for at least 8 h (Figure 7A). In the presence of midgut juice, its residual activity was dependent on midgut juice dilution: anyhow, after 8 h of incubation with undiluted midgut juice the enzyme still retained ca. the 40% of its initial activity (Figure 7A). In contrast, the activity of Chi18H8 was much more drastically reduced by incubating the enzyme in the control buffer at alkaline pH and in the presence of midgut juice (Figure 7B). After 8 h in the control buffer, the residual activity was reduced to less than 40%. When incubated with 10- and 100-fold diluted midgut juice, the residual activity after 8 h was ca. 3 and 23% of the initial activity, respectively. In the presence of undiluted midgut juice, Chi18H8 completely lost its enzymatic activity within 1 h of incubation. These results indicated that the lack of in vivo effects of Chi18H8 in B. mori larvae was due to the loss of enzyme activity in the alkaline midgut juice environment, coupled with a probable proteolytic damage caused by the proteases present in the midgut lumen.
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FIGURE 7. Residual chitinolytic activities of 53D1 (A) and Chi18H8 (B), incubated at 25°C in Tris–HCl pH 8.0 (control, •, solid line) or in the presence of undiluted ([image: image], dotted line), 10-fold diluted ([image: image], dotted line), or 100-fold diluted ([image: image], dotted line) midgut juice from B. mori larvae. Enzyme aliquots were collected at increasing time intervals and the residual activity was measured on 4-MU-(GlcNAc)2 as substrate.





DISCUSSION

In the present work, we tested the insecticidal activity of two recently discovered soil metagenome-sourced chitinases on the larvae of B. mori, by using a combined in vivo and in vitro approach. B. mori is a model organism among Lepidoptera, which represent the second largest order of insects, including damaging phytophagous species that are still mainly controlled with chemicals. The two chitinases used in this study (Chi18H8 and 53D1) are diverse from all those described previously, possessing specific structural and functional features. Previous results both from sequence and substrate specificity analyses indicated that Chi18H8 belongs to family 18 of glycosyl hydrolases (GH18), showing less than 45% amino acid sequence identity to any known chitinase (Hjort et al., 2014). Additionally, Chi18H8 possesses an antifungal activity which is uncommon among GH18 chitinases (Hjort et al., 2014; Berini et al., 2017b). This protein seems enough stable to be used in semi-field or field applications, since its range of activity appears adequate for inhibiting fungal phytopathogens growing in acidic and mesophilic environments (Hjort et al., 2014; Berini et al., 2017b). Also 53D1 belongs to GH18 chitinases, showing less than 46% amino acid sequence identity to any known chitinase. It probably derives from an uncultivable bacterium related to the Chloroflexus species Nitrolancetus hollandicus and Ktedonobacter racemifer (Cretoiu et al., 2015). Although a more complete characterization of 53D1 was hampered by the poor production yield of its recombinant form in E. coli (see below), previous studies showed that this protein tolerates elevated levels of NaCl: since its activity increases at higher salt levels, 53D1 is considered an uncommon halophilic (rather than halotolerant) chitinase (Cretoiu et al., 2015).

Initially, the major bottleneck to testing insecticidal activity of the two metagenome-sourced chitinases was providing the milligrams needed to perform in vitro and in vivo assay in B. mori. Unfortunately, there is not a highly predictable, all-purpose, and rational protocol to succeed in metagenome-sourced protein expression. Each protein requires the development of its own tailored production process and the selection of the more adequate expression host (Davy et al., 2017). E. coli still remains the first-choice host for protein production, but intrinsic limits of this bacterium are its poor secretory machinery and its tendency to accumulate heterologous proteins into IBs, mostly in inactive form. In the case of Chi18H8, we could recover hundreds of milligrams of pure and active chitinase from processing IBs, following a previously developed and scaled-up process (Berini et al., 2017b), but this approach was not transferable to 53D1 production. In fact, it is widely recognized that the outcome of IB processing is unpredictable and has to be empirically determined for each protein (de Marco et al., 2019; Slouka et al., 2019). After some unsuccessful attempts, 53D1 was finally successfully expressed in S. coelicolor A3(2), although its codon usage was slightly different from the one of streptomycetes [63% G+C content for 53D1 gene vs. ca. 72% for S. coelicolor A3(2) genome] (Kieser et al., 2000). The production level in S. coelicolor A3(2) was satisfactory (around 45 mg/L) and the heterologous protein was entirely secreted into the culture broth, thus markedly facilitating its recovery and purification. A single step of affinity chromatography allowed us to recover ca. 35 mg/L of highly pure protein, with a 60-fold improvement in volumetric yield when compared to E. coli. Streptomycetes, although still relatively poorly explored for the expression of heterologous chitinases, have important advantages versus E. coli. They are non-pathogenic microorganisms, commonly inhabiting soil, where they establish beneficial interactions with plants, by modulating plant defense mechanisms or facilitating symbioses between plant roots and beneficial microbes (Schrey and Tarkka, 2008). Additionally, streptomycetes are already commonly used as components of commercial soil amendments for bioremediation (Sharma et al., 2016; Cuozzo et al., 2018) or biocontrol (González-García et al., 2019; Olanrewaju and Babalola, 2019) and they are generally considered safe for agricultural use. Using this environment-friendly expression system for producing chitinases might represent a further advantage to support their sustainable development as promising insecticide proteins.

Once the supply issue of both proteins was overcome, we decided to test the insecticidal activity of the two pure preparations of Chi18H8 or 53D1 using the PM of B. mori as in vitro and in vivo target. Insects offer two potential targets for chitinases: cuticle, which consists of a pluristratified structure mainly formed by proteins and chitin chains, and PM, where chitin fibrils act as a scaffold for binding glycoproteins and proteoglycans. Both structures exert fundamental roles for the insect survival. Cuticle protects insects from parasites, pathogens, and dangerous chemicals, while allowing muscle attachment and preventing water loss from the body (Moussian, 2010). PM helps in the compartmentalization of digestive processes, protecting the midgut epithelium against abrasive food particles and defending the insect from ingested pathogens (Hegedus et al., 2009). Previous works recently reviewed in Berini et al. (2018) reported that entomopathogenicity of microbial strains is mediated by a cocktail of cuticle-hydrolyzing enzymes, which include chitinases. Indeed, the topical insecticide potential of these enzyme combinations is often limited due to the long time required for their action, the need of high local concentrations, and their poor stability and persistence in changing environmental conditions. A more promising perspective seems to be using chitinases for targeting PM via oral ingestion (Berini et al., 2016, 2018). An advantage of this approach is that chitinases might be formulated with other insecticidal molecules, facilitating their adsorption/penetration into the midgut epithelium and thus increasing their activity. For instance, the combined oral administration of chitinases with Bacillus thuringiensis δ-endotoxin crystal proteins was reported to dramatically enhance the toxic effect of the latter (Regev et al., 1996; Liu et al., 2010). Additionally, the insecticide activity of TMOF, a peptide that inhibits trypsin synthesis, was increased by combined administration with a viral chitinase (Fiandra et al., 2010).

Our results demonstrated that when the PM of the silkworm was exposed in vitro to chitinases, the combination of endo- and exo-activities possessed by both enzymes significantly altered the structure of PM, disrupting the organization of chitin fibrils. Peeling of the superficial layers, ruptures, separation of the fibril networks, and a general weakening of the PM were observed. The effects of the two enzymes were similar, although 53D1 appeared to cause a more marked damage to PM structure. This result was consistent with the demonstrated 53D1 greater activity on colloidal chitin, which mimics the complex insoluble-chitin-containing natural structures. Once orally administered to B. mori larvae, 53D1 induced mortality, enhanced dramatically the duration of the larval stage, and reduced both the maximal larval weight before pupation and pupal and cocoon weight, whereas Chi18H8 did not provoke any consequences on insect development. Ultrastructural analysis of PMs isolated from larvae reared on 53D1-containing diet, showed significant alterations, confirming that the structural damage of this matrix dramatically affected insect development probably due to a reduced nutrient digestion capability. The different in vivo activity between Chi18H8 and 53D1, which might appear puzzling considering that both the enzymes disrupted (although at a different extent) the PM integrity in vitro, became understandable once the poor residual activity of Chi18H8 in the alkaline and proteolytic environment of Lepidoptera midgut lumen was demonstrated. Apparently, the intrinsic properties of 53D1 made this enzyme less susceptible to degradation in the above-mentioned conditions. Although the administration of both chitinases to other insects, especially to those having a midgut lumen with neutral or acidic pH, is worthy to be investigated, this work demonstrates that actually 53D1 can be considered a more promising candidate than Chi18H8 as insecticide protein for oral administration. Fortunately, 53D1 further in vivo and in-field trials will be possible due to the development of a reliable and sustainable production process using as expression platform the unconventional -but more environmentally acceptable-S. coelicolor.

In conclusion, this work shed light on (i) the efficacy of metagenomic investigations for discovering novel enzymes to be implemented as part of integrated pest management programs; (ii) the potential of metagenome-sourced microbial chitinases as promising insecticide proteins; and (iii) the need to develop unconventional heterologous expression platforms to support insecticide protein development and use. Although insecticide formulations based on chemically synthesized compounds still represent a relevant part of crop protection, it is undeniable that insecticide proteins will contribute in future to the progressive reduction of chemicals, introducing novel strategies for managing insect pests. Formulation of chitinases with other biopesticides or chemically synthesized pesticides might allow the reduction of the environmental impact of single toxic compounds and reduce the risk of resistance selection (Chandler et al., 2011; Hardy, 2014). Microbial biotechnology will be crucial to support the development and sustainable production of novel insecticide proteins.
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The Epichloë endophyte-Festuca sinensis association produces alkaloids which can protect the host plant from biotic and abiotic stresses. Alkaloid concentrations depend on the genetic predisposition of grass and endophyte, and are affected by the environment. Endophyte infected F. sinensis of six ecotypes were grown in experimental field and greenhouse for 2 years. Their aboveground plant tissues were collected each season to test for peramine, lolitrem B, and ergot concentrations. The results showed that seasonal changes affected the peramine, lolitrem B and ergot concentrations of Epichloë endophyte-F. sinensis associations; and these three different alkaloids responded differently to seasonal variation. The peramine concentration of six ecotypes of F. sinensis decreased significantly (p < 0.05) from spring to autumn. The lolitrem B concentration of F. sinensis was higher in autumn than in other seasons. Ergot concentrations of five ecotypes (41, 57, 84, 99, and 141) of F. sinensis peaked in the summer, and lowered in spring and autumn. In addition, the ecotype has insignificant effect (p > 0.05) on the peramine and lolitrem B concentrations of F. sinensis, but it has a significant impact (p < 0.05) on the ergot concentrations. We concluded that the seasonal variation and ecotypes can influence the alkaloids produced by the F. sinensis-endophyte associations, but the effects of seasonal conditions on the alkaloid concentrations are more pronounced than ecotypes.

Keywords: alkaloids, Festuca sinensis, Epichloë endophyte, ecotype, season


INTRODUCTION

In grassland ecosystems, most grasses are infected by endophytic fungi and produce alkaloids in their tissues (Nan, 1996a,b; Gao and Nan, 2007). Many grass species are symbiotic with systemic, vertically transmitted, asymptomatic Epichloë endophytic fungi. These fungi often generate alkaloids in order to defend the host against herbivores (Helander et al., 2016). Alkaloids increase the capacity of host plants to resist the biotic and abiotic stresses (Charles, 1993; Malinowski and Belesky, 2000). In the past few decades, scholars have explored the categories, mechanism of synthesis, and factors driving the synthesis of alkaloids. The alkaloids are the products of complex biochemical pathways which are becoming well understood (Schardl et al., 2012, 2013a). Until recently, four alkaloid categories have been identified, i.e., indole diterpenes, ergot alkaloids, peramine, and loline (Johnson et al., 2013). Alkaloid concentrations depend on the genetic predisposition of grass and endophyte, and are influenced by the environmental conditions, e.g., seasonal variation, plant age, ecotypes, plant nutrition, temperature change, and drought occurrence (Helander et al., 2016; Fuchs et al., 2017).

Endophytes are microorganisms that reside within sturdy plant tissues intercellularly and/or intracellularly but usually remain asymptomatic and do not show any noticeable damage to the host (Siegel et al., 1987; Nazir and Rahman, 2018). They are an important component that colonizes in healthy tissues of living plants and can be readily isolated from any microbial or plant growth medium. Endophytic fungal associations with grasses are very common, and the most intensively studied are those between ascomycete fungi and temperate grasses, in particular those involving asexual endophytes of the genus Epichloë (Schardl et al., 2004; Li et al., 2017). Negative impact on herbivores is attributed to secondary metabolites alkaloids, which are produced by the endophytic fungus-grass symbiosis (Schardl et al., 2004). Animal toxicity due to the accumulation of nitrogenous compounds, e.g., endophyte-derived alkaloids, particularly in areas and periods under abiotic stress, still prevents widespread application of endophyte-infected grasses in agroecosystems (Hume et al., 2016). Over 30 years of study on the benefits of symbiotic Epichloë fungal endophytes for host grasses, investigations have focused on the major agricultural species, tall fescue and perennial ryegrass. However, many other grass species remain to be evaluated for the effects of Epichloë endophytes.

Festuca sinensis is a key native cool-season perennial grass species that is widely distributed across the cold and semi-arid regions. It plays an important role in the meadow ecosystem of the Qinghai-Tibetan Plateau in China (Lin et al., 2018). This grass species often hosts the systemic endophytic fungus, Epichloë endophyte (Zhou et al., 2015b; Song et al., 2016). Recent studies have detected three different alkaloids (i.e., peramine, lolitrem B, and ergot) in F. sinensis due to the infection of Epichloë endophyte tissue (Zhou et al., 2015a; Tian et al., 2018). An earlier study found that the presence of Epichloë endophyte could promote the growth of F. sinensis (Nan and Li, 2004). Some recent studies reported that Epichloë endophyte could also enhance host plant resistance to drought and waterlogged conditions (Wang et al., 2017) and promote its seeds’ germination and growth (Peng et al., 2013). On top of the direct defense (in the form of alkaloids), the Epichloë endophyte enhances the host plant defense through improving the plant odor, which in turn attracts more olfactory foraging aphid predators (Fuchs and Krauss, 2018). Cold shock also induces ergot alkaloid changes in F. sinensis symbionts, and the degree of these changes differs between ecotypes and temperatures (Zhou et al., 2015a). Previous studies found that ecotypes can affect the concentrations of alkaloids in Lolium perenne and Festuca pratensis (Cagas et al., 1999). In addition, higher alkaloid levels were detected in Achnatherum inebrians plants under salt or drought stress and the concentrations of alkaloids increased over the plant growing period (Zhang et al., 2011). Interestingly, despite the infection of Epichloë endophyte on F. sinensis, there were no reports of intoxicated grazing animals on consuming F. sinensis-endophyte associations. This might indicate the existence of “mammalian-safe” nontoxic endophytes. Nonetheless, it remains unclear whether seasonal variation and ecotypes affect the alkaloid concentration of Epichloë endophyte-F. sinensis associations.

By performing a series of experiments under field and greenhouse conditions, we determine the alkaloid concentration of six ecotypes of Epichloë endophyte-F. sinensis associations under different seasonal conditions. We also explore the effects of seasonal variation, ecotypes, and their interactions on the alkaloids (peramine, lolitrem B, and ergot) produced by the Epichloë endophyte-F. sinensis associations.



MATERIALS AND METHODS


Plant Materials and Growing Conditions

The seeds of six F. sinensis ecotypes were obtained from the Institute of Grassland, Qinghai Academy of Animal Husbandry and Veterinary Sciences and the Sichuan Academy of Grassland Science. These seeds of six locations were collected in summer 2013 (Table 1), regarded as six ecotypes, and 100 g seed of per ecotype was dispatched to Lanzhou University in February 2014. The storage temperature was maintained at 4°C to retain seed viability (Tian et al., 2018).



TABLE 1. Collection location of six Epichloë endophyte-F. sinensis association ecotypes.
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Here, the first set (consisted of six different plant shoots) of ecotypes of F. sinensis were obtained from the field of the College of Pastoral Agriculture Science and Technology, Yuzhong campus of Lanzhou University (latitude: 35°89′ N, longitude: 104°39′ E; altitude: 1,653 m). These plants were grown for about 2 years (from June 2014 to December 2016). The second set (also consisted of six different plant shoots) were acquired from the greenhouse of Lanzhou University, and were grown for about 2 years (from April 2014 to December 2016). Note that the seed sources of these growing conditions (field and greenhouse) are identical.



Experimental Design

The seeds of six F. sinensis ecotypes were planted in the two sets, to explore the effects of seasonal variation on the alkaloids of different ecotypes of Epichloë endophyte-F. sinensis associations in the same growing location (Lanzhou University).

In June 2014, the six different ecotypes of F. sinensis were planted under field conditions. There were five field pots for each ecotype. Each experimental field pot was 4 m long and 3.2 m wide, and the seedlings were planted at 40-cm intervals. Each pot contained five plants of each ecotype, which were randomly arranged. The E+ and E− plants of these six ecotypes of Festuca sinensis were set up in May 2014 after aniline blue microscopic examination (Li et al., 2004) in greenhouse and transplanted in field block with random design (Kuang, 2016; Tian et al., 2018).

In March 2014, healthy and well-filled seeds were planted into a 72-hole plastic seedling tray containing sterilized vermiculite under greenhouse conditions. One month after sowing, the presence of endophyte in the seedlings was determined by performing the microscopic examination of host leaf-sheath samples after staining with aniline blue. The selected plants E+ (infected by endophyte) were transported to the pots and were randomly placed in the greenhouse. They were maintained at a constant temperature (temperature: 24°C, moisture: 50%) and a 12:12-h light-dark cycle. Each ecotype of F. sinensis was transplanted into pot and the process was repeated 40 times.

Plant samples were obtained in March (spring), June (summer), September (autumn), and November (winter), respectively, in 2016. The sampling conducted four times a year, collected a total of 1 year. The plant shoots of six F. sinensis ecotypes were harvested by cutting them at 2 cm above the soil surface. For each ecotype under field conditions, we randomly sampled five E+ plants from five field pots. All plant samples were freeze-dried (PowerDry LL 3000; Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, the plant samples were ground into powder in a mixer mill (MM 400; Retsch, Haan, Germany) for 2 min at 30 Hz for analyzing the endophyte-derived alkaloid content.



Determination of Alkaloids

The ground shoot powder was weighed for measuring the concentrations of peramine, lolitrem B, and ergot via high-performance liquid chromatography (HPLC) (Gallagher et al., 1985; Barker et al., 1993; Ball et al., 1995; Tian et al., 2013, 2018). The “ergot” is total ergot alkaloid. Five biological replicates per ecotype and three technical replicates per biological replicate were tested (Tian et al., 2018).


Peramine Analysis

The 100-mg freeze-dried shoot powder was extracted in a solution of 3 ml of methanol and 3 ml of trichloromethane for 30 min under ultrasonic cleaner. The mixture material was centrifuged for 10 min at 1000 rpm, where 3 ml of n-hexane and 3 ml of ultra-pure water were added respectively, then extracted for 30 min and centrifuged for 12 min at 1000 rpm. Peramine was removed from shoot powder extracts by passing 1-ml portions through preconditioned 1-ml Agilent Bond Elut carboxylic acid (CBA) columns packed with 100 mg of adsorbent. The peramine was then eluted with 1 ml of a 5% formic acid-40% methanol solution. Peramine was measured by HPLC with an Agilent (Agilent 1100, America) liquid chromatograph fitted with a C18 column (Eclipse XDB-C18, 250 mm × 4.6 mm, 5 μm). Detection was performed with an ultraviolet (UV) wavelength spectrophotometric detector set at 280 nm. Mobile phase “A” was 1.8 g L−1 guanidine carbonate, and phase “B” was acetonitrile. The quantity of peramine in 25-μl injection samples was determined, based on pre-established standard curve peak area values. All reagents were chromatographically pure.



Lolitrem B Analysis

The 200-mg freeze-dried shoot powder was extracted in a solution of 4 ml of dichloromethane for 5 min under ultrasonic cleaner. The mixture material was centrifuged for 10 min at 1000 rpm. Lolitrem B was removed from shoot powder extracts by passing 2.5-ml portions through preconditioned Sep-Pak (Agilent Bont Elut SI, 500 mg, 3 ml) columns. The lolitrem B was then eluted with 0.7 ml of a 20% methanol-80% dichloromethane solution. Lolitrem B was measured by HPLC with an Agilent (Agilent 1100, America) liquid chromatograph fitted with a Zorbax-RX column (Zorbax RX-SIL, 250 mm × 4.6 mm, 5 μm). Detection was performed with a fluorescence detector, the excitation wavelength was set at 268 nm and the emission wavelength was 440 nm. Mobile phase “A” was acetonitrile, and phase “B” was dichloromethane. The quantity of lolitrem B in 20-μl injection samples was determined, based on pre-established standard curve peak area values. All reagents were chromatographically pure.



Ergot Analysis

The 200-mg freeze-dried shoot powder was extracted in a solution of 4-ml 20% glacial acetic acid for 5 min under ultrasonic cleaner. The mixture material was centrifuged for 5 min at 1700 rpm. Ergot was removed from shoot powder extracts by passing 2-ml portions through preconditioned PCX (Agilent Bond Elute, 60 mg, 3 ml) columns. The ergot was then eluted with l ml of a 95% methanol-5% ammonium hydroxide solution. Ergot was measured by HPLC with an Agilent (Agilent 1100, America) liquid chromatograph fitted with a C18 column (Eclipse XDB-C18, 250 mm × 4.6 mm, 5 μm). Detection was performed with a fluorescence detector, the excitation wavelength was set at 312 nm, and the emission wavelength was 427 nm. Mobile phase “A” was 7.708 g L−1 ammonium acetate, and phase “B” was acetonitrile. The quantity of lolitrem B in 20-μl injection samples was determined, based on pre-established standard curve peak area values. All reagents were chromatographically pure.




Data Analysis

Statistical data analysis was performed with the SPSS Inc. (Released 2009. PASW Statistics for Windows, Version 18.0. Chicago: SPSS Inc). The effects of seasonal variation and ecotypes on the peramine, lolitrem B, and ergot concentrations were evaluated using one-way and two-way ANOVA, respectively. A repeated-measure ANOVA with Fisher’s least significant difference (LSD) test was applied to determine whether the differences between the means were statistically significant or not. Statistical significance was defined at the 95% confidence level. The means were expressed together with their standard errors.




RESULTS


Peramine

The two-way ANOVA revealed that seasonal variation significantly affected the peramine concentration of F. sinensis (p < 0.05), but the role of ecotype appeared statistically insignificant (Tables 2, 3). However, the interactions between ecotypes and seasonal variation had a significant impact on the peramine concentration of F. sinensis (p < 0.05; Table 3). The peramine concentrations of six ecotypes of F. sinensis decreased significantly (p < 0.05) from spring to autumn (Figures 1, 2), but they increased in winter only under field conditions (Figure 1). The peramine concentrations of six ecotypes of F. sinensis bottomed in autumn, and the differences between the ecotypes were insignificant (Figures 1, 2). The peramine concentrations of ecotype 41 and 141 reached the peak and trough during the trial period, respectively (Figures 1, 2).



TABLE 2. Results of two-way ANOVA for the effects of season and ecotype on peramine, lolitrem B, and ergot concentration of Epichloë endophyte-F. sinensis under field conditions.
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TABLE 3. Results of two-way ANOVA for the effects of season and ecotype on peramine, lolitrem B, and ergot concentration of Epichloë endophyte-F. sinensis under greenhouse conditions.
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FIGURE 1. Effects of season and ecotype on the peramine concentration of Epichloë endophyte-F. sinensis under field conditions. Values are the mean ± standard error (SE). Different uppercase letters indicate significant differences among the same ecotype under different seasonal conditions at p < 0.05, different lowercase letters indicate significant differences among the different ecotypes under the same seasonal conditions at p < 0.05.
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FIGURE 2. Effects of season and ecotype on the peramine concentration of Epichloë endophyte-F. sinensis under greenhouse conditions. Values are the mean ± standard error (SE). Different uppercase letters indicate significant differences among the same ecotype under different seasonal conditions at p < 0.05, different lowercase letters indicate significant differences among the different ecotypes under the same seasonal conditions at p < 0.05.
 



Lolitrem B

The results showed that seasonal variation significantly affected the lolitrem B concentration of F. sinensis (p < 0.05). Although the ecotype did not significantly affect it, the interactions between ecotype and seasonal variation were obvious (p < 0.05) on the lolitrem B concentration of F. sinensis (Tables 2, 3). Under field conditions, the lolitrem B concentration of ecotype 41 of F. sinensis was significantly higher in spring-winter (p < 0.05) than in summer-autumn (Figure 3). Under greenhouse conditions, the lolitrem B concentration of ecotype 41 of F. sinensis was significantly higher in autumn-winter than in spring-summer (Figure 4). While the lolitrem B concentration of ecotype 57 of F. sinensis was significantly higher in autumn (p < 0.05) than other seasons under field conditions (Figure 3), its concentration hit the lowest in spring with little difference among other seasons under greenhouse conditions (Figure 4). The lolitrem B concentrations of ecotype 84, 99, 111, and 141 of F. sinensis were significantly higher in autumn (p < 0.05) than in spring under both field and greenhouse conditions (Figures 3, 4). Overall, the lolitrem B concentration of F. sinensis was higher in autumn than in other seasons.
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FIGURE 3. Effects of season and ecotype on the lolitrem B concentration of Epichloë endophyte-F. sinensis under field conditions. Values are the mean ± standard error (SE). Different uppercase letters indicate significant differences among the same ecotype under different seasonal conditions at p < 0.05, and different lowercase letters indicate significant differences among the different ecotypes under the same seasonal conditions at p < 0.05.
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FIGURE 4. Effects of season and ecotype on the lolitrem B concentration of Epichloë endophyte-F. sinensis under greenhouse conditions. Values are the mean ± standard error (SE). Different uppercase letters indicate significant differences among the same ecotype under different seasonal conditions at p < 0.05, and different lowercase letters indicate significant differences among the different ecotypes under the same seasonal conditions at p < 0.05.
 



Ergot

The interactions between seasonal variation and ecotypes significantly influenced the ergot concentrations of six F. sinensis ecotypes (p < 0.05); and the seasonal variation significantly (p < 0.05) affected the ergot concentration of six ecotypes of F. sinensis (Tables 2, 3). Ecotype had a significant (p < 0.05) impact on the ergot concentration only under greenhouse conditions (Table 3). For five ecotypes (41, 57, 84, 99, and 141) of F. sinensis, the ergot concentrations peaked in the summer, but lowered in spring and autumn (Figures 5, 6). The ergot concentrations of ecotype 99 and 111 were significantly higher in summer (p < 0.05) relative to other four ecotypes (Figure 5). Note that ecotype has no significant effect on the ergot concentration (Figure 6).
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FIGURE 5. Effects of season and ecotype on the ergot concentration of Epichloë endophyte-F. sinensis under field conditions. Values are the mean ± standard error (SE). Different uppercase letters indicate significant differences among the same ecotype under different seasonal conditions at p < 0.05, and different lowercase letters indicate significant differences among the different ecotypes under the same seasonal conditions at p < 0.05.
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FIGURE 6. Effects of season and ecotype on the ergot concentration of Epichloë endophyte-F. sinensis under greenhouse conditions. Values are the mean ± standard error (SE). Different uppercase letters indicate significant differences among the same ecotype under different seasonal conditions at p < 0.05, and different lowercase letters indicate significant differences among the different ecotypes under the same seasonal conditions at p < 0.05.
 




DISCUSSION

We demonstrated that the concentrations of alkaloids produced by the Epichloë endophyte-F. sinensis associations changed with seasonal variation. There were differences in the trends of the three alkaloids (peramine, lolitrem B, and ergot). We revealed that ecotypes significantly affect some alkaloids under the same seasonal conditions. The concentrations of similar alkaloids were quite different under field and greenhouse conditions.

Many previous studies have shown that grasses without endophyte did not produce alkaloids. It is concluded that the alkaloids tested in our manuscript were only produced by endophyte rather than host plants (Young et al., 2009; Schardl et al., 2013a,b). This study did not detect the three alkoids in the E-F. siensis plants through HPLC. Seasonal variation can influence the peramine concentrations produced by the endophyte of F. sinensis. A previous study on grazing grassland showed that the peramine concentrations of L. perenne displayed a seasonal rhythm with peak concentrations in summer and minimal concentrations in winter (Fuchs et al., 2017). However, our study indicated that the peramine concentrations of six ecotypes of F. sinensis decreased from spring to autumn. The F. sinensis prefers cooler growth conditions, with a tendency to grow rapidly in spring and autumn but achieves slower growth in summer and winter. The Epichloë endophytes rely on their host plants to acquire the desired growth nutrients (Nan and Li, 2004). The growth of Epichloë endophyte slows down as the host plants grow slowly. This explains why the concentration of peramine produced by endophyte reduced in summer. In addition, the peramine concentration produced by the host plant is affected by the genotype (Faeth et al., 2002). Peramine is a natural insecticide. High levels of peramine (ranges 54–80 ppm) produced by the F. sinensis-endophyte associations would have strong resistance to insect feeding (Tian et al., 2018). The present study showed that the peramine concentrations of six ecotypes of F. sinensis bottomed in autumn. This implied that the insect resistance of F. sinensis-endophyte associations weakened in autumn. In addition, our results revealed that the ecotype had no significant effect on the peramine concentration produced by F. sinensis-endophyte associations under field and greenhouse conditions. We speculated that there were effects of the seasonal conditions instead of ecotypes on the peramine concentration.

Early studies found that ryegrass staggers was caused largely by the presence of lolitrem B (Gallagher et al., 1981; Ball et al., 1995). Endophytic fungal has long been assumed to grow only at the hyphal tip. However, Christensen et al. (2008) showed an intercalary division and extension of fungal tissue, which is connected to enlarging host plant cells, enables the fungal extension at the same rate as the host growth. This study showed that the lolitrem B concentration of F. sinensis was higher in autumn than in other seasons corresponding to the plant phenotype, indicating that endophyte grows concurrently with the grass through intercalary division, as postulated by Christensen et al. (2008). Low alkaloid concentrations in young plants indicate alkaloid biosynthesis to be costly (Fuchs et al., 2017). Spring and summer are the growth periods for the F. sinensis seedlings. In younger plants, nutrient resources are mainly used for primary metabolism such as plant and endophyte growth, rather than secondary metabolite synthesis (Faeth and Fagan, 2002). The present study also found that the endophytic fungi of the F. sinensis produced peramine instead of lolitrem B. This could be caused by chemical complexity and biosynthetic cost difference, which is similar to the plant secondary metabolite synthesis (Nishida, 2002). In addition, temperature rise might increase the alkaloid concentrations (Hennessy et al., 2016).

The present study showed that the interactions between seasonal variation and ecotypes significantly affected the ergot concentrations of six F. sinensis ecotypes; and the seasonal variation significantly impacted the ergot concentration of six ecotypes of F. sinensis. For five ecotypes (41, 57, 84, 99, and 141) of F. sinensis, the ergot concentrations peaked in summer, and declined in spring and autumn. Previous studies suggested that phosphorus had an effect on the ergot alkaloid concentration of Neotyphodium coenophialum-infected Festuca arundinacea (Malinowski et al., 1998). Our research supported that seasonal change affected the alkaloid concentrations produced by the endophytes of L. perenne; the alkaloid concentrations showed a seasonal rhythm with peak concentrations in summer and minimal concentrations in winter across all 3 years (2013–2015) (Fuchs et al., 2017). The short-term cold stress could also affect the ergot alkaloids of F. sinensis (Zhou et al., 2015a). Moreover, there were host genotype or endophyte genotype effects on the quantitative differences in the alkaloid concentration of F. sinensis. This has been reported by previous studies on different species (Easton et al., 2002; Tian et al., 2013).



CONCLUSION

In conclusion, both seasonal variation and ecotypes can affect the alkaloids produced by the F. sinensis-endophyte associations (especially true for seasonal variation). Different categories of alkaloids vary differently over a seasonal cycle. In autumn, the peramine concentration of F. sinensis-endophyte associations was at the lowest level, but the lolitrem B hit the highest level. The ergot concentration was at the lowest level in summer. Hence, the presence of endophyte is beneficial to F. sinensis in natural grasslands.
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Using gamma-ray-induced mutagenesis, we have developed a mutant (named G2) of Trichoderma virens that produced two- to three-fold excesses of secondary metabolites, including viridin, viridiol, and some yet-to-be identified compounds. Consequently, this mutant had improved antibiosis against the oomycete test pathogen Pythium aphanidermatum. A transcriptome analysis of the mutant vis-à-vis the wild-type strain showed upregulation of several secondary-metabolism-related genes. In addition, many genes predicted to be involved in mycoparasitism and plant interactions were also upregulated. We used tamarind seeds as a mass multiplication medium in solid-state fermentation and, using talcum powder as a carrier, developed a novel seed dressing formulation. A comparative evaluation of the wild type and the mutant in greenhouse under high disease pressure (using the test pathogen Sclerotium rolfsii) revealed superiority of the mutant over wild type in protecting chickpea (Cicer arietinum) seeds and seedlings from infection. We then undertook extensive field evaluation (replicated micro-plot trials, on-farm demonstration trials, and large-scale trials in farmers’ fields) of our mutant-based formulation (named TrichoBARC) for management of collar rot (S. rolfsii) in chickpea and lentil (Lens culinaris) over multiple locations in India. In certain experiments, other available formulations were included for comparison. This formulation consistently, over multiple locations and years, improved seed germination, reduced seedling mortality, and improved plant growth and yield. We also noticed growth promotion, improved pod bearing, and early flowering (7–10 days) in TrichoBARC-treated chickpea and lentil plants under field conditions. In toxicological studies in animal models, this formulation exhibited no toxicity to mammals, birds, or fish.

Keywords: Trichoderma, mutant, tamarind seeds, formulation, chickpea, lentil, farmers’ fields


INTRODUCTION

Trichoderma spp. are among the most widely used bioagents in today’s agriculture throughout the world (Mukherjee et al., 2013). The popularity of these fungi stems from their ability to kill other fungi (mycoparasitism), produce several hundred secondary metabolites (some are antimicrobial), induce local and systemic resistance in plants against invading pests and pathogens, improve nutrient (especially nitrogen) use efficiency, promote plant growth, and impart tolerance to abiotic stresses (Lorito et al., 2010). Even though there are more than 200 well-defined species reported in literature, the formulations that are in use are based on only a handful of species like T. harzianum, T. afroharzianum, T. viride, T. asperellum, T. koningiopsis, and T. virens (Atanasova et al., 2013; Mukherjee et al., 2013). The main constraint in using these bioagents has been their inconsistent performance under field conditions, compared to their chemical counterparts that are not much influenced by environmental factors (Zaidi and Singh, 2013). There have been earlier reports to develop novel Trichoderma strains using mutagenesis (Papavizas et al., 1982; Ahmad and Baker, 1988; Mukherjee et al., 1997, 1999; Szekeres et al., 2007; Olejníková et al., 2010). However, to the best of our knowledge, these have not been formulated, field-tested, and developed as commercial products. Among the formulations that are commercially available and are successful is one based on a protoplast fusant strain of T. afroharzianum (Shoresh et al., 2010; Chaverri et al., 2015; Harman and Uphoff, 2019). We report here improvement of a strain of Trichoderma virens that has been widely studied for biocontrol properties (Mukhopadhyay et al., 1992; Mukherjee et al., 2013; Sherkhane et al., 2017), using gamma-ray-induced mutagenesis. In addition to strain improvement, we also report here a novel mass multiplication protocol and a formulation strategy for Trichoderma, and report on the non-toxic nature of the T. virens mutant formulation in mammals, birds, and fish.



MATERIALS AND METHODS


Strains and Culture Conditions

Trichoderma virens IMI 304061 and the plant pathogens Pythium aphanidermatum and Sclerotium rolfsii were taken from our previous studies (Mukherjee et al., 2007). Fungal cultures were routinely grown in potato dextrose medium and stored in −80°C as glycerol stock for maintaining genetic purity.



Mutagenesis of T. virens and Isolation of a Secondary Metabolite Overproducing Mutant

Sporulated culture (grown in potato dextrose agar slants) of wild-type strain of T. virens was irradiated with gamma ray at 1,250 Gy, as described previously (Mukherjee and Mukhopadhyay, 1993). The spores were harvested in sterile distilled water and dilution-plated on PDA amended with rose bengal (100 mg/L) to restrict colony growth. Morphologically different colonies were transferred to fresh PDA plates. One colony having brown color conidia and secreting dark pigments in the medium was purified by repeated single-spore isolation and selected for further studies. Stability of the mutant was tested for 20 generations by repeated subculturing. For antibiosis assay, the strains were grown in PDB for 3 days with continuous shaking, and the filtrate was harvested, passed through 0.22-μm syringe filters, and added to PDA at 3% (v/v). Control was amended with 3% water. The indicator plant pathogen P. aphanidermatum was inoculated centrally on filtrate-amended plates and observation was recorded on the growth after 24 h of incubation. The ability of wild type and G2 to overgrow colonies of the plant pathogen S. rolfsii was assessed using confrontation assay (Mukherjee et al., 2013). The ability of the strains to colonize and kill sclerotia of S. rolfsii was assessed by spreading conidial suspension (100 μl of 106/ml) on 1% water agar plates and then seeding the sclerotia on it. Parasitization of the sclerotia was recorded daily and sclerotial viability was determined by plating on PDA amended with 10 mg/L benomyl (to selectively inhibit the growth of T. virens). For HPLC, the filtrates were extracted with ethyl acetate, concentrated (10-fold) using nitrogen flush, and subjected to HPLC analysis as described earlier (Mukherjee et al., 2006).



Transcriptome Analysis

For RNA extraction, T. virens WT and G2 were grown on PDA plates lined with a dialysis membrane (MWCO 12,000–14,000) for 3 days and the tissue (containing both mycelia and conidia) were harvested by scraping with a sterile spatula, ground in liquid nitrogen, and RNA extracted with TriReagent (MRC). A paired-end library was prepared, and de novo transcriptome sequencing and assembly were performed on Illumina HiSeq 2500 platform at M/S Scigenom, Cochin, Kerala, India. Adaptor trimming, quality filtering, and end trimming were performed and the cleaned reads were assembled using Trinity software with default settings. All assembled transcripts were found to be of length of more than 200 bp. The trimmed reads were aligned to the assembled transcriptome using the Bowtie2 program. Of all filtered reads, about 95% of reads from each sample were properly aligned back to the assembled transcriptome. Differential gene expression analysis was performed using DESeq program. The assembled transcript was annotated using an in-house pipeline (CANoPI – Contig AnnotatorPipeline) at M/S Scigenome Labs., Cochin, Kerala, India, for de novo transcriptome assembly using the following steps: Comparison with NCBI database using BLASTX program, organism annotation, gene and protein annotation to the matched transcript, and domain search by using NCBI-CDD search database. Fold change was calculated based on the FPKM values, and genes having log2 fold change ≥1.5 was considered for comparison.



Mass Multiplication, Formulation, and Seed Treatment

For mass multiplication of T. virens, we used a novel medium, i.e., tamarind seeds in solid-state fermentation. Tamarind seed is a cheap by-product of tamarind pulp industry and is available locally in all parts of India. The seeds were cut in four pieces, and 100 g was soaked overnight in 180-ml tap water in a 500-ml conical flask. Even though whole tamarind seeds support profuse growth of T. virens, cut seeds were used to increase substrate surface area, resulting in higher fungal biomass production. After autoclaving for 15 min at 15 psi, seeds were inoculated with Trichoderma and incubated for 7–10 days. The growth was mixed thoroughly with 400 g of autoclaved talcum powder and sieved through a stainless steel sieve (8 mesh). The powder was air dried and kept refrigerated for further use. The formulation was stable for at least 6 months at 4–6°C, without any significant loss of viability. Colony-forming units were counted by dilution plating on rose bengal agar plates. For seed treatment, 5 to 10 g of the formulation was suspended in 25 ml of water to make a slurry, and seeds were treated with this slurry by shaking in a polybag. Seeds were air dried before sowing.



Greenhouse Assay for Control of S. rolfsii

In order to have a comparative assessment of wild type and G2, we checked for the ability to protect chickpea seeds and seedlings from S. rolfsii, a serious pathogen of chickpea (and of more than 500 plant species), in a greenhouse pot experiment. Two kilograms of non-sterile soil was taken in plastic pots. For inoculum, S. rolfsii was grown in sorghum grains for 10 days. Four grams (determined experimentally to create high disease pressure, i.e., about 100% mortality) of S. rolfsii culture was mixed with top 3 cm soil. The pots were covered for 3 days to help the pathogen get established in soil. Twenty treated (wild type or G2 @ 2.5 and 5 g/kg seeds, treated in slurry form as described above) chickpea seeds were sown per pot in pathogen-infested soil or pathogen-free soil, in three replicates. Observation on seed germination was recorded after 3 days and healthy plant stand was recorded after 7 days.



Replicated Field Trials for Control of Chickpea Collar Rot


Experiment at Crop Research Centre, G.B. Pant University of Agriculture and Technology, Pantnagar, Uttarakhand, India

A replicated trial was conducted at Pantnagar in a field naturally infested with root rot and wilt pathogens (S. rolfsii, Rhizoctonia solani, and Fusarium oxysporum f.sp. ciceris) in the 2017–2018 crop season. Individual plot size was 3 m × 2 m, and the experiment was laid out in randomized block design (RBD) with three replicates. Several biocontrol formulations of Trichoderma isolates/spp. and Pseudomonas fluorescens were compared with our formulation. Chickpea seeds were treated with 5 g/kg seeds (TrichoBARC) or 10 g/kg seeds (other bioagents) formulation, and 240 seeds were sown per plot. Moist seeds were treated with dry talcum-based formulations of the bioagents. Seedling and plant mortality was recorded between 30 and 120 days and mature plant wilt 120 days after sowing (DAS).



Trials Under All-India Coordinated Research Project on Chickpea at Four Locations

Multi-location replicated field trials were conducted at Raipur (Chhattisgarh State), Jhansi (Uttar Pradesh), Jabalpur (Madhya Pradesh), and Shillongani (Assam) in the 2017–2018 and 2018–2019 crop seasons. Plot size was 4 m × 3 m and the experiments were laid out in RBD with three replicates. Seeds of chickpea were treated with 1% of the T. virens G2 formulation grown in tamarind seeds. Three other strains of Trichoderma spp. and chemical seed treatment were included for comparison. Observations of seedling emergence, seedling mortality, and yield were recorded.




On-Farm Demonstration Trials

On-farm demonstration trials for control of chickpea collar rot was conducted in the 2015–2016 and 2016–2017 crop seasons at Indira Gandhi Krishi Vishwavidyalaya, Raipur, Chhattisgarh. In Raipur in 2015–2016, experiment was taken in a plot of 16 m × 7 m. Chickpea seeds treated with 0.5% TrichoBARC formulation was sown and observation on seed yield and biomass production was recorded. In 2016–2017, 63 m × 24 m plots were used to demonstrate the effect of TrichoBARC seed treatment on chickpea yield.



Trials in Farmers’ Field

In 2017–2018, trials were conducted in the field of 30 lentil farmers in four villages (Jahirapara, Kurumbelia, Bizra, and Panpur) in Nadia district of West Bengal province, India. Experimental plot size was 0.3 acres. Seeds were treated @ 5 g/kg seeds of Moitri variety, and observations on seedling mortality and grain yield were recorded, and compared with non-treated plots. Trials in farmers’ field were repeated the same way in the 2018–2019 crop season.



Toxicological Studies

A toxicological study with TrichoBARC formulation was conducted at the Department of Toxicology, IIBAT, Padappai, Tamil Nadu, India. The study was performed in accordance with the US-EPA, OPPTS microbial pesticide test guidelines and Committee for Control and Supervision of Experiments on Animals (CPCSEA) Prevention of Cruelty to Animals Act 1960 (formed in 1964 and revived in 1998). Animals were fasted for 3 h before the treatment and 0.3 ml (twice) containing approximately 108 colony-forming units of the formulation was administered in split dose orally to each animal in the treatment groups (rat, mice, and rabbit). Untreated animals were used as controls. Food was withdrawn for 1 h post-administration. The treated and control animals were sacrificed at various points during the study on days 3, 7, 14, and 21. All animals were observed daily for clinical signs, mortality, and morbidity until the day of their scheduled sacrifice. Body weights of individual animals were recorded shortly before the administration, weekly thereafter, at interim and final sacrifice. For toxicity studies in chicken (Gallus gallus domesticus), the desired quantity (20 g) of the test item was weighed and made up to 100 ml using distilled water and thereafter administered to the birds by oral intubation to five female chickens (bird nos. 6–10) at the dose level of 2,000 mg/kg body weight. Five control female chickens (bird nos. 1–5) were similarly treated but with distilled water alone. All birds were observed individually for toxicity signs and mortality thrice on day 0 and thereafter daily for 14 days. The body weight of each bird was recorded just prior to administration of dose (0 day) and on days 3, 7, and 14 after administration. Food consumption was measured daily. Water consumption data were collected on days 3, 7, and 14. At the end of the test, all surviving birds were humanely euthanized by carbon dioxide asphyxiation and gross pathology was conducted on all birds from the treatment group and control. Samples of liver, lungs, kidney, brain, spleen, and blood were collected aseptically and homogenized in cold phosphate buffered saline for microbial evaluation from the treated and control birds at the end of the experimental period. Similar studies were conducted in Pigeon (Columba livia). A study was also conducted to evaluate the acute toxicity of the formulation to freshwater fish, Danio rerio. In a range-finding experiment, groups of seven fish each in two replicates were exposed to control and test material concentrations of 25.0, 50.0, and 100.0 mg/L TrichoBARC formulation corresponding to 0, 3.9 × 105, 7.8 × 105, and 1.56 × 106 CFU/ml, respectively, for 96 h. The fish were observed for mortality and abnormal behavior twice on the day (3 and 6 h) of exposure and, thereafter, at the end of every 24 h throughout the experimental period. Based on the results of the range-finding experiment, the limit test was conducted with control and test material concentration of 100 mg/L in two replicates at 7 fish/replicate for 96 h. The fish were observed for mortality and abnormal behavior as described above. All the data were analyzed statistically.




RESULTS AND DISCUSSION


G2 Is a Secondary Metabolite Overproducing Mutant

Exposure to 1,250 Gy of gamma ray followed by selection for varied colony morphology and hyperpigmentation of culture medium (by examining the reverse side of the culture plate) led to the isolation of a stable mutant (designated as G2) that has yellow-brown conidia, dark coloration of the medium, and normal growth and conidiation like the wild-type strain (Figure 1). The mutant, when grown in potato dextrose broth for 3 days in shake culture, produced dark pigment(s) in liquid medium and the filtrate was more inhibitory than the wild type on growth of the test plant pathogen P. aphanidermatum (Figure 2). In a confrontation assay, the mutant was as effective as the wild type in overgrowing the plant pathogen S. rolfsii (Figure 3). The mutant was also as effective as the wild type in parasitism of the sclerotia of S. rolfsii (Figure 4). In HPLC analysis, the mutant produced about 3-fold more of secondary metabolites, including the known metabolites viridin and viridiol, and many yet-to-be identified compounds (Figure 5). These data indicate that the mutant is a hyper-producer of several secondary metabolites, and as effective as the wild type in mycoparasitism. The mutant has been deposited with the Microbial Type Culture Collection, Chandigarh, India (Acc. No. MTCC 11567).
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FIGURE 1. Colony morphology of wild-type and mutant strain of Trichoderma virens, after growth on potato dextrose agar for 5 days.
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FIGURE 2. Inhibition of Pythium aphanidermatum by culture filtrate of WT and G2.
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FIGURE 3. Confrontation assay between Sclerotium rolfsii and Trichoderma virens mutant/wild-type strain.
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FIGURE 4. Parasitism of sclerotia of Sclerotium rolfsii by wild type and mutant of Trichoderma virens. (A) Sclerotia colonized after 5 days of co-incubation of Trichoderma and sclerotia of S. rolfsii. (B) Growth of S. rolfsii from sclerotia after 3 days of incubation on benomyl-amended PDA medium.
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FIGURE 5. HPLC analysis of culture filtrate of WT and G2.





Several Genes Related to Secondary Metabolism, Mycoparasitism, and Plant Interactions Are Upregulated in G2

In order to understand the genomic basis of enhanced secondary metabolite biosynthesis, we did a transcriptome analysis of the mutant vis-à-vis the wild-type strain, grown on potato dextrose agar medium for 3 days. Indeed, several secondary metabolism biosynthesis and transport-related genes like polyketide synthases (6), O-methyl transferases (4, including one involved in viridin biosynthesis – Bansal et al., 2018), cytochrome P450s (4), and MFS transporters (4) were upregulated in the mutant, compared to wild type (Figure 6 and Supplementary Table S1). This excludes 16 oxidoreductases that are upregulated in the mutant; oxidoreductases are also known to be part of several secondary metabolism gene clusters and some of these might also be involved in secondary metabolite biosynthesis (Zeilinger et al., 2016). Interestingly, in addition to genes for secondary metabolism, 18 glycosyl hydrolases (GHs) are also upregulated in the mutant. This is surprising because most of the GHs are under catabolite repression in glucose-rich medium (like PDA). Several GHs like chitinases, chitosanases, and beta-glucanases that are upregulated in the mutant are known to be involved in mycoparasitism and biocontrol (Inbar and Chet, 1995; Haran et al., 1996; Carsolio et al., 1999; Djonović et al., 2006b, 2007b). Certain GHs like pectinases are induced during root colonization by Trichoderma and are known to be involved in penetration of roots (Morán-Diez et al., 2009, 2015). Small cysteine-rich secreted proteins (SSCPs) are a broadly defined group of proteins that are secreted, small (300 amino acids or less), and have at least four cysteine residues (Mendoza-Mendoza et al., 2018). Many of the proteins involved in plant–microbe interactions (as elicitors and effectors) are SSCPs, for example, Sm1 and Sm2 of T. virens as elicitors and four SSCPs as effectors that presumably facilitate root internalization (Djonović et al., 2006a, 2007a; Gaderer et al., 2015; Lamdan et al., 2015; Mendoza-Mendoza et al., 2018). In this study, as many as 12 SSCPs are upregulated in mutant G2 over wild type, even when it was grown on PDA, and not in association with roots. In addition, an ortholog of hce2, gene encoding a pathogen effector and a putative necrosis-inducing factor (Ecp2 is a member of this family), is also induced in G2. Trichoderma hydrophobins are known to be involved in attachment of hyphae to roots – deletion of hyd2 resulted in compromising cucumber root colonization by T. asperellum (Viterbo and Chet, 2006). Trichoderma hydrophobins are also reported to be involved in mycoparasitism, plant growth promotion, and induced resistance (Ruocco et al., 2015; Guzmán-Guzmán et al., 2017; Przylucka et al., 2017; Yu et al., 2019; Zhang et al., 2019). Three hydrophobins are upregulated in G2, compared to wild type. In short, many genes that can have a positive effect on plants are induced in G2 even when grown on a nutrient-rich medium not under induction by its host fungi or plants.
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FIGURE 6. Genes upregulated in T. virens mutant G2, over wild type, when grown on PDA for 3 days. Hypo: hypothetical/unknown proteins; SSCP: small, cysteine-rich secreted proteins; OXIDO: oxidoreductases; GH: glycosyl hydrolases; SEC. META.: gene predicted to be involved in secondary metabolism (includes PKS, P450, NRPS-like, OMT-B, and MFS transporters); HYD: hydrophobins; PEP: peptidases.





Tamarind Seeds Support Profuse Growth of T. virens

Tamarind seeds are a by-product of tamarind pulp industry and are cheap and locally available. In order to replace widely used food grains as a medium for growth of Trichoderma, we tested the ability of tamarind seeds to support growth and conidiation of T. virens in solid-state fermentation. Broken tamarind seeds supported profuse growth and conidiation of both wild type and the mutant (Figure 7). The final formulation with talcum powder (80%, W/W) appeared darker for the mutant, because of hyperpigmentation (Figure 8). The colony-forming units were determined to be 108/g for both the wild type and the mutant formulations (Figure 9). The formulation was free of any bacterial or mold contamination.
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FIGURE 7. Growth of Trichoderma virens wild type and mutant on tamarind seeds, 7 days after inoculation.




[image: image]

FIGURE 8. Formulated product of Trichoderma virens wild type and mutant.
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FIGURE 9. Colony-forming units of Trichoderma virens on PDA-rose bengal medium.





G2-Based Formulation Is Superior to Wild Type in Greenhouse Assays

Most Trichoderma formulations available in the market have added amendments like carboxy-methyl cellulose and/or a detergent that acts as a spreader/sticker. Hence, sensu stricto, these formulations are not organic. Tamarind seeds have intrinsic sticking properties as it is rich in xylo-glucan (Mishra and Malhotra, 2009). Seeds could be easily coated with this formulation without adding any sticker (Figure 10). When coated chickpea seeds were sown in pot soil heavily infested with the pathogen S. rolfsii, the mutant-based formulation showed improved disease control potential compared to wild type (Figure 11). This experiment was repeated several times and the superiority of the mutant to reduce seedling mortality was reproducible. We therefore proceeded to field trials with the mutant-based formulation (named TrichoBARC) at multiple locations over several years.
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FIGURE 10. Seeds treated with wild type and G2 formulations.




[image: image]

FIGURE 11. Pot assay for biocontrol of Sclerotium rolfsii in chickpea treated with wild type or mutant, in the presence and absence of the pathogen. Treatments with same letters (case-sensitive) are not significantly different (P < 0.05).





The Formulation Is Effective in Reducing Seedling Mortality and Improving Yield of Chickpea Under Field Conditions

In a replicated filed trial at Pantnagar conducted during the 2017–2018 crop season in soil naturally infested with collar rot, root rot, and wilt pathogens, TrichoBARC formulation significantly reduced chickpea plant mortality (11.6% wilted plants, as against 36.9% in control plot) and was superior to other Trichoderma or P. fluorescens-based formulations (Table 1). In multi-location trials on collar-rot control, TrichoBARC was evaluated and compared with a few other Trichoderma strains, fungicides, and combination treatment, at four locations/states of India over 2 years. TrichoBARC treatment of seeds significantly improved seedling emergence, reduced disease incidence, and improved yield in all four locations over both years (Tables 2A–C, 3A–C).

TABLE 1. Efficacy of bio-agents against seed and plant mortality of chickpea in field at Crop Research Centre, Pantnagar (2017–2018).
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TABLE 2A Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2017–2018) – Seedling emergence.
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TABLE 2B Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2017–2018) – Disease incidence (%).
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TABLE 2C Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2017–2018) – Yield (kg/ha).
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TABLE 3A Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2018–2019) – Seedling emergence.
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TABLE 3B Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2018–2019) – Disease incidence (%).
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TABLE 3C Evaluation of new stains of Trichoderma along with fungicides for the management of collar rot of chickpea (2018–2019) – Yield (kg/ha).
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The Formulation Enhanced Chickpea Yield in “On-Farm” Demonstration Trials

We demonstrated the potential of the formulation to enhance chickpea yield at Raipur, Chhattisgarh (for chickpea) over 2 years. In the 2015–2016 demonstration trial in Raipur, TrichoBARC-treated chickpea plot (112 m2) recorded 54.2 kg bundle weight (biomass production) and 14 kg grain yield, compared to 29.16 and 8.8 kg, respectively, in the control plot; the TrichoBARC-treated plot had lower incidence of seedling mortality (Figure 12). In 2016–2017, in a bigger plot size (1512 m2), the grain yield was 161 kg in the TrichoBARC-treated plot, compared to 142 kg in control, and bundle weight was 386 and 271 kg per plot, respectively.
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FIGURE 12. Demonstration trial on control of collar rot of chickpea in experimental field at Raipur (2015–2016).





TrichoBARC Seed Treatment Improved Lentil Yield in Farmers’ Field

In 2017–2018, trials were taken up in 30 lentil farmers’ field in West Bengal. On average, yield per hectare was 1,533 kg, compared to 1,269 in the non-treated field, with the maximum yield recorded in the TrichoBARC-treated field being 1,800 kg/ha and the minimum being 1,275 kg/ha, compared to 1425 and 1125 kg/ha in control fields, and the yield gain was statistically significant (Figure 13). In 2018–2019 too, average yield gain in 30 farmers’ fields across four villages in Nadia district of West Bengal was more than 200 kg/ha (Figure 14).
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FIGURE 13. Yield data of farmers’ field trials taken at 30 farmers’ fields in Nadia district of West Bengal (2017–2018).
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FIGURE 14. Yield data of farmers’ field trials taken at 30 farmers’ fields in Nadia district of West Bengal (2018–2019).





The Formulation Developed Is Non-toxic to Mammals, Birds, and Fish

The toxicological studies of TrichoBARC formulation on rat, mice, rabbit, chicken, pigeon, and a freshwater fish D. rerio revealed that the formulation is non-toxic to these test animals (Table 4).

TABLE 4. Toxicity of TrichoBARC formulation on mammals, birds, and fish.
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SUMMARY AND CONCLUSION

Trichoderma spp. are widely used in agriculture, several formulations being available as biofungicides and plant growth promoters. T. virens is also commercially sold as a biofungicide1 and plant growth promoter (in combination with Bacillus amyloliquefaciens2) in the United States. Even though natural strains of Trichoderma are effective, there is always a scope for strain improvement. Induced mutation is a powerful tool for genetic enhancement of microbes. For example, the industrial strain RutC 30 of Trichoderma reesei (used for enzyme production) is derived from a natural strain QM6A through repeated mutagenesis resulting in 15- to 20-fold improvement in cellulase biosynthesis (Peterson and Nevalainen, 2012). Another example is the enhancement of penicillin biosynthesis – it has been possible to enhance the titer by 85-fold through mutation (Ziemons et al., 2017). There are several such examples in industry, but only a few in microbes of agricultural importance. Even though attempts were made to “improve” biocontrol potential of Trichoderma strains through mutagenesis, seldom they have been commercialized. Biocontrol potential of Trichoderma spp. can also be enhanced by improving formulation strategy. In the present study, we have demonstrated that it is possible to improve the antagonistic and biocontrol potential of a strain of T. virens that has widely been studied for biocontrol properties as well as genetics. We have combined genetic enhancement with novel formulation strategy, and through extensive evaluation over many years in several locations, we demonstrate the commercial potential of such a novel formulation. The use of tamarind seeds as a mass multiplication medium has unique advantages. In developing countries, including India, food grains like sorghum are extensively used for growing Trichoderma at industry scale, while tamarind seeds are by-products of tamarind pulp that are very popular as a culinary ingredient throughout India. This technology thus replaces expensive food grains with cheap tamarind seeds. Moreover, tamarind seed-based formulations, being sticky in nature, do not require addition of stickers/spreaders like carboxy-methyl cellulose and detergents that are routinely used in Trichoderma formulations. This formulation described here is thus an organic formulation sensu stricto. The extensive field testing data (including farmers’ field) that we present here clearly establish our formulation as an excellent technology for crop production, especially pulses. The formulation has been proven to not only be effective in controlling collar rot, a serious problem in more than 500 crop species, but also cause robust plant growth (Supplementary Figures S1, S2). We also noticed early flowering (by 7–10 days) in TrichoBARC-treated chickpea and lentil under field conditions at multiple locations. We are yet to study the mechanism of improved biocontrol and growth enhancement, which could be due to the overproduction of secondary metabolites, and constitutive overexpression of many genes known to be involved in mycoparasitism (like chitinases, chitosanases, and glucanases), root colonization (like pectinases), and SSCPs (known to play role as elicitors and effectors). The formulation developed by us using a novel mutant combined with a novel formulation strategy thus holds promise for commercial success as a novel plant bio-inoculant. Additionally, through toxicology studies, we also provide evidence that this formulation is safe, which adds to the commercial prospect of this technology described here.
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The pH Signaling Transcription Factor PAC-3 Regulates Metabolic and Developmental Processes in Pathogenic Fungi
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The zinc finger transcription factor PAC-3/RIM101/PacC has a defined role in the secretion of enzymes and proteins in response to ambient pH, and also contributes to the virulence of species. Herein we evaluated the role of PAC-3 in the regulation of Neurospora crassa genes, in a model that examined the plant-fungi interactions. N. crassa is a model fungal species capable of exhibiting dynamic responses to its environment by employing endophytic or phytopathogenic behavior according to a given circumstance. Since plant growth and productivity are highly affected by pH and phosphorus (P) acquisition, we sought to verify the impact that induction of a Δpac-3 mutation would have under limited and sufficient Pi availability, while ensuring that the targeted physiological adjustments mimicked ambient pH and nutritional conditions required for efficient fungal growth and development. Our results suggest direct regulatory functions for PAC-3 in cell wall biosynthesis, homeostasis, oxidation-reduction processes, hydrolase activity, transmembrane transport, and modulation of genes associated with fungal virulence. Pi-dependent modulation was observed mainly in genes encoding for transporter proteins or related to cell wall development, thereby advancing the current understanding regarding colonization and adaptation processes in response to challenging environments. We have also provided comprehensive evidence that suggests a role for PAC-3 as a global regulator in plant pathogenic fungi, thus presenting results that have the potential to be applied to various types of microbes, with diverse survival mechanisms.

Keywords: Neurospora crassa, mycorrhizal association, phytopathogen, inorganic orthophosphate, RNA-sequencing


INTRODUCTION

Soil nutrient cycling is primarily performed by microorganisms and serves to support plant development through the uptake of soil minerals and by facilitating the decomposition of organic matter. Phosphorus (P) acquisition and soil pH are two of the most influential factors affecting plant growth and productivity and are regulated primarily by the indigenous microbial community. Moreover, studies have suggested that changes in the composition of the soil fungal community are strongly correlated with changes in soil pH, which subsequently controls the availability of carbon (C), nitrogen (N) and phosphorus (P) (Hinsinger, 2001; Kemmitt et al., 2006; Rousk et al., 2009; Zhang et al., 2016).

In the soil, P exists as inorganic orthophosphate (Pi), either as H2PO4– or HPO42–, depending on the soil pH, or less commonly, as organic Pi (phytates). Uptake of P occurs via two distinct routes. The first is direct and occurs through plant roots. The second route is indirect and occurs via mycorrhizal symbiosis. Briefly, the host plant obtains P primarily from soil fungal partners supported by chemotropism, which is the ability of fungi to sense and grow toward a chemical gradient. The association with specialized soil fungi, and subsequent formation of mycorrhizal roots, serves to improve and increase the P content in plants. However, the beneficial effect afforded by the development of mycorrhizal symbiosis varies according to the fungal species involved (Hinsinger, 2001; Plassard et al., 2011; Johri et al., 2015; Turrà and Di Pietro, 2015).

Despite the importance of fungus-plant interactions, our current knowledge regarding the molecular regulation of these systems is rudimentary. However, recent advances have been made in the genomics of fungal model systems, which have contributed to our understanding of the cellular machinery responsible for regulating the chemoattraction of filamentous hyphae by plant roots, thereby enabling plants to forage for essential nutrients (Turrà and Di Pietro, 2015).

An example of a model for the study of plant-fungi interactions is the filamentous fungus Neurospora crassa, which has contributed significantly to the development of modern genomic studies. N. crassa grows on decaying plant material, and is capable of exhibiting endophytic or phytopathogenic behavior depending on the specific environmental circumstances (Kuo et al., 2014). Further, this fungal species has been shown to express defense- and pathogenicity-related genes including oxidoreductases and necrosis-inducing proteins (Leal et al., 2009; Kuo et al., 2014). It has also exhibited the ability to synthesize and secrete cellulases and hemicellulases, which function in the degradation of lignocellulosic material (Kuo et al., 2014; Kourist et al., 2015; Antonieto et al., 2017). Thus, N. crassa serves as a model organism for the investigation of a wide range of plant-fungal relationships.

The availability of P and the modulation of soil pH are important limiting factors in plant health and development, and thus, the ability to rapidly adapt to the environment via modulation of specific genes, is critical for efficient utilization of the available nutrients and overall survival. The transcription factor PAC-3, a new designation for N. crassa PacC (Virgilio et al., 2016), has a well-defined role in the pH-signaling pathway, and has also been shown to be required for virulence in specific plant pathogens, namely, Penicillium digitatum (Zhang et al., 2013), Fusarium oxysporum (Caracuel et al., 2003b), Sclerotinia sclerotiorum (Rollins, 2003), Colletotrichum gloeosporioides (Miyara et al., 2008), and Colletotrichum acutatum (You and Chung, 2007), thus suggesting a critical role for this protein in host-pathogen interactions.

Herein we present an overview of the effect induced following deletion of pac-3 in N. crassa when cultivated in media containing low and high concentrations of Pi. Results from the Gene Ontology (GO) enrichment analysis indicated that the most highly modulated gene groups were integral to the membrane, or with associated with oxidation-reduction processes, hydrolase activity, and transmembrane transport.

Our results suggest potential regulatory mechanisms employed by pac-3 in a ubiquitous filamentous fungus, thereby providing a comprehensive overview of genetic modulation in a model organism that is proficient in deconstruction of plant cell walls (Antonieto et al., 2017). These results, therefore, contribute to the understanding of possible mechanisms associated with plant-pathogen interactions.



MATERIALS AND METHODS


Neurospora crassa Strains and Culturing Conditions

The N. crassa Δpac-3 knockout strain (pac-3KO) was generated by replacing the pacC open reading frame (ORF; NCU00090) with the bar gene from a mus-52KO background strain. Gene knockout in the mutant strain was confirmed via polymerase chain reaction (PCR) using specific oligonucleotides (Cupertino et al., 2012). All strains were maintained on solid Vogel’s Minimal (VM) medium supplemented with 2% sucrose at 30°C and pH 5.8 (Vogel, 1956).

Following 5 days (Δmus-52) or 10 days (Δpac-3) of culturing consisting of 3 days at 30°C in the dark and 2 (Δmus-52) or 7 (Δpac-3) days at room temperature in ambient light, conidia (approximately 107 cells/mL–1) were germinated in an orbital shaker for 5 h at 30°C (200 rpm) in low- and high-Pi media (final concentrations, 10 μM or 10 mM Pi, respectively). Media was supplemented with 44 mM sucrose as the carbon source, and 50 mM of sodium citrate was used to adjust the pH to 5.4, as previously described (Nyc et al., 1966; Nahas et al., 1982; Gras et al., 2007). The mycelium was then harvested, frozen in liquid nitrogen, and stored at −80°C until RNA isolation was performed. All experiments were performed in three biological replicates.



RNA Extraction

Total RNA was isolated using TRIzolTM Reagent (Invitrogen, United States) according to manufacturer’s instructions and treated with DNAse I, RNAse-free (Thermo Fisher, United States). The RNA concentration was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher). RNA integrity was determined via agarose electrophoresis and by employing the Agilent Bioanalyzer platform 2100 (Agilent, United States).



RNA-Seq Data Analysis

Four cDNA libraries were sequenced (Δmus-52 and Δpac-3 strains, cultivated in media with high- or low-Pi concentration), with their respective biological triplicates to generate 100 bp paired-end reads using an Illumina HiSeq 2000 sequencer (Illumina, United States). To assess the library quality prior to and after trimming, we used the FastQC software. To remove the sequencing bases from the end of the reads, we applied a minimum Phred score of 20. The genome of N. crassa1 and the Bowtie2 software (Langmead and Salzberg, 2012) were then employed to map the filtered reads. The coverage and alignments of the transcripts were visually inspected using Integrative Genomics Viewer software (IGV) (Robinson et al., 2011; Thorvaldsdottir et al., 2012). After performing library alignment and quality filtering steps, read count values were obtained. Once the read count table was generated, differential expression and statistical analysis were performed using the DESeq2 Bioconductor package (Love et al., 2014).

We adjusted the p-value threshold set to 0.05 with a log2 fold change ±1.5 using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) to denote statistical significance in changes for a given gene’s expression levels. Functional annotation was performed according to GO (Blake and Harris, 2008), using the Bast2GO software (Gotz et al., 2008). The BayGO algorithm was then applied to perform GO term enrichment (Vencio et al., 2006).



Validation of RNA-Seq by RT-qPCR

One microgram of total RNA, extracted from the fungal mycelia, was reverse transcribed into complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, United States) according to manufacturer’s instructions. The expression pattern for the selected genes was quantified via real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) using Power SYBR Green PCR Master Mix (Applied Biosystems) with the StepOnePlus Real-Time PCR System (Applied Biosystems) for 40 cycles. The initial denaturation step was performed at 50°C for 2 min and at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Specific primer sequences used as well as the concentration in each reaction, and reaction efficiencies are presented in Supplementary Table S1. Two reference genes, namely, actin (NCU04173), and β-tubulin (NCU04054) were used as controls. Each gene had its relative expression level quantified using the Livak (2–ΔΔCt) method (Livak and Schmittgen, 2001). We performed statistical analysis using Student t-tests with GraphPad Prism v. 5.1 software.



The Analysis of Putative PAC-3 Binding Sites in silico

The complete genome sequence of N. crassa OR74A was used to obtain the 5′upstream regions (1 kb) for each gene. The occurrence of the PAC-3 motif, 5′-GCCARG-3′, was determined using an ad hoc perl script.




RESULTS


The Transcriptional Response of the N. crassa Δpac-3-Mutant

Results from Bowtie2 analysis revealed that approximately 84–86% of the total high-quality reads were found to align with the reference genome of N. crassa (Langmead and Salzberg, 2012; Supplementary Table S2). Furthermore, we identified 145 DEGs that were modulated regardless of the Pi concentration, however, were responsive to deletion of pac-3; while 171 DEGs were found to be modulated concomitantly with the deletion of pac-3 and with low-Pi availability. An additional 111 DEGs were found to be responsive to pac-3 deletion and high-Pi concentration (Figure 1). For each condition analyzed, a list of all DEGs was generated and is presented in Supplementary Table S3.
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FIGURE 1. Venn diagram indicating the number of DEGs identified in the mutant Δpac-3 strain (test) compared to the control (Δmus-52 strain) in media containing low-Pi (orange) and high-Pi (blue). The green color indicates down-regulated genes and the red color indicates up-regulated genes. Thresholds for the classification of DEGs were (P < 0.05), up-regulated: log2 (Fold Change) ≥1.5 or down-regulated: log2 (Fold Change) ≤−1.5.



An analysis of the relevant biological processes associated with the DEGs was conducted to increase the understanding of the functional categories affected by the deletion of pac-3. The most representative gene group in both Pi conditions was identified as being integral to membranes, followed by those that are related to oxidation-reduction processes. Genes related to hydrolase activity, transmembrane transport, cytoplasm, and nucleus were also significantly represented in both analyzed Pi conditions (Figure 2). Further, the most significantly affected DEGs in both nutritional conditions were plotted in a volcano plot, highlighting those genes with log2 fold change ≥ or ≤5.0 (Supplementary Figure S1).
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FIGURE 2. Gene Ontology-based functional categorization of the most representative differentially expressed genes (P < 0.05). The red and green bars indicate the number of up- and down-regulated genes, respectively.





Modulation of Genes Identified as Integral to Membrane and Transmembrane Transport

A large high number of genes were identified as being modulated in response to both high- and low-Pi concentrations, thereby revealing a transcriptional response that was exclusive to the deletion of pac-3. Among these genes, the most highly up-regulated was the amino-acid permease INDA1 (NCU07129), which was modulated by approximately 200-fold (log2 = 7.82 in high- and 7.16 in low-Pi). Moreover, a high-affinity potassium transporter-1 (NCU00790), three hypothetical proteins (NCU06328, NCU08490, and NCU03240) and a sugar transporter (NCU07607) were also up-regulated in both Pi conditions.

Further, we assessed the repressive effects caused by deletion of pac-3 in both Pi conditions. Most notably, different ATPase coding-genes, including the plasma membrane proton pump H+-ATPase (E1-E2 ATPase-1; NCU05046), a P-type ATPase (NCU08147), and a calcium-transporting ATPase 3 (NCU07966), all of which have central roles in fungal physiology, were found to be down-regulated. Furthermore, pac-3 deletion was seen to induce the repression of transporters for zinc/iron (NCU02879 and NCU06132), phosphorus (NCU08325 and NCU09564), and ammonium (NCU01065).



Influence of pac-3 in the Oxidation-Reduction Process

We determined that the catalase-3 (NCU00355) gene, along with other essential genes, including l-amino acid oxidase (NCU01066), a flavoprotein oxidoreductase (NCU06061), and an ornithine-N5-oxygenase (NCU07117), were repressed in both Pi conditions.

Among the genes that were up-regulated in response to pac-3 deletion were an oxidoreductase (NCU00260), a polyketide synthase-3 (NCU04865), a norsolorinic acid reductase (NCU07723), a glutathione S-transferase-1 (NCU05780), the P-450-related genes (NCU05185, NCU09185, and NCU06327) and a dyp-type peroxidase (NCU09210).



Differentially Expressed Genes Associated With Hydrolase Activity

Our results revealed the down-regulation of a β-(1,3)-glucanosyltransferase gene (gel1; NCU07253), that codes for the GEL/GAS/PHR protein, in both low- and high-Pi conditions. The lipase (NCU03639) was also down-regulated in response to pac-3 deletion. Alternatively, one metalloprotease (NCU07200) as well as members of the glycosyl hydrolase family (NCU07355, NCU08127, NCU04395, and NCU00130) were identified as up-regulated in both Pi conditions, along with.



Gene Modulation in Response to Pi Variation

NCU06351, which codes for a phytase-1 gene, was found to be down-regulated in conditions with high-Pi concentration. Alternatively, an alternate phytase gene, NCU03255, exhibited opposing modulation and was up-regulated. However, only phytase-1 possesses a binding motif for PAC-3 in its promoter region.

Among the several proteins modulated in response to low Pi concentration and pac-3 deletion a large portion were identified as down-regulated while only a few were up-regulated. Specifically, we identified many genes encoding for proteins related to cell wall that were down-regulated, including a chitinase-1 protein (NCU02184), a GNAT family N-acetyltransferase (NCU04039), two non-anchored cell wall proteins, -3 and -6 (NCU07817 and NCU00586), and the glycosylhydrolase family 61-5 (NCU08760). Further, the hypothetical protein NCU01311 was determined to also be repressed, which gene is associated with pathogenesis, according to GO functional annotation. The asparagine synthetase 2 (NCU04303) was also found to be down-regulated in these experimental conditions. The genes that were identified as up-regulated in response to low Pi concentration were determined to be also be associated with the deletion of pac-3.

In conditions containing high Pi concentrations, a large proportion of the DEGs were identified as genes that encode for transporter proteins, specifically the ABC drug exporter AtrF (NCU08056), the multidrug resistance protein MDR (NCU07546), a major facilitator superfamily transporter (NCU06847), the MFS monocarboxylate transporter (NCU05089), and the MFS multidrug transporter (NCU06860). In high Pi conditions we observed significantly more induced genes than repressed, in response to pac-3 deletion.



Modulated Genes Contained the Consensus Binding Motif for PAC-3

To determine which DEGs were directly or indirectly affected by the deletion of pac-3, we examined which DEGs contained PAC-3 binding motifs within their 1 kb promoter region. Of the total 427 identified DEGs, 231 contained potential motifs for PAC-3 binding, 85 of which (36.8%) were found within the low Pi conditions and 62 (26.84%) in high Pi conditions. Furthermore, 84 (36.36%) DEGs with the PAC-3 putative consensus-binding site (5′-GCCARG-3′) had their expression modulated in both low and high Pi concentrations. Conversely, 196 DEGs were modulated in response to the absence of the PAC-3 even without the binding motif in their promoter region, which suggests that either indirect regulation by PAC-3 occurred or there was a PAC-3 binding motif located outside the promoter region that was analyzed (1 kb). Among these DEGs, 86 (43.88%) and 49 (25%) were determined to be modulated in low and high Pi environments, respectively; while 61 DEGs (31.12%) were identified in both culture conditions simultaneously.



Validation of Gene Expression

Expression analysis by qRT-PCR for the 15 selected genes using independent RNA samples was employed to validate the RNA-seq data. The results from both experiments were compared to the log2 ratio between the Δpac-3 mutant and control strains (Table 1 and Figure 3). The correlation between RNA-seq and qRT-PCR results, obtained from biological replicates, was determined to be strong and statistically significant (Pearson’s correlation, r = 0.953, P < 0.001).

TABLE 1. Validation of differentially expressed genes by real-time PCR (qPCR).
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FIGURE 3. Gene expression levels represented as log2-fold change comparing the mutant strain Δpac-3 (test) to the control (Δmus-52 strain) in media containing low and high Pi concentrations. Asterisks indicate statistical significance determined by Student’s t-tests comparing treatment and control conditions at each time point (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).






DISCUSSION

The transcription factor PAC-3 is critical component in the regulation of pH-responsive genes in fungi. As observed in various pathogenic fungi species, deletion of this transcription factor affects many cellular and molecular pathways thereby serving to interfere in the appropriate control of physiological processes essential for induction of pathogenesis (Rollins, 2003). N. crassa Δpac-3-mutation negatively impacts on aerial hyphae growth, conidiation, and raises the production of dark pigment (Virgilio et al., 2016). These phenotypical disturbances suggest an important role for PAC-3/PacC in fungal infective success, as observed in a dermatophyte fungus (Ferreira-Nozawa et al., 2006). In Aspergillus nidulans, nutrient changes have been shown to modulate the transcription of the pac-3 homolog gene, indicating the presence of interconnections between ambient pH, carbon availability, and Pi variance in a complex metabolic network (Trevisan et al., 2011; Rossi et al., 2013). Through the assessment of transcriptional changes arising from the deletion of pac-3, we evaluated the relevance of this transcription factor in the model fungal species N. crassa.


The Import and Export of Essential Substrates Requires PAC-3

The repression of specific genes that encode proteins related to membrane transport in both high and low Pi conditions revealed a regulatory role for PAC-3 in transmembrane transport activity. Specifically, the E1-E2 ATPase-1 (ENA1), the P-type ATPase, and the calcium-transporting ATPase 3 are P-type ATPases that are involved in the active transport of cations across cellular membranes (Moller et al., 1996). As was observed in F. oxysporum, a functional link exists between pH signaling and the expression of the gene encoding a P-type Na+-ATPase. Moreover, at ambient alkaline pH, PacC serves to activate the P-Type Na+-ATPase ena1 gene. This is achieved through binding of the activated form of PacC to its cognate binding sites in the promoter of ena1, which results in the control of ion homeostasis, a determinant for Na+ detoxification (Caracuel et al., 2003a).

We also determined that the ammonium transporter MEP2 was down-regulated in response to pac-3 deletion. Since phytopathogenic fungi secrete ammonia to alkalinize the host tissue, reduced expression of MEP genes would function to directly impact fungal pathogenicity (Miyara et al., 2010).

Our results have also revealed that PAC-3 is involved in the effective transport of ions and in the homeostasis of fungal virulence. Specifically, we also observed down-regulation in the expression of a zinc/iron transporter, which is important in trafficking of metal ion substrates and in fungal homeostasis, and a siderophore-iron transporter, which functions in iron acquisition and is essential in both virulence and modulation of the plant immune system (Greenshields et al., 2007; Bailão et al., 2012; Albarouki et al., 2014). Further, expression of the H+-coupled pho84/pho-5 gene, which encodes a high affinity inorganic phosphate transporter that transports manganese, zinc, cobalt, and copper ions (Jensen et al., 2003), was found to be down-regulated following the deletion of pac-3.

The transport-regulatory activity associated with PAC-3 seems to impact the fungal-pathogen relationship, and also symbiotic fungal associations. ATPases are thought to contribute to the uptake of Pi and other nutrients from the symbiotic interface via proton symport (Johri et al., 2015). Moreover, the acquisition of N from the soil is dependent on ammonium transporters; while the internal concentration of ions such as calcium, are responsible for the regulation of rhizobial symbiosis (Hazledine et al., 2009; Bonfante and Genre, 2010). PAC-3 serves to regulate all of these transmembrane flux processes. Furthermore, all of the genes analyzed in our study contained the PAC-3 binding motif in their promoter regions, save for the P-type ATPase (NCU08147) and the siderophore-iron transporter (NCU06132) (Supplementary Table S4).

The high-affinity transporters pho84/pho-5 and pho89/pho-4, which have been described as having Na + /Pi symporter activity (Versaw, 1995), were found to be strongly down-regulated in our study. These results suggest that PAC-3 regulates the phosphate traffic in the cell. Similarly, the PiPT gene, which is a pho84 phosphate transporter homolog, from the root of the endophytic fungus Piriformospora indica, was reported to actively transport phosphate to the hosting plant. Further, PiPT knockdown mutants resulted in detrimental effects to both fungal and host, indicating that these transporters function to ameliorate the nutritional status of the host plant (Yadav et al., 2010).

Among the DEGs that were identified as being up-regulated in response to the deletion of pac-3, one of the strongest modulations was observed in the amino-acid permease INDA1, which has three PAC-3 binding sites within its promoter region (Supplementary Table S4). The transporter activity of INDA1, previously reported in Trichoderma harzianum, and expressed during development of Rhizoctonia solani cell walls, is thus an important factor in the mycoparasitic activity (Vasseur et al., 1995). Additionally, the expression of the high affinity potassium transporter-1, the hypothetical proteins NCU08490, with proposed Ca2+/Cation antiporter activity, NCU06328, identified as the integral membrane protein pth11 (Pare et al., 2012), and NCU03240, identified as a member of the glycosyltransferase family group 2 (Wang et al., 2015), as well as a sugar transporter were all identified as being up-regulated following deletion of pac-3, suggesting that PAC-3 serves to coordinate the efficient acquisition of nutrients and efflux of toxic compounds.



PAC-3 Is Involved in Secondary Metabolism, Detoxification, and Virulence

Sequencing of the Neurospora genome revealed several putative genes that encode proteins associated with secondary metabolite catabolism, including proteins from the polyketide synthase (PKS), non-ribosomal peptide-synthetase (NRPS) and terpenoid families (Galagan et al., 2003). Moreover, we identified DEGs whose putative products are strictly associated with fungal pathogenesis. We observed the up-regulation of the polyketide synthase-3, similar to the type I PKS from Cochliobolus heterostrophus (Bohnert et al., 2004), of a norsolorinic acid reductase, as well as the induction of an oxidoreductase gene, which are associated with the biosynthesis of aflatoxins, highly toxic and carcinogenic substances produced by specific fungi, including Aspergillus flavus and Aspergillus parasiticus (Yabe and Nakajima, 2004). These results suggest a role for PAC-3 in the regulation of secondary metabolism-related genes.

We also observed an up-regulation in the expression of glutathione S-transferase-1 (GST), which is associated with tolerance to oxidative stress and detoxification of a wide range of endogenous and environmental chemicals, thereby functioning to protect fungal species from plant-derived toxic metabolites. Thus, suggesting that there is an apparent regulatory effect exhibited by PAC-3 in fungal protection. GSTs are also essential for full aggressiveness of Alternaria brassicicola on the host plant, evidencing a role for PAC-3 in the regulation of fungal virulence (Calmes et al., 2015).

Genes that encode for the hypothetical protein NCU09185, which has potential pisatin demethylase cytochrome P450 activity, together with genes for benzoate 4-monooxygenase cytochrome P450, and a bifunctional P-450:NADPH-P450 reductase were found to be up-regulated in the absence of PAC-3. Moreover, the fungal cytochrome P450 systems are critical components in the primary and secondary metabolic pathways, and in the detoxification of xenobiotics in plant pathogenic fungi (Podobnik et al., 2008). Thus, the observed regulation via PAC-3 in N. crassa suggests a role for this transcription factor in plant-pathogen interactions.

A previous study has reported extracellular peroxidase activity in Thanatephorus cucumeris, capable of degrading lignin through the dyp-type peroxidase activity (Sugano, 2009). In our results, the up-regulation of a similar peroxidase that has been shown to be active in cellular oxidant detoxification, and to also be associated with enzymatic functions including hydrolase activity, demonstrates a potential role for PAC-3 in regulating the decomposition of extracellular compounds.

Deletion of pac-3 also resulted in the down-regulation of cat3 gene, which encodes an enzyme essential for detoxification of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2). Plants produce hydrogen peroxide as a mechanism of defense during pathogen interactions; thus, the observed repression in the expression of this catalase enzyme would affect the success of the pathogenic process (Tondo et al., 2010).

Furthermore, the down-regulation in the expression of L-amino acid oxidase, a flavoprotein that catalyzes the oxidative deamination of the L-amino acid α-amino group resulting in subsequent release of H2O2 and ammonia (Nuutinen and Timonen, 2008), suggests a perturbation in the fungal infection progress, since release of ammonia and H2O2 serves to propagate fungal spread.



Differential Hydrolase Activity Affects Virulence and Activates Compensatory Enzymes

Fungal pathogens secrete a myriad of extracellular enzymes, which are assumed to be involved propagating in host infection. Specifically, in Fusarium graminearum, a destructive pathogen of cereals, reduced extracellular lipolytic activity was seen to reduce virulence (Voigt et al., 2005). Herein, we revealed that repression of the hydrolytic-related encoding enzyme lipase, also suggests a role for PAC-3 in fungal virulence, thereby affecting host-fungal interactions.

The β-(1,3)-glucanosyltransferase gene (gel1), of the glycosyl hydrolase family GH72, was identified as significantly down-regulated in the Δpac-3 mutant in both low and high Pi cultures. This enzyme is related to cell wall biogenesis through the incorporation of nascent β−1,3−glucan molecules into the existing β−glucan network (Kamei et al., 2013). In F. oxysporum, the β-1,3-glucanosyltransferase (gas1) is required for virulence in tomato plants, and in Candida albicans, the orthologue gene (PHR1) was reported to be pH-regulated. These enzymes have crucial roles in cell wall assembly, thus serving to maintain hyphal growth and the maintenance of the morphological state, which is imperative for its adhesive and invasive pathogenic properties (Calderon et al., 2010). Our data, therefore, highlights the direct regulatory activity that PAC-3 has on cell wall integrity, which was supported by the presence of a PAC-3 consensus sequence in the gel1 promoter region (Supplementary Table S3). As previously observed, Rim101/PacC is required for fungal virulence and functions to positively control cell wall functions in C. albicans (Nobile et al., 2008). Conversely, a different beta-1,3-glucanosyltransferase was found to be up-regulated in response to pac-3 deletion. However, since gel1 contains a PAC-3 motif in its promoter region, and the other modulated glucanosyltransferase does not, we hypothesize that the up-regulation of this alternate enzyme is a means by which the fungus is compensating for the loss of PAC-3 function.

Among the up-regulated genes, we also identified an extracellular metalloprotease. In Fusarium oxysporum f. sp. lycopersici, a metalloprotease acts synergistically with a serine protease to cleave host chitinases thereby preventing their activity in the degradation of fungal cell wall (Jashni et al., 2015). Moreover, the hydrolytic activity of secreted proteases serves to promote the colonization and growth of the pathogen. Therefore, the induction of the metalloprotease gene suggests a protective function, acting to enhance fungal virulence thereby compensating for pac-3 deletion.

Genes that code for glycosyl hydrolases were also found to be up-regulated as a consequence of pac-3 deletion. Rim101/PacC have been previously shown to differentially regulate the expression of genes involved in the synthesis of specific cell wall components, including glycosyl hydrolases (Franco-Frias et al., 2014). The hydrolase-related genes found to be up-regulated in our study, may therefore, suggest the occurrence of noticeable changes in cell wall structure to compensate for the absence of PAC-3.



Deletion of pac-3 Modulates Genes According to Pi Availability

The predominant form of organic phosphorus present in soils is phytate, which must be dephosphorylated via phytase and phosphatase activity before being utilized by the plants. Plants naturally produce phytases (myo-inositol hexakisphosphate phosphohydrolases), however, the lack of adequate levels of extracellular phytases compromises the acquisition of phosphorous. Microorganisms, principally fungi, are capable of favoring phytate-phosphorus acquisition by plants (Wyss et al., 1999; Singh and Satyanarayana, 2011). Our results revealed down-regulation of the phytase-1 gene in environments with high-Pi, thereby confirming its phosphatase activity, which is unnecessary in the presence of free Pi. Moreover, the 3-phytase A gene was found to be up-regulated in high Pi conditions. However, only the phytase-1 protein was found to contain a PAC-3 binding motif in its promoter region and thus, the induction of a 3-phytase A gene, was not regulated by the presence of PAC-3 motif.

Further, the expression of the asparagine synthetase 2 (asn−2), which is a notoriously non-Pi−repressible gene, was found to be down-regulated in low Pi conditions in response to deletion of pac-3. This enzyme is involved in de novo biosynthesis of nucleotides and amino acids. Within an alternate study, similar patterns of repressiveness were observed in the Δmak−2 strain, irrespective of the supply of Pi (Gras et al., 2013; Mendes et al., 2016). Therefore, Pi-repressiveness is potentially affected by both pac-3 and mak−2 deletions in N. crassa.

Many of the DEGs found to be down-regulated in response to pac-3 deletion and low-Pi were those that encode proteins related to cell wall development, including chitinase-1, a member of the GNAT N-acetyltransferase family, the non-anchored cell wall proteins -3 and -6, and the glycosylhydrolase family 61-5. As demonstrated in various fungi, fungal development, cell wall-degradation, and virulence genes are regulated by PacC/Rim101 (Caracuel et al., 2003b; Rollins, 2003; Zhang et al., 2013; Franco-Frias et al., 2014). The Δpac-3 mutant revealed that PAC-3 also serves to mediate adaptations in N. crassa within Pi-restrictive conditions through changes in cell wall biosynthesis.

Conversely, in high Pi environments, we observed many up-regulated genes in response to both the Pi condition and the absence of PAC-3. Several up-regulated genes encoding for transporter proteins were identified as being associated with drug export, multidrug resistance, and monocarboxylate transport. Neurospora contains a notably high number of transporter systems, which function in the secretion of secondary metabolites, the regulation of resistance to plant-produced secondary metabolites or other toxic compounds, or in the flow of signaling molecules (Borkovich et al., 2004). Here, we identified a relationship between Pi active transport and pac-3 deletion, thereby associating PAC-3 with Pi homeostasis.




CONCLUSION

We have generated a robust dataset, which advances our knowledge on regulatory mechanisms of PAC-3 within a fungus-host system. We found that in a mutually beneficial, symbiotic fungus-plant relationship (as occurs during interactions in mycorrhizal symbiosis) or during a pathogenic interaction, PAC-3 functions to regulate ambient pH while also affecting myriad of physiological functions, including adaptation to nutritional conditions, regulation of virulence, or regulating the transcription of genes associated with structural and metabolic features. Herein, we highlight the role of PAC-3 in Pi adaptation, acting as a critical regulator of environmental challenges. We hypothesize that the widespread regulatory activity of PAC-3 in fungal physiology indicates its role in the propagation of successful infections within hosts.
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Wheat is one of the most important crops worldwide. The use of plant growth promoting microorganisms, such as those of the genus Trichoderma, constitutes an alternative to chemical fertilizers, since they are cheaper and are not detrimental to the environment. However, the interaction between Trichoderma and wheat plants has been scarcely studied, at least at a molecular level. In the present work, a microarray approach was used to study the early transcriptomic changes induced in wheat roots by Trichoderma harzianum, applied alone or in combination with different concentrations of calcium nitrate [Ca(NO3)2], which was last used as nitrogen (N) source. Our results show that T. harzianum causes larger transcriptomic changes than Ca(NO3)2 in wheat roots, and such changes are different when plants are challenged with Trichoderma alone or treated with a combination of T. harzianum and Ca(NO3)2. Overall, T. harzianum activates the expression of defense-related genes at early stages of the interaction with the roots, while this fungus reduces the expression of genes related to plant growth and development. Moreover, the current study in wheat roots, subjected to the different T. harzianum and Ca(NO3)2 combinations, reveals that the number of transcriptomic changes was higher when compared against those caused by the different Ca(NO3)2 concentrations than when it was compared against those caused by T. harzianum. N metabolism gene expression changes were in agreement with the levels of nitrate reductase activity measured in plants from Trichoderma plus Ca(NO3)2 conditions. Results were also concordant with plant phenotypes, which showed reduced growth at early interaction stages when inoculated with T. harzianum or with its combination with Ca(NO3)2 at the lowest dosage. These results were in a good agreement with the recognized role of Trichoderma as an inducer of plant defense.

Keywords: Wheat Genome Array, plant defense, plant growth, Trichoderma, chemical fertilization, nitrogen use


INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important crops on Earth, with an area harvested of 220 million ha and a global production of 770 million tons, China and India being the major producers followed by Russia and United States (FAOSTAT, 2018). It is considered to be the most important food grain source for humans, providing about a 19% of the total calories consumed by humans, as well as representing a 20% of proteins in the human diet (Botha et al., 2017; International Wheat Genome Sequencing Consortium [IWGSC], 2018). Wheat flour is used for the production of bread, pasta, biscuits and other bakery and industrial products.

Nitrogen (N) is the most important nutrient for plants and, after water, is the major limiting factor for their growth and development. Thus, in modern extensive agriculture, the application of N fertilizer is a common practice, aiming to increase production and achieve maximum yields in many crops (Rockström et al., 2009). There is an absolute requirement of N for wheat growth, and crop yield and quality depend upon substantial N inputs (Vicente et al., 2016; Zörb et al., 2018). However, it is well known that the most diffused cereal crops, like wheat, rice and maize, use only 30–40% of the applied N fertilizers, while the rest remains unused causing severe environmental pollution (Curci et al., 2017). It has been reported that the human processes -primarily the manufacture of fertilizer for food production- have converted around 120 million tons of N2 from the atmosphere per year into reactive forms, and most of them end up polluting the environment. Thus, this value has overcame by four times the capacity of recycling that our planet possesses (Rockström et al., 2009). The H2020 program of the EU has suggested a reduction of N fertilization to reach a limit of 170 kg/ha/year. However, currently in Spain, 2.4 million ha are devoted to wheat crops employing 200 kg/ha/year. This drastic situation is a suitable scenario for developing novel strategies to increase crop yields. This need has led to the search for biostimulants for plant nutrition as biological and environmentally friendly alternatives to reduce or substitute the use of inorganic fertilizers, while ensuring the yield and high quality of crops (Vita et al., 2018).

Despite the fact that wheat is economically one of the most important crops, until quite recently, there have not been many tools available for analyzing the molecular mechanisms of gene expression. Most probably due to the vast size of the wheat genome (about five times larger than the human genome or 40 times than the rice genome) and its high content of repetitive highly sequences, as a consequence of being a hybrid of three highly similar subgenomes (International Wheat Genome Sequencing Consortium [IWGSC], 2018). Early transcriptomic studies used 8K wheat microarrays derived from expressed sequence tag (EST) clones. These initial tools allowed to partially study the response of the wheat plant to pathogens, such as Fusarium graminearum (Golkari et al., 2007, 2009), or to abiotic stresses such as low temperature (Laudencia-Chingcuanco et al., 2011). The availability of 61K commercial microarrays enabled analysis of around a half of the wheat genome, which represented a seven-fold increase when compared with previous microarray versions (Brenchley et al., 2012). For instance, wheat plant responses to a herbicide have been analyzed using that tool (Pilcher et al., 2017). Nowadays, up to 94% of wheat genome has been covered and 107,891 gene models proposed (Brenchley et al., 2012; International Wheat Genome Sequencing Consortium [IWGSC], 2018), facilitating genome-wide studies. In fact, a recent study has employed RNA-seq technology to analyze the transcriptomic response of wheat plants to N starvation (Curci et al., 2017). RNA-seq is currently the most advantageous and economical tool for exploring genomes, as it does not suffer from hybridization-based limitations and has demonstrated a broader dynamic range than microarrays. Although, when using the same set of samples, both platforms have shown a high correlation between gene expression profiles (Zhao et al., 2014). In any case, RNA-seq data storage is particularly challenging and analysis is more complex when it comes to analyzing wheat genes belonging to what is likely the most complicated genome. The limited number of wheat studies based on RNA-seq is likely a consequence of its polyploidy, which complicates the step of sequence assembly and annotation, generating a bottleneck for data interpretation.

Trichoderma is a genus of filamentous fungi that includes strains that are able to colonize the rhizosphere and promote plant growth (Shoresh et al., 2010; Hermosa et al., 2012), and can help plants to overcome biotic and abiotic stress conditions (Rubio et al., 2014, 2017). The growth-promoting activity of Trichoderma isolates was already described in horticultural plants during the 80’s decade (Chang et al., 1986) and their beneficial effects have been attributed to different mechanisms including solubilization of several plant nutrients, root colonization and secretion of siderophores, phytohormones, vitamins and enzymes (Altomare et al., 1999; Viterbo et al., 2010; Li et al., 2015). However, the Trichoderma-plant cross-talk is a dynamic process that depends on the Trichoderma strain, the concentration used, the plant material, the developmental stage of the plant and the interaction time (Harman, 2006; Hermosa et al., 2012). Actually, the EU legislation allows the registration and commercialization of Trichoderma strains as biostimulants with the limitation of those strains already registered as biocontrol agents and included in the EU list of approved active substances (Annex I of Directive 98/8/EC).

Little is known about Trichoderma-wheat interactions, and transcriptional responses of wheat plants to strains belonging to this fungal genus. Here, we have studied the early global transcriptomic responses of wheat seedling roots to Trichoderma harzianum T34 under different N supplies, using wheat genome 61K microarrays. The former results indicate that under our experimental conditions, after 48 h interaction, strain T34 causes transcriptional changes to a larger extent than the N source, these being majorly related to an increase of defenses accompanied by reduced growth of wheat seedlings.



MATERIALS AND METHODS


Microorganisms and Wheat Seeds

Trichoderma harzianum CECT 2413 (Spanish Type Culture Collection, Valencia, Spain), also referred to as strain T34, was grown on potato dextrose agar medium (PDA, Difco Laboratories, Detroit, MI, United States) and spores were harvested as previously described by Rubio et al. (2017).

Wheat seeds (Triticum durum “Dorondon”) were surface-sterilized by gentle sequential shaking in 2% (v/v) sodium hypochlorite for 20 min and 0.1N HCl for 2 min, and then rinsed four times with sterile distilled water. Stratification of the seeds was conducted for 2 days at 4°C.



Plant Material and Total RNA Extraction

Wheat seeds were placed inside Phytatray II boxes (Sigma-Aldrich, Madrid, Spain) containing Murashige & Skoog medium (MS, Duchefa Biochemie BV, Haarlem, Netherlands), as previously described in Rubio et al. (2014), and boxes were kept at 25°C under gentle stirring for 72 h. Spores of T34 were used to inoculate flasks containing 100 mL of potato dextrose broth medium (PDB, Difco Laboratories) at a concentration of 106 spores/mL. T34 cultures were then maintained at 25°C and 180 rpm for 16 h. Then, fungal germlings were harvested by centrifugation at 4000 × g for 10 min, washed, resuspended in sterile distilled water and used to inoculate, at a concentration of 105 germlings/mL, Phytatray II boxes that contained 72-h-old wheat seedlings. Phytatray II boxes containing wheat seedlings without inoculation of fungus were grown in parallel as a control. After 24 h incubation at 25°C and gentle shaking, the lids were removed in sterile conditions and the MS medium was replaced with a minimal medium (Lullien et al., 1987) containing 0, 0.1, 0.5, or 1 mM Ca(NO3)2 as N source. The eight culture conditions assayed were coded as follows: T0N0 [without T34 strain and 0 mM Ca(NO3)2], T0N0.1 [without T34 strain and 0.1 mM Ca(NO3)2], T0N0.5 [without T34 strain and 0.5 mM Ca(NO3)2], T0N1 [without T34 strain and 1 mM Ca(NO3)2], T1N0 [T34 strain and without Ca(NO3)2], T1N0.1 [T34 strain and 0.1 mM Ca(NO3)2], T1N0.5 [T34 strain and 0.5 mM Ca(NO3)2] and T1N1 [T34 strain and 1 mM Ca(NO3)2]. These culture conditions were chosen after evaluating the growth of 72-h-old wheat seedlings for 48 h in the above described Phytatray boxes in minimal medium containing 0, 0.1, 0.5, 1, 2, 5, 7, or 10 mM Ca(NO3)2 (Supplementary Figure S1).

Roots from 10 wheat seedlings were pooled and homogeneized under liquid nitrogen. A fraction of 0.1 g of roots was taken and used for analyzing nitrate reductase activity, and the rest was kept at −80°C until total RNA extraction. At the same time, ten wheat seedlings from each 48 h-Phytatray culture were taken to measure length of aerial part, fresh weight and dry weight, after maintaining wheat seedlings at 65°C for 2 days. 48-h Phytatray cultures were performed in duplicate for each tested condition.

RNA from roots was extracted using TRIZOL reagent (Invitrogen, Gaithersburg, MD, United States), following manufacturer’s instructions. For microarray hybridizations, RNA was purified using the RNeasy MinElute Cleanup kit (Qiagen, Hilden, Germany). Purified total RNA samples were quantified with a NanoDrop® ND-1000 (NanoDrop, Wilmington, DE, United States) spectrophotometer, and satisfactory purity was indicated by A260:280 ratios of 1.9–2.1. Integrity of total RNA samples was assessed by denaturing formaldehyde gel electrophoresis, where the presence of sharp 28S and 18S ribosomal RNA bands at an intensity ratio of ∼2:1 (28S:18S) indicated good integrity.



Wheat Genome Array Hybridization and Data Analysis

cDNA was synthesized from 100 ng of purified RNA and used for production of labeled probes, which were used to hybridize the Affymetrix GeneChip Wheat Genome Array (Affymetrix, Santa Clara, CA, United States), employing the GeneChip Fluidics Station 450. The GeneChip Wheat Genome Array contains 61,127 probe sets representing 55,052 transcripts for all 42 chromosomes (21 in duplicate) in the wheat genome. 59,356 probe sets represent a modern hexaploid bread wheat (Triticum aestivum) and 1,759 probe sets derive from ESTs, 1,215 being from a diploid wheat (T. monococcum), 539 from a tetraploid macaroni wheat (T. turgidum), and five from a diploid known as Aegilops tauschii.

A total of 16 GeneChips were used in this study, two for each one of the eight assayed growth conditions. Purified RNA from roots of 10 wheat seedlings was labeled and used for hybridizing each GeneChip. All steps were done according to protocols described in the Gene Expression Analysis Technical Manual1. Briefly, following chips hybridization, the fluorescent signals emitted were scanned in a calibrated Affymetrix GeneChip Scanner 3000, and images analyzed in an Affymetrix GeneChip Operating Software (GCOS 1.2) for calculating the mean signal and for normalizing with the on-chip control genes using the Model Based Expression (dChip) Index (Li and Wong, 2001). The probe sets, showing differential expression [fold-change (FC) ≥ 2 and corrected - value < 0.015] in both biological replicates, were associated to wheat transcripts through a search in the IWGSC v0.4 genome and manually annotated using Gene Ontology (GO) terms (Ashburner et al., 2000), which were based on the BLAST definitions, applying an E-value < 10–20 level.



Validation of Differential Expression by Quantitative Real-Time PCR

Seven genes, which showed significant differential expression from the microarray data, were selected for quantitative real-time PCR (qPCR) analysis. cDNA was synthesized from 1 μg total RNA using the Transcriptor First Strand cDNA Synthesis kit (Takara, Inc., Tokyo, Japan) with an oligo (dT) primer, following the manufacturer’s protocol. Then, 1 μL of cDNA was used in the subsequent PCR. All PCRs were performed in triplicate on a StepOne PlusTM device (Applied Biosystems, Foster City, CA, United States). Reaction mixtures and PCR amplification conditions were carried out as previously described (Rubio et al., 2017). Primers used are listed in Supplementary Table S1, and were designed using PerlPrimer software. The relative expression levels were calculated applying the 2–ΔΔCt method (Livak and Schmittgen, 2001) and using the actin transcript as an internal reference.



Nitrate Reductase Assay

Protein extract was obtained from root material (0.1 g) that was grounded under liquid nitrogen. Extraction buffer (0.5 mL) containing 50 mM Tris (pH 8.5), 10 mM DTT, 0.02 mM Leupeptin, 0.01 mM FAD and 10 mM MgCl2 was added to the vegetal tissue, homogenized by vortexing, and supernatant containing proteins were recovered by centrifugation at 12,000 rpm for 10 min at 4°C. Nitrate reductase activity was determined following a previously described method (Abenavoli et al., 2016). Non-phosphorilated nitrate reductase activity was defined as μmol of nitrite produced in 1 min, and specific activity was such activity expressed per mg of protein. A standard curve was prepared using buffer, without NADH, with a final concentration of KNO2 ranging from 0 to 0.015 mM. The protein concentration was measured by Bradford assay using the Dye Reagent Concentrate (Bio-Rad Laboratories GmbH, München, Germany) and bovine serum albumin as a protein standard.



Statistical Analyses

Data used for statistical analyses were obtained from at least three independent replicates, and expressed as the mean values. Statistical comparisons were evaluated by one-way ANOVA, followed by a post hoc Tukey’s test using the Statview 5.0 software. Confidence intervals of 95% were set.



RESULTS AND DISCUSSION


Overview of the Wheat Gene Expression Data From Microarray Analysis

A microarray-based transcriptome analysis was done using roots of wheat seedlings after 48 h culture under different N supplies, and colonized or not by Trichoderma with the aim of identifying genes that are differently regulated due to the presence of the fungus, the concentration of the N source or a combination of both parameters. In the present study, we have used wheat microarrays because this technology has become more available to us (Morán-Diez et al., 2012; Rubio et al., 2014), with well-established protocols and capacity to analyze data. Out of a total of 61,127 probe sets deposited on the microarray, only 226 genes showed at least a twofold significant change in expression using a P-value < 0.015 in at least one of the eight assayed conditions (Supplementary Table S2). No GO categories were significantly over-represented after comparing the expression changes detected in the eight considered growth conditions. For this reason, all the differentially expressed genes were analyzed independently and then manually grouped into physiological processes (Supplementary Table S2). The vast majority of the differentially expressed genes (50.9%) corresponded to hypothetical proteins with unknown function, without matches in databases, or to probes to which no transcript was found associated, despite having a hit in the wheat genome (Figure 1). A plausible explanation for this fact could be that the durum wheat is a polyploid plant, thus, obtaining a suitable sequence assembly and annotation is very complex due to occurrence of multiple copies of gene sequences (homologous or paralogous genes) (Singh et al., 2014). The largest number of the genes with a putative function were classified into “metabolism” (21.7%), most of them being involved in “carbohydrate metabolism” (6.6%), and a second gene set was grouped in “cellular processes and signaling” (19.5%), the majority of them corresponding to transport processes (6.2%) (Figure 1). The expression changes observed affecting such biological processes could be an indication of the active adaptation process of wheat seedlings to new growth conditions. Most of the genes exhibited expression changes only in one of the eight tested conditions and only 19 genes showed transcriptional changes in two or more conditions (Supplementary Table S2). Six out of the 19 genes encoded hypothetical proteins with unknown function or had no matches in databases. The other 13 were related to metabolism (five genes), cellular processes and signaling (six genes), response to stimulus (one gene) and information storage and processing (one gene).
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FIGURE 1. Distribution within physiological processes of the 226 differentially expressed genes at early stage (48 h growth) in wheat seedling roots resulting from the GeneChip Wheat Genome Array analysis is depicted for eight different growth conditions with (T1) or without (T0) Trichoderma harzianum T34 and 0 (N0), 0.1 (N0.1), 0.5 (N0.5) or 1 (N1) mM calcium nitrate. Gene significance was assigned to at least twofold change (P: 0.15). Comparisons were performed between (A) T0N0 and T0N0.5 or T0N1, (B) T0N0 and T1N0, (C) T1N0 and T1N0.5 or T1N1, and (D) T0N0.1, T0N0.5 or T0N1 and T1N0.1, T1N0.5 or T1N1.


To validate microarray results, qPCR assays were performed for seven genes within the set of 111 genes with putative function, that were differentially expressed in wheat roots under at least one of the eight growth conditions assayed (Figure 2). Non-specific lipid transfer protein gene represents those genes for which expression is dependent on Ca(NO3)2 concentration in the absence of T. harzianum T34, two genes coding for an expansin and an ABC transporter represent those differentially expressed in response to T34 strain in the absence of N source, and five genes are representative of those differentially expressed in growth conditions where T34 strain and Ca(NO3)2 combinations were applied. qPCR results correlated well with the data from the microarray experiment.
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FIGURE 2. qPCR expression analysis of seven International Wheat Genome Sequencing Consortium (IWGSC, v0.4)-referred genes of a set of 226 genes differently expressed in wheat seedling roots resulting from the GeneChip Wheat Genome Array analysis under eight different growth conditions with (T1) or without (T0) Trichoderma harzianum T34 and 0 (N0), 0.1 (N0.1), 0.5 (N0.5) or 1 (N1) mM calcium nitrate. Analyzed gene code for: (A) Lipid-transfer protein (LTP, ID TraesCS1A01G175200.1) (T0N0.5 and T0N1 compared to T0N0 conditions), (B) expansin (ID TraesCS4A01G034300.1) and ABC transporter (ID TraesCS5A01G016200.1) (T1N0 compared to T0N0), (C) ABC transporter and nitrate reductase (ID TraesCS6B01G024900.1) (T1N1 compared to T1N0), and (D) laccase (ID TraesCS3B01G489800.1), chitinase (ID TraesCS7A01G371600.1), ABC transporter, and polygalacturonase inhibitor (PGIP, ID TraesCS7B01G103900.1) (T1N0.1 compared to T0N0.1). Data are the mean of three technical replicates from two biological replicates and are displayed as the log10 of the relative quantity (RQ, 2– DDCt) of target genes compared with the quantity of actin gene used as a reference. For each biological replicate, roots from ten plants were pooled.




Wheat Genes Differentially Expressed in Response to Ca(NO3)2 or T. harzianum

It has been recently described that Ca(NO3)2 concentrations higher than 5 mM suppressed cucumber seedlings growth (Fan et al., 2017). Thus, the N concentration effect on the growth of 72-h-old wheat seedlings was firstly evaluated, employing a Ca(NO3)2 concentration ranging from 0 to 10 mM. In terms of plant size after 48 h growth, the best result matched with 1 mM since 95% of plants had a size of 13 cm or larger, while a detrimental effect was observed when N concentration was increased (Supplementary Figure S1). It is noteworthy to mention that concentrations of 5, 7, or 10 mM Ca(NO3)2 gave rise to percentages lower than 35% plants belonging to the larger size group. Results obtained for wheat seedlings growth under the described experimental conditions are in a good agreement with those reported for cucumber (Fan et al., 2017). Therefore, in the current study, plant culture media containing a Ca(NO3)2 concentration ranging from 0 to 1 mM were used for exploring the effect of the N dosage on wheat seedling roots at a transcriptomic level. No differences in gene expression were detected between T0N0.1 and T0N0 conditions, thus indicating that, at least after 48 h Ca(NO3)2 application, a 0.1 mM concentration was not sufficient to cause transcriptomic changes in wheat seedling roots, in comparison with those that occurred in the absence of a N source. Four and ten genes, respectively, differed significantly in expression by at least twofold in T0N0.5 and T0N1 conditions when compared to the T0N0 condition (Supplementary Table S3). Most of them being down-regulated. Among them, three genes were common for both conditions (T0N0.5 and T0N1), encoding a putative ripening-related protein, a cysteine peptidase and a non-specific lipid transfer protein, respectively (Table 1). It has been reported that cysteine proteases are strongly expressed in wheat upon exposure to abiotic stresses, such as drought, heat or salinity conditions, which can also cause premature senescence (Botha et al., 2017). On the other hand, non-specific lipid transfer proteins are able to transfer lipids between membranes and it has been reported that they play several roles in plants, including defense against pathogens (Boutrot et al., 2005), as well as tolerance to salinity, cold and drought (Pitzschke et al., 2014). Similarly, a gene coding for an F-box protein was differentially down-regulated in the T0N1 condition, and it has been described that it is involved in wheat tolerance to abiotic stresses (Li et al., 2018). Thus, the down-regulation of these genes could be indicative of an absence of stress in wheat seedlings after 48 h growing under T0N0.5 or T0N1 conditions.


TABLE 1. Short list of annotated hits for wheat genes that alter their expression in response to Trichoderma and/or calcium nitrate selected due to their putative role in plant defense or development.

[image: Table 1]Regarding Trichoderma application, a total of 67 genes differed significantly in their expression in root by at least twofold when T0N0 and T1N0 conditions were compared. They would be associated with the effect of the T34 strain in the absence of a N source (Supplementary Table S4): 55 genes were up-regulated, whereas 12 were down-regulated. “Metabolism” and “cellular processes and signaling” were the two most affected physiological processes. Interestingly, in spite of being grouped in different biological processes, several of the up-regulated genes were related to plant defense responses and tolerance to stress conditions. In this sense, numerous studies have shown that several transcription factors are important in regulating plant responses to environmental stress (Chen et al., 2002; Rubio et al., 2017). In the present study, four genes encoding transcription factors, two ethylene response factors (ERF), elongated hypocotyl 5 (HY5)-like and nucleus accumbens associated 1 (NAC1), showed higher expression levels in roots of the condition T1N0 than in T0N0 roots. ERF genes play a role in the ethylene (ET)-dependent defense pathway, which is activated upon infection with different types of pathogens, including bacteria, fungi and oomycetes (Gimenez-Ibanez and Solano, 2013). ET is also an important phytohormone for plant growth, development, senescence, and abiotic stress tolerance. In addition, it is described that ERFs are not only involved in response to ET signal transduction, but can also regulate ET biosynthesis in plant tissues (Hoang et al., 2017). HY5 is a master regulator of seedling development which modulates the expression of one third of the genes in Arabidopsis (Gangappa and Botto, 2016), being ERFs among them. HY5-ERF regulon restrains overproduction of ET, which is important for plant growth. According to this, it could be expected that T1N0 plants had a larger size than T0N0. In our study, length and fresh and dry weight values obtained from aerial wheat seedling parts, after 48 h growing in the presence of T. harzianum T34, were lower than those in absence of the fungus. This phetotype was reproducible in several independent experiments (Figure 3). An explanation might be the involvement of HY5 in the modulation of abscisic acid (ABA) and auxin pathways (Liu et al., 2018), and in the repression of cell elongation-responsive genes (Gangappa and Botto, 2016). In this sense, down-regulation of a gene coding an expansin 2 protein was detected in the condition T1N0 when compared to T0N0 (Figure 2). In wheat plants, expansins are involved in growth and developmental processes, as well as in tolerance to stress conditions, and their expression in other plants confers tolerance to salt, drought, cadmium and oxidative stresses (Zhang J.F. et al., 2018). In addition, down-regulation of a gene encoding a multicopper oxidase-like protein was also detected in the condition T1N0. It has been suggested that an homolog gene takes part in growth processes, possibly by participating in cell wall expansion in Arabidopsis (Sedbrook et al., 2002). In the same way, a reduced expression of AKT1 potassium channel gene was detected. Potassium is a macronutrient for plants that is required for numerous physiological processes, such as membrane potential maintenance and turgor pressure, enzyme activation, osmotic pressure regulation, stomatal movement and tropism phenomena (Golldack et al., 2003). The induction of potassium channel genes by phytohormones like auxins gives them a central role in seedling growth and embryonic development. It has been shown that the potassium transporter AKT1 is required for the plant response to changes in external potassium, and subsequent regulation of potassium-dependent root growth and auxin redistribution in the root (Li J. et al., 2017).
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FIGURE 3. Measurements of wheat seedlings after being growth for 48 h under eight different conditions: with (T0) or without (T1) Trichoderma harzianum T34 and 0 (N0), 0.1 (N0.1), 0.5 (N0.5) or 1 (N1) mM calcium nitrate as nitrogen source. (A) Aerial part length, (B) fresh weight, and (C) dry weight. For each measurement, mean values of 20 plants from two independent experiments are shown.


In another way, the transcription factor family NAC has been reported to have pivotal functions in mediating plant responses against various abiotic stresses due to their ability to specifically bind to the sequence of ABA-responsive elements (Hoang et al., 2017). Although more than 100 NAC members are present in the bread wheat genome, NAC1 is a novel member of this family, which has dual roles in response to pathogens, since it may modulate plant jasmonic acid (JA)- and salicylic acid (SA)-signaling defense cascades (Wang et al., 2015). The up-regulation of NAC1 gene in wheat seedling roots from the condition, T1N0, is indicative of defense response activation mediated by T34 strain, at the same time compromising the plant growth. It can be thought that ABA-dependent defenses are triggered by T34 strain. In this sense, four genes encoding cytochrome P450 monooxygenase were up-regulated in the condition, T1N0. Proteins of this class have been involved in ABA biosynthesis (Narusaka et al., 2004). Also, a gene coding for a pleiotropic drug resistance (PDR)-type ABC transporter was up-regulated, which seems to play a role in ABA transport (Kang et al., 2011; Curci et al., 2017). Several ABC transporters were also up-regulated in durum wheat roots stressed by N starvation when analyzed through an RNA-sequencing approach (Curci et al., 2017). These changes detected at a transcriptomic level are in a good agreement with the phenotypic differences observed between wheat seedlings of the T1N0 and T0N0 conditions (Figure 3), because elements like HY5, cytochrome P450 monooxygenase and ABC transporter would be able to trigger NAC1-dependent defense pathways by means of ABA (Figure 4).
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FIGURE 4. Schematic representation of defense activation by Trichoderma harzianum T34 in wheat seedlings. (A) Scheme of the major branch pathway of flavonoid biosynthesis, seven genes differently expressed in wheat seedling roots resulting from the GeneChip Wheat Genome Array analysis under different growth conditions with Trichoderma harzianum T34 and 0 (T1N0, green), 0.1 (T1N0.1, red), 0.5 (T1N0.5, blue) or 1 (T1N1, black) mM calcium nitrate belong to this pathway. Enzyme names are abbreviated as follows: Chalcone synthase (CHS), Naringenin 7-O-methyltransferase (NOMT) and Phenylalanine ammonia-lyase (PAL). (B) Signaling networks involving major genes related to plant-Trichoderma interaction that show upregulation (↑) or downregulation (↓) in the current study.


Three genes encoding decarboxylases, enzymes involved in N and amino acid metabolism, were up-regulated in wheat seedlings in response to T34. Two of them encoded arginine decarboxylases and the third one coded for a S-adenosylmethionine (SAM) decarboxylase. Both enzymes participate in polyamine biosynthesis, being the arginine decarboxylase involved in the formation of putrescine from arginine, and the SAM decarboxylase in the spermidine and spermine biosynthesis process from putrescine. The activation of polyamine metabolism correlates with the smaller growth of the T1N0 seedlings since spermine and spermidine induce concentration-dependent oxidative damage, resulting in decreased wheat biomass (Szalai et al., 2017). Recently, an up-regulation of tomato genes included in categories such as “spermine and spermidine biosynthetic process” and “arginine catabolic process” has been associated with T. atroviride P1-tomato interactions (Coppola et al., 2019). Accumulation of polyamines, as well as the up-regulation of genes coding for SAM decarboxylase in wheat plants, under environmental stress conditions have been previously described (Li and Chen, 2000), highlighting the role of polyamines in plant resistance to adverse circumstances. Polyamine profiles analyzed in Trichoderma-Arabidopsis interactions have been related to the Trichoderma species used, the timing of the interaction and whether it occurred with physical contact or not, which may confer upon these compounds a role reprogramming the changes undergone by plants to fine tune their defense and growth responses (Salazar-Badillo et al., 2015). The relationship between polyamines and phytohormones has been also established since ET induces SAM descarboxylase in plants (Van de Poel et al., 2013) and endogenous SA and polyamine content have been linked in wheat plants (Szalai et al., 2017).

Different defense mechanisms could be activated by strain T34 in the wheat seedling roots. Supporting this, an up-regulation of three genes encoding glycosyl hydrolase (GH) proteins involved in “carbohydrate metabolism” (an non-annotated GH, an endo-β-1,3 glucanase and a 1,6-N-acetylglucosaminyl transferase) was observed in the condition T1N0. GHs catalyze the hydrolysis of glycosidic bonds and have been described to participate in plant defense and development processes. Within GHs, β-1,3 glucanases belong to the GH family 17 and are considered to be pathogenesis-related (PR) proteins, since they are coordinately expressed in response to various biotic and abiotic stress stimuli (Thomas et al., 2000). The up-regulation of a gene encoding a xylanase inhibitor was also observed. This enzyme inhibits microbial endoxylanases belonging to the GH family 11 (Raedschelders et al., 2004), and it has a role in the protection of wheat plants against biotic or abiotic stresses (Pollet et al., 2009). The up-regulation of a gene coding for a calcium binding protein can be related to plant defense because its involvement in wheat defense response to pathogens and abiotic stresses has been described (Feng et al., 2011). Since an up-regulation of two genes encoding UDP-glycosyltransferases was observed in the condition T1N0, it can be assumed that T34 strain is triggering the anthocyanin biosynthesis pathway in wheat seedlings. Anthocyanins, a main class of flavonoids, play multiple roles in higher plants since they provide colors, absorb UV and high light irradiation, act as insect and animal attractants and are also antioxidants. Apart from that, they are effective agents against pathogens in plants (Li D. et al., 2017).

Wheat gluten comprises glutenin and gliadin proteins that account for up to 80% of the total protein content in the mature grain and determine viscoelastic properties of wheat flour dough, which govern the behavior of dough processing and baking quality (Wan et al., 2013). Genes encoding glutenin and gliadin proteins are regulated by N supply in developing wheat grain (Wan et al., 2013). Currently, wheat crop yield and quality rely on chemical nitrogenous fertilizers application (Zörb et al., 2018). The present microarray analysis showed no differential expression in such kinds of genes after comparing data from T0N0 and T0N0.1, T0N0.5 or T0N1 conditions (Supplementary Table S3). However, a down-regulation of two genes encoding gliadin/Low Molecular Weight (LMW) glutenin proteins was detected in the condition T1N0 when compared with T0N0. Since we are analyzing changes in a root transcriptome, it is not possible to forecast that T34 strain will cause a decrease in gluten protein content of wheat grain. Recently, proteins with a gliadin domain have been identified as being involved in wheat plant immunity against F. graminearum (Zhang Y. et al., 2018). The observed down-regulation of glutenin genes in response to T34 may indicate that this strain of T. harzianum would not be triggering this novel plant defense mechanism.

The observed transcriptomic changes, together with the T1N0 seedling phenotype (Figure 3) would seem contradictory to some attributes associated with the beneficial effects of Trichoderma. Although, we ought not forget that the transcriptome had been analyzed when the Trichoderma colonization was still active. It would be reasonable to speculate that wheat seedlings, at least locally, and in response to T34 strain, increase defense to limit the fungal penetration to the outer layers of root cortical cells, being compromised the plant growth in return. Moreover, the up-regulation of ERF, NAC1 and HY5 genes in plants inoculated with Trichoderma indicates that, at least through these regulation hubs, the fungus adjusted the phytohormone networking leading to activate defenses, which in party explains the reduced size of the wheat seedlings treated with T34.



Wheat Genes Differentially Expressed in Response to Ca(NO3)2 and Trichoderma Combinations

The root transcriptional response of wheat seedlings to the combined application of T. harzianum T34 and different concentrations of N source (T1N0.1, T1N0.5 or T1N1 conditions) was analyzed, either taking as reference T1N0 (Supplementary Table S5) or T0N0.1, T0N0.5 and T0N1 conditions (Supplementary Table S6). The huge difference in the number of the differentially expressed genes between both comparatives, seven and 157, respectively, would be a good indicator of the important role that Trichoderma plays in the transcriptomic changes detected in wheat roots.


N Source Effect When Applied in Combination With T. harzianum T34

Only seven genes showed differential expression after comparing T1N0.1, T1N0.5 or T1N1 conditions with the condition T1N0. No differences in gene expression were detected when the conditions, T1N0 and T1N0.1, were compared. There were two and five genes that differed significantly in expression by at least twofold in wheat seedling roots between T1N0 and T1N0.5 or T1N1, respectively (Supplementary Table S5). One of the up-regulated genes (ID TraesCS6B01G024900.1), which was shared by both conditions (T1N0.5 and T1N1), codes for nitrate reductase. This enzyme catalyzes the reduction of nitrate to nitrite, which is highly toxic to plant cells and is reduced to ammonium by the enzyme nitrite reductase and finally, this ammonium can be used by the plant to produce amino acids and proteins (Krapp, 2015). Surprisingly, genes coding for N metabolism enzymes were not detected in response to an increase of the N source, that is when comparing T0N0.1, T0N0.5 or T0N1 conditions with the condition T0N0. However, this scenario changes when T34 strain is present, thus indicating that the fungus is able to modulate the plant N metabolism, at least at the two highest N concentrations tested. In order to confirm these microarray data, nitrate reductase activity was measured in the same root material employed for microarray analysis, as well as in the aerial part of wheat seedlings (Table 2). The highest nitrate reductase values were obtained in roots from T1N0.5 condition, likewise the aerial part of seedlings from T1N0.5 condition also gave the highest levels of this activity. Similar results were obtained in independent experiments. It has already been shown that changes in N concentration govern plant N metabolism, allowing them to mitigate the acclimatory effect to adverse environments (Vicente et al., 2016). Another up-regulated gene in the condition T1N1, with respect to T1N0, codes for a thioredoxin. Wheat thioredoxins have been involved in germination and seedling development by promoting mobilization of primary storage proteins, inactivation of small amylolytic enzyme inhibitors, and activation of calcium-dependent substrate-specific proteases (Pilcher et al., 2017). Previous studies have reported the induction of genes coding for thioredoxins by the herbicide metribuzin in wheat (Pilcher et al., 2017).


TABLE 2. Specific nitrate reductase activity, expressed as μmol⋅min–1 per mg protein, measured in either aerial part or root from wheat seedlings after growing for 48 h under eight different conditions: with or without Trichoderma harzianum T34 and 0, 0.1, 0.5, or 1 mM calcium nitrate as nitrogen source.

[image: Table 2]Three more genes, encoding an UDP-glycosyltransferase and two PDR-type ABC transporters, were down-regulated in seedling roots from T1N1 condition in comparison with T1N0 condition, one out of two transporter genes being up-regulated in roots of the condition T1N0 compared with T0N0 condition. These data were confirmed by qPCR analysis (Figure 2). The differences detected for this ABC transporter, for some of the assayed conditions, suggest that the scenario can be drastically changed when different N source concentrations and Trichoderma are applied in combination. Thus, great care must be taken for selecting the right combination to obtain the desired outcome.



T. harzianum T34 Effect When Applied in Combination With Different N Inputs

The larger number of transcriptomic changes observed among all different conditions tested for wheat seedling roots was in the presence of T34 strain combined with the lowest N supply. Almost 80% of differently expressed genes were up-regulated. Just in the presence of T34 strain without N source (T1N0), 67 genes were differentially expressed, but when N was included this number was higher, reaching 73 genes in the comparison between T1N0.1 and T0N0.1 conditions (Supplementary Table S6). Although less numerous, a great variety of changes, 61 and 23 genes, were detected when comparing T1N0.5 and T0N0.5 or T1N1 and T0N1 conditions, respectively. More than the half of the genes (56%) that differentially varied in their expression when T34 strain was applied in combination with different N supplies corresponded to hypothetical proteins with unknown function or had no matches in databases. The largest number of genes with putative function were associated with physiological processes included within the “metabolism” category (20.4%), being mainly affected the carbohydrate metabolism but also differential expression changes were detected for several genes related to lipid and fatty acid metabolism. The second largest set of genes was located within the “cellular processes and signaling” category (15.3%). In addition to the expected genes from subcategories, such as “transport” or “response to stimulus,” it is noteworthy to mention that six genes from the “signaling” subcategory were up-regulated. Most of these last six genes code for kinase receptor proteins (Supplementary Table S6). On the basis of these results, we can conclude that the Trichoderma effect is more striking when low concentrations of Ca(NO3)2 are supplied, existing a correlation between an increase of N source applied in combination with T34 strain and a reduction in the number of transcriptomic changes in root of wheat seedlings, at least after 48 h of growing.

Overall, many of the genes differentially expressed in wheat seedling roots, due to a combined application of T34 and Ca(NO3)2 as an N source, have already been described as components of plant defense responses against pathogens. In wheat, PR-protein activation has been described in a resistant genotype as a defense response to infection by F. graminearum, in comparison with susceptible lines to this pathogen (Golkari et al., 2009). An up-regulation of endo-β-1,3 glucanase (PR-2) and chitinase genes was detected in wheat seedlings from T1N0.1 and T1N0.5 conditions. In addition, genes encoding proteins, such as PR-1, thaumatine (PR-5), and polygalacturonase and subtilisin-chymotrypsin inhibitors, which have been previously described and are involved in wheat defense against pests and pathogens (Caruso et al., 1999; Golkari et al., 2009), were differentially up-regulated in the T1N0.1 condition. In parallel to wheat defense activation, detected in response to the application of strain T34 combined with the lowest N concentration, the up-regulation of genes related to plant development was also detected. This is the case for the gene encoding trehalose-6-phophate phosphatase, an enzyme involved in trehalose production, which was up-regulated in T1N0.1 condition. It is well known that trehalose has a protector role in plant against abiotic stresses by preventing the denaturation of cellular proteins (Fernandez et al., 2010). However, trehalose-6-phosphate has emerged as an important signaling metabolite, regulating carbon assimilation and the sugar status in plants, thus having an essential role in development (Ponnu et al., 2011). Several genes that are also involved in cell wall structure modulation (Zhang J.F. et al., 2018) were up-regulated when T34 was applied along with different N concentrations. This is the case for genes coding for pectin-esterase (ID TraesCS3B01G258100.1) (T1N0.5), expansin-B7-like protein (ID TraesCS4B01G375600.1) (T1N0.1), laccase (ID TraesCS3B01G489800.1) (T1N0.1), and xyloglucan endotransglucosylase (ID TraesCS2A01G433500.1) (T1N1). On the other hand, some genes coding for proteins like polygalacturonase (ID TraesCS3B01G020300.1) (T1N0.1 and T1N0.5), 24-methylene sterol C-methyl transferase 2 (ID TraesCS1A01G204700.1) (T1N0.5), phosphatidylinositol phosphatase SAC1 (ID TraesCS1A01G020700.1) (T1N0.1), and the transcription factor ILI6 (ID TraesCS4A01G016300.1) (T1N0.5), which are involved in plant growth and development (Yang et al., 2018), were down-regulated. Transcriptomic analysis shows that the Trichoderma effect is more evident when it is applied in combination with low N supply. In this sense, the lowest number of differentially expressed genes was detected in the condition, T1N1, in comparison with those detected in T1N0.1 or T1N0.5. The hability of T34 strain to modulate plant defense and growth responses is remarkable.

It is noteworthy to mention that, in the condition T1N0.5, an important number of up-regulated genes were associated with the major physiological processes “signaling” or “response to stimulus stress” (Table 1 and Supplementary Table S6), being annotated as receptor kinase or ABA-responsive protein, respectively. Such up-regulation observed in wheat roots is in good agreement with a previous study, in which up-regulation of ABA-related genes was described in Arabidopsis after 24 h of incubation in the presence of T. harzianum T34 (Morán-Diez et al., 2012). It is known that ABA plays a key role in the activation of plant cellular adaptation to abiotic stresses, and that, under adverse environmental conditions, this phytohormone functions as a growth inhibitor. Moreover, it is accepted that mitogen-activated protein kinase (MAPKs) mediates signal transduction cascades, they being central integrators of plant abiotic stress signaling since they link to cellular signaling, and metabolic and stress adaptative processes in the plant (Golldack et al., 2014). In view that an evident up-regulation of ABA-responsive element and receptor kinase genes was detected in the T1N0.5 condition, together with the above described up-regulation of ABA-related genes in T1N0, it could be thought that MAPKs and ABA also have a central role in plant defense responses to Trichoderma (Figure 4), linking primary metabolism and developmental processes. According to this scenario, it has recently been suggested that future plant holistic studies must consider biotic stress, abiotic stress and development processes (Bigeard and Hirt, 2018).

In a previous study, down-regulation of induced systemic resistance-linked genes was observed in Arabidopsis roots colonized by the endopolygalacturonase Thpg1-silenced transformant of T. harzianum T34 (Morán-Diez et al., 2009). Chalcone synthase (CHS) and xyloglucan endotransglucosylase genes were among the 10 Arabidopsis genes that were significantly affected by the silencing of Thpg1 in T34, and in the present work, these two genes (Table 1) were up-regulated in wheat seedling roots from the conditions, T1N0.5 and T1N1, respectively. CHS is a member of the plant polyketide synthase superfamily, and it is the key enzyme of the flavonoid biosynthesis pathway, providing the starting materials for the synthesis of these compounds (Dao et al., 2011) (Figure 4). An up-regulation of the CHS gene, accompanied by a down-regulation of a polygalacturonase gene, was observed in wheat seedling roots from the treatment T1N0.5. Moreover, genes involved in the flavonoid biosynthesis, such as flavonoid 7-O-methyltransferase gene, were differentially expressed in T1N0.1 condition (Table 1). In this regard, the up-regulation of genes encoding transcriptional activators (i.e., glutathione S-transferase) and coactivators (i.e., LNK1- and LNK4-like proteins) was observed, as well as the down-regulation of repressor genes (i.e., MYB transcription factor), indicative of an increased resistance in wheat seedling roots. In addition to the accumulation of flavonoids in plants, which have an important role in auxin regulation by inhibiting its polar transport, CHS is involved in the SA defense pathway. It is known that plants activate SA biosynthesis in response to Trichoderma root colonization to prevent the fungus from entering the vascular system (Alonso-Ramírez et al., 2014). Regarding flavonoids, it is worth highlighting that several genes involved in their biosynthesis were differentially expressed under T1N0, T1N0.1, and T1N0.5 conditions, thus reinforcing the relevance of such pathway during plant–Trichoderma interaction.



CONCLUSION

The early root transcriptomic changes observed in wheat seedling roots colonized by the T. harzianum T34 under different N supplies show that Trichoderma contributes to a larger extent than the N source to such changes. When the fungus is applied in combination with low N concentrations, the plant transcriptional changes are led to balance growth with the need for defense. Based on the fact that many changes observed affect the flavonoid biosynthesis pathway, we assume that Trichoderma induces plant defenses through such mechanism.
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FIGURE S1 | Calcium nitrate [Ca(NO3)2] effect on the size of 72-h-old wheat seedlings after 48 h growing in a Phytatray box system. Aboveground plant length was measured for each Ca(NO3)2 concentration tested (0, 0.1, 0.5, 1, 2, 5, 7, and 10 mM), and as a result, three groups were set up: larger or equal than 13 cm, from 10 to 13 cm, and shorter or equal than 10 cm. Plant height percentages for each growth condition within either of the three groups are depicted by bars. The number of plants used to calculate these percentages is indicated above each bar. (A) Ca(NO3)2: 0, 2, 5, 7 and 10 mM, n = 30, and (B) Ca(NO3)2: 0, 0.1, 0.5, 1 and 2 mM, n = 20.

TABLE S1 | Primers used for quantitative real-time PCR (qPCR) analysis.

TABLE S2 | List of genes that showed at least a twofold significant change in expression using a P-value < 0.015 in at least one of the eight assayed conditions (as described in Materials and Methods).

TABLE S3 | Physiological processes differentially affected in wheat seedling roots in response to the nitrogen concentration in the plant growth media, 0.5 or 1 mM calcium nitrate [Ca(NO3)2] compared to nitrogen source absence.

TABLE S4 | Physiological processes differentially affected in wheat seedling roots in response to Trichoderma harzianum T34 in the absence of nitrogen source.

TABLE S5 | Physiological processes differentially affected in wheat seedling roots in response to the combined application of Trichoderma harzianum T34 and 0.5 or 1 mM calcium nitrate [Ca(NO3)2] in the plant growth medium compared to nitrogen source absence.

TABLE S6 | Physiological processes differentially affected in wheat seedling roots in response to the combined application of Trichoderma harzianum T34 and 0.1, 0.5, or 1 mM calcium nitrate [Ca(NO3)2] in the plant growth medium compared to T34 strain absence.
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Meloidogyne is the most damaging plant parasitic nematode genus affecting vegetable crops worldwide. The induction of plant defense mechanisms against Meloidogyne in tomato by some Trichoderma spp. strains has been proven in pot experiments, but there is no information for tomato bearing the Mi-1.2 resistance gene or for other important fruiting vegetable crops. Moreover, Trichoderma is mostly applied for managing fungal plant pathogens, but there is little information on its effect on nematode-antagonistic fungi naturally occurring in soils. Thus, several experiments were conducted to determine (i) the ability of two commercial formulates of Trichoderma asperellum (T34) and Trichoderma harzianum (T22) to induce systemic resistance in tomato and cucumber against an avirulent Meloidogyne incognita population in split-root experiments; (ii) the effect of combining T34 with tomato carrying the Mi-1.2 resistance gene to an avirulent M. incognita population in sterilized soil; and (iii) the effect of combining T34 with tomato carrying the Mi-1.2 resistance gene to a virulent M. incognita population in two suppressive soils in which Pochonia chlamydosporia is naturally present, and the effect of T34 on the level of P. chlamydosporia egg parasitism. Both Trichoderma formulates induced resistance to M. incognita in tomato but not in cucumber. In tomato, the number of egg masses and eggs per plant were reduced by 71 and 54% by T34, respectively. T22 reduced 48% of the number of eggs per plant but not the number of egg masses. T34 reduced the number of eggs per plant of the virulent M. incognita population in both resistant and susceptible tomato cultivars irrespective of the suppressive soil, and its effect was additive with the Mi-1.2 resistance gene. The percentage of fungal egg parasitism by P. chlamydosporia was not affected by the isolate T34 of T. asperellum.

Keywords: Cucumis sativus, induced resistance, nematode virulence, Pochonia chlamydosporia, root-knot nematodes, Solanum lycopersicum


INTRODUCTION

The root-knot nematodes (RKN), Meloidogyne spp., are the most damaging obligate plant-endoparasitic nematode worldwide in a wide range of plant species (Jones et al., 2013). Among the more than 100 species included in this genus, the tropical RKN species, Meloidogyne arenaria, Meloidogyne incognita, and Meloidogyne javanica, cause the majority of vegetable yield losses (Hallman and Meressa, 2018). For instance, maximum yield losses reported for fruiting solanaceous and cucurbit crops, the most cultivated worldwide, range from 30 to 100% (Giné et al., 2014, 2017; López-Gómez et al., 2014; Seid et al., 2015; Giné and Sorribas, 2017; Hallman and Meressa, 2018). Despite that several methods for control are available (Nyczepir and Thomas, 2009), most producers rely on the use of chemical nematicides (Djian-Caporalino, 2012; Talavera et al., 2012). Nonetheless, due to the risks and impacts on human health and the environment, its use must be reduced in favor of alternative methods according to legislative regulations, such as the European Directive 2009/128/EC. Sustainable and safe alternatives are required, such as plant resistance and biological control (Hallmann et al., 2009; Williamson and Roberts, 2009).

Plant resistance is defined as the ability of a plant to suppress infection, development, and/or reproduction of plant parasitic nematodes (Roberts, 2002). Resistance can be conferred by one or a few specific genes or quantitative trait loci (Williamson and Roberts, 2009) or be induced by microorganisms (Hallmann et al., 2009; Schouten, 2016). Plant resistance conferred by resistance genes (R-genes) is an effective and economically profitable control method against the tropical RKN species (Sorribas et al., 2005). However, the availability of commercial fruiting vegetable-resistant cultivars and rootstocks is currently restricted to solanaceous crops such as tomato, pepper, and aubergine. Therefore, the continuous cultivation of plant germplasm carrying the same R-gene will lead to the selection of virulent nematode populations (Verdejo-Lucas et al., 2009; Thies, 2011; Ros-Ibáñez et al., 2014; Expósito et al., 2019). Some fungal and bacterial species are able to induce resistance against RKN in vegetable crops (Hallmann et al., 2009), including some strains of Trichoderma spp., i.e., Trichoderma asperellum strain 203, Trichoderma atroviride strain T11, and Trichoderma harzianum strain T-78 in tomato (Sharon et al., 2009; de Medeiros et al., 2017; Martínez-Medina et al., 2017). Several Trichoderma spp. strains are approved by the EU legislation for controlling plant diseases caused by fungi but none of them for those caused by plant-parasitic nematodes.

The possibility of using Trichoderma spp. to induce resistance to RKN has been studied in susceptible tomato cultivars (Sharon et al., 2009; de Medeiros et al., 2017; Martínez-Medina et al., 2017) but never on tomato carrying the Mi-1.2 resistance gene. Induction of resistance in plants carrying R-genes could contribute to limit the selection of virulent nematode populations and thus enhancing the resistance durability. On the other hand, if resistance can be induced in plant species for which no commercial RKN-resistant cultivars or rootstocks are available, such as cucurbits, or against virulent nematode populations, primed plants could be included in rotation schemes to manage RKN and reduce crop yield losses.

Trichoderma is a cosmopolitan genus of filamentous fungi in the order Hypocreales, with a flexible lifestyle that includes endophytic, saprophytic, and facultative mycoparasitic capabilities. Thus, Trichoderma spp. might limit growth of other soil microorganisms by predation or resource competition, including nematode antagonistic fungi such as Pochonia (Metacordyceps) chlamydosporia. This fungal species is frequently isolated from RKN eggs produced in vegetable crop roots cultivated in northeastern Spain (Giné et al., 2012) and has been reported as the main biotic factor responsible for soil suppressiveness to RKN in this area (Giné et al., 2016). In addition, it has been reported that some P. chlamydosporia strains can induce systemic resistance in tomato plants (Ghahremani et al., 2019). Consequently, the proper use of Trichoderma must consider the possible side effect on fungal nematode antagonists present in soils. Previous studies have shown that the effects of Trichoderma to P. chlamydosporia can vary depending on the analyzed fungal strains. For example, some harmful effects such as a reduction in mycelial growth due to volatile compounds produced by a strain of Trichoderma spp. from Brazil (Ferreira et al., 2008) or mycelium lysis by a strain of T. harzinaum from the Netherlands (Kok et al., 2001) have been reported. On the other hand, non-observable effects on percentage of RKN-parasitized eggs by P. chlamydosporia due to a strain of T. harzianum from Cuba was noticed (Puertas et al., 2006). However, as far as we know, there is no information regarding the effect of commercial formulates of Trichoderma spp. on the level of fungal egg parasitism by natural occurring antagonists in soil to avoid side effects.

Thus, in this work, several experiments were conducted to determine (i) the ability of commercial formulates of strains T34 of T. asperellum [T34 Biocontrol (1012 cfu kg–1); Biocontrol Technologies S.L.] and T22 of T. harzianum [Trianum P (109 cfu g–1); Koppert] to induce systemic resistance in tomato and cucumber against M. incognita in split-root experiments; (ii) the effect of combining T34 with tomato carrying the Mi-1.2 resistance gene to an avirulent M. incognita population in sterilized soil; and (iii) the effect of combining T34 with tomato carrying the Mi-1.2 resistance gene to a virulent M. incognita population in two suppressive soils where P. chlamydosporia is naturally present, as well as the effect of T34 on the level of P. chlamydosporia egg parasitism.



MATERIALS AND METHODS


Plants, Fungi, and Nematodes

Susceptible (mi/mi) tomato cv. Durinta, resistant (Mi/mi) tomato cv. Monika (Cortada et al., 2008), and cucumber cv. Dasher II were used for this study. For the split-root and the combination of plant resistance with T34 to an avirulent M. incognita population experiments, seeds were surface sterilized following the procedure described in Ghahremani et al. (2019).

The commercial formulates of T. asperellum T34 (T34 Biocontrol; Biocontrol Technologies S.L.) and of T. harzianum T22 (Trianum P; Koppert) were used. These Trichoderma strains were selected because, despite the T. asperellum strain T203 and the T-78 of T. harzianum have been demonstrated to induce resistance to RKN in susceptible tomato (Sharon et al., 2009; Martínez-Medina et al., 2017), they are not currently approved in Europe. The strains used in this study are approved in Europe for the management of some fungal plant pathogens, and there are commercial formulates based on these strains available for producers in Spain. The viability of the inoculum was assessed by serial dilution from the commercial formulate and plating onto PDA, and the number of colony forming units were counted after 24 h of incubation at 25°C in the dark.

Second stage juveniles (J2) of the avirulent M. incognita population Agròpolis and the virulent population Agrovir were used in this study. The Agrovir population was selected from the Agròpolis population after cultivation of tomato grafted onto the resistant tomato rootstock cv. Aligator (Expósito et al., 2019). J2 were obtained from eggs extracted from resistant (Agrovir population) or susceptible (Agròpolis population) tomato roots by blender maceration in a 5% commercial bleach solution (40 g l–1 NaOCl) for 10 min (Hussey and Barker’s, 1973). The suspension was passed through a 74-μm aperture sieve, and the eggs were collected on a 25-μm sieve. Eggs were placed on Baermann trays (Whitehead and Hemming, 1965) and incubated at 25 ± 2°C. J2 were collected daily for 7 days using a 25-μm sieve and stored at 9°C unless used.



Induction of Systemic Plant Resistance to an Avirulent M. incognita Population by T. asperellum T34 and T. harzianum T22

Tomato and cucumber were grown in a split-root system, following the procedure described in Ghahremani et al. (2019), in which the plant root is divided into two halves transplanted in two adjacent pots: the inducer, inoculated with the antagonist, and the responder, inoculated with the nematode. The main root of 5-day-old seedlings was excised, and plantlets were individually transplanted into seedling trays containing sterile vermiculite and maintained in a growth chamber at 25 ± 2°C with a 16/8 h (light/dark) photoperiod for 2 weeks for cucumber and 3 weeks for tomato plants. Afterward, plantlets were transferred to the split-root system by splitting roots into two halves planted in two adjacent 200-cm3 pots filled with sterilized sand. The inducer part of the root was inoculated with a suspension of 105 cfu of T. harzianum T22 (T22) or T. asperellum T34 (T34) just before transplanting. This fungal dosage was selected because it was the same at which P. chlamydosporia induced resistance in tomato (Ghahremani et al., 2019). One week later, the responder part of the root was inoculated with the avirulent M. incognita population Agròpolis at a rate of 1 J2 cm–3 of soil (RKN). Five treatments were assessed: (i) the inducer inoculated with T22 and the responder with the nematode (T22-RKN), (ii) the inducer inoculated with T34 and the responder with the nematode (T34-RKN), (iii) the inducer non-inoculated with any fungal strain (None) and the responder inoculated with the nematode (None-RKN), (iv) the inducer inoculated with T22 and the responder non-inoculated (T22-None), (v) the inducer inoculated with T34 and the responder non-inoculated (T34-None), and (vi) neither inducer nor responder inoculated (None–None). Treatments (i)–(iii) served to assess the capability of each Trichoderma strain to induce plant resistant against the nematode, and treatments (iv)–(vi) were included to assess the effect of each Trichoderma strain on plant development. The non-inoculated inducer or responder parts of the root received the same volume of water than those inoculated with the fungal strains or the nematode. Each treatment was replicated 10 times. The plants were maintained in a growth chamber at 25 ± 2°C and photoperiod of 16-/8-h light/dark in a completely randomized design for 40 days. The plants were irrigated as needed and fertilized with Hoagland solution twice per week. Soil temperatures were recorded daily at 30-min intervals with a PT100 probe (Campbell Scientific, Ltd.) placed in the pots at a depth of 4 cm. At the end of the experiments, the foliar surface area of each single plant was measured with a Li-3100 AREA ETER (LI-COR, Inc., Lincoln, NE, United States). Afterward, the aboveground part of each plant was oven dried at 70°C for 2 days, and the dry shoot weight was recorded. The fresh weight of the inducer and responder part of the root system was also recorded. The number of egg masses produced in the responder part of the roots inoculated with the nematode was counted after being stained with a 0.01% erioglaucine solution for 45 min (Omwega et al., 1988). After that, the nematode eggs were extracted from the responder part of the roots by blender maceration in a 10% commercial bleach solution (40 g l–1 NaOCl) for 10 min following the Hussey and Barker’s (1973) procedure and counted.



Combined Effect of T. asperellum T34 and Tomato-Resistant Germplasm to an Avirulent M. incognita Population

Resistant tomato cv. Monika and susceptible cv. Durinta plants were germinated as previously stated and grown in a growth chamber at 25 ± 2°C and photoperiod of 16/8 h light/dark. Three leaves stage plants were transferred to 200-cm3 pots filled with sterilized sand. The experiment was composed by the following treatments: (i) susceptible tomato plants inoculated with 1 J2 cm–3 of soil, (ii) susceptible tomato plants inoculated with T34 7 days before nematode inoculation, (iii) resistant tomato plants inoculated with 1 J2 cm–3 of soil, and (iv) resistant tomato plants inoculated with T34 7 days before nematode inoculation. The T. asperellum T34 was applied at the rate recommended by the manufacturer, 0.01 g l–1 of soil as liquid suspension (2 × 106 cfu per plant). Each treatment was replicated 15 times. Plants were maintained in a growth chamber at the same conditions for 40 days. At the end of the experiment, roots were processed as previously described before the number of egg masses and eggs were counted.



Combined Effect of T. asperellum T34 and Tomato-Resistant Germplasm to a Virulent M. incognita Population and Effect of T34 on Natural Nematode Antagonism by P. chlamydosporia

Plants of the resistant tomato cv. Monika and the susceptible cv. Durinta supplied by Hishtil Gelpi Spain were used for the experiment. The experiment was conducted with soil taken from two sites located at the Tarragona Province (northeastern Spain), M10.23 and M10.55, where vegetables are commercially produced under organic standards in plastic greenhouse. The site M10.23 was a loam soil (45% sand, 40% silt, and 15% clay), pH 8.3, 5.8% organic matter (w/w), and 276 μS cm–1 electric conductivity. The site M10.55 was a sandy clay loam soil (68% sand, 0% silt, and 32% clay), pH 8.1, 2.5 organic matter (w/w), and 1,069 μS cm–1 electric conductivity. Both soils were previously characterized as suppressive to Meloidogyne, with P. chlamydosporia as the only fungal species recovered from RKN-parasitized eggs (Giné et al., 2016). Each soil was mixed with steam-sterilized sand at a ratio of 1:1 (dry w/dry w), to avoid soil compaction and to improve plant growth, and served as substrate for cropping tomato plants in 3-l pots. The population density of Meloidogyne J2 in the soil mixture was determined by counting the nematodes extracted from three 500-cm3 samples of each soil mixture by Baermann trays (Whitehead and Hemming, 1965) and incubated at 27 ± 2°C for 1 week. The experiment consisted of four treatments per soil: (i) susceptible tomato plants inoculated in the seedling tray with T34 7 days before transplanting and also just after transplanting and with J2 of the virulent M. incognita Agrovir population to achieve 1 J2 cm–3 of mixed soil per pot, (ii) susceptible tomato plants inoculated with the virulent nematode population, (iii) resistant tomato plants inoculated in the seedling tray with T34 7 days before transplanting and just after transplanting and with the virulent nematode population, and (iv) resistant tomato plants inoculated with the virulent nematode population. The T. asperellum T34 was applied at the dose recommended by the manufacturer as liquid suspension, 0.5 g of T34 m–2 of seedling tray before transplanting (1.9 × 106 cfu per plantlet) and 0.01 g l–1 of soil (3 × 107 cfu per plant) just after transplanting. Each treatment was replicated 15 times per each soil (M10.23 and M10.55). Plants were maintained in a greenhouse for 40 days. In addition, three plants of each tomato cultivar growing in sterilized sand and inoculated with T34 at the same dose and timing were included to compare the ability of T. asperellum to colonize roots in non-sterilized mixed soil versus sterilized sand. At the end of the experiment, three egg masses per plant were taken for quantification of fungal egg parasitism as described in Giné et al. (2016). Afterward, eggs were extracted from roots and counted following the procedure previously described.

The detection and quantification of T. asperellum in tomato roots and in M10.23 and M10.55 soils were estimated using the TaqMan-quantitative PCR (qPCR) protocol specifically designed for this fungus by Gerin et al. (2018). Root colonization of plants grown in the M10.23 and M10.55 soils was estimated from three biological replicates per treatment. Each biological replicate consisted of a pool of 3-g, 1-g root per each of three plants. For plants cultivated in sterilized sand, each plant was considered an independent biological replicate. For soil replicates, the pooled soil from three independent pots per treatment was used. DNA extraction from roots was carried out as in Lopez-Llorca et al. (2010), while DNA was extracted from soil samples using the DNeasy PowerLyzer PowerSoil Kit (Qiagen) following the manufacturer’s instructions. All DNA samples were quantified using Qubit dsDNA BR assay kit (Thermo Fisher Scientific). qPCR reactions were performed using the Sso AdvancedTM Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA, United States) in a final volume of 20 μl containing 40 ng of total DNA, 250 nM of each primer (5′ to 3′ direction) Ta_rpb2_fw (GGAGGTCGTTGAGGAGTACGAA) and Ta_rpb2_rev_3 (TTGCAGATAGGATTTACGACGAGT) and 150 nM of Ta_rpb2_probe (FAM-CGCTGAGGTATCCCCATGCGACA-BHQ1) (Gerin et al., 2018). Negative controls containing sterile water instead of DNA were included. Reactions were performed in duplicate in a 7900HT Fast Real-Time PCR System thermocycler (Applied Biosystems) using the following thermal cycling conditions: initial denaturation step at 95°C for 2 min, then 40 cycles at 95°C for 5 s, and 64.5°C for 30 s. Genomic DNA dilutions of the T. asperellum T34 were used to define a calibration curve from 10 pg to 100 ng. The specificity of the PCR amplicons was verified by agarose gel electrophoresis. T. asperellum DNA biomass was referred to the total DNA biomass (40 ng).



Statistical Analysis

Statistical analyses were performed using the JMP software v8 (SAS Institute, Inc., Cary, NC, United States). Both data normality and homogeneity of variances were assessed. When confirmed, a paired comparison using the Student’s t-test was done, or Dunnett’s test for multiple comparisons with a control. Otherwise, paired comparison was done using the non-parametric Wilcoxon test or multiple comparison using the Kruskal–Wallis test and groups separated by Dunn’s test (P ≤ 0.05).



RESULTS


Induction of Systemic Plant Resistance to an Avirulent M. incognita Population by T. asperellum T34 and T. harzianum T22

The split-root system did not influence tomato or cucumber root development since root fresh weight did not differ between the two halves of the split-root system of the None–None treatment (P < 0.05) (data not shown). Both tomato shoot dry biomass and leaf surface area did not differ (P < 0.05) between treatments (data not shown). In cucumber, shoot dry biomass did not differ, but the leaf surface area of the None–None treatment was lower (P < 0.05) than the remaining ones (Figure 1).
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FIGURE 1. Cucumber leaf area surface (cm2) in a split-root system experiment conducted in two adjacent 200-ml pots (inducer–responder) in which the inducer part of the root was non-inoculated (None-) or inoculated with 105 cfu of Trichoderma harzianum T22 (T22-) or T. asperellum T34 (T34-) just before transplanting and the responder part of the root was non-inoculated (-None) or inoculated at a rate of 1 J2 cm–3 of soil of the avirulent Meloidogyne incognita population Agròpolis (-RKN) 1 week after fungal inoculation. Each value is mean (column) of 10 replications and the standard error (bar). Column with asterisk differ (P < 0.05) from the treatment None–None according to the Dunnett’s test.


Both Trichoderma strains induced systemic resistance in tomato (Figure 2) but not in cucumber (Figure 3). Trichoderma asperellum T34 reduced both nematode infectivity and reproduction (P < 0.05) by 71 and 54%, respectively. Meanwhile, T. harzianum T22 suppressed nematode reproduction by 48%, but did not affect nematode infectivity (P < 0.05). For cucumber, the number of egg masses in the responder part of the root of the T22-RKN treatment was 2.7 times higher (P < 0.05) than in the None-RKN treatment, and the number of eggs in the responder part of the root of T22-RKN and T34-RKN treatments was 2.7 and 2.2 times higher (P < 0.05) than in the None-RKN treatment, respectively.
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FIGURE 2. Number of eggs (× 103) (white column) and egg masses (spotted column) produced by the avirulent M. incognita population Agròpolis (-RKN) in the responder part of the root of the susceptible tomato cv. Durinta in a split-root system experiment conducted in two adjacent 200-ml pots (inducer–responder) in which the inducer part of the root was non-inoculated (None-) or inoculated with 105 cfu of T. harzianum T22 (T22-) or T. asperellum T34 (T34-) just before transplanting and the responder part of the root was non-inoculated (-None) or inoculated at a rate of 1 J2 cm–3 of soil of the avirulent M. incognita population Agròpolis 1 week after fungal inoculation. Each value is mean of 10 replications and the standard error (bar). Column for each variable with asterisk differ (P < 0.05) from the treatment None-RKN according to the Dunnett’s test.
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FIGURE 3. Number of eggs (× 102) (white column) and egg masses (spotted column) produced by the avirulent M. incognita population Agròpolis (-RKN) in the responder part of the root of the susceptible cucumber cv. Dasher II in a split-root system experiment conducted in two adjacent 200-ml pots (inducer–responder) in which the inducer part of the root was non-inoculated (None-) or inoculated with 105 cfu of T. harzianum T22 (T22-) or T. asperellum T34 (T34-) just before transplanting and the responder part of the root was non-inoculated (-None) or inoculated at a rate of 1 J2 cm–3 of soil of the avirulent M. incognita population Agròpolis 1 week after fungal inoculation. Each value is mean of 10 replications and the standard error (bar). Column for each variable with asterisk differ (P < 0.05) from the treatment None-RKN according to the Dunnett’s test.




Combined Effect of T. asperellum T34 and Tomato-Resistant Germplasm to an Avirulent M. incognita Population

The infectivity and reproduction of the avirulent M. incognita population Agròpolis in the non-inoculated T34 resistant tomato were 97.7 and 97.2% lower (P < 0.05) than in the susceptible cultivar. For resistant tomato inoculated with T34, we observed a reduction of 98.2 and 98.7%, respectively, compared to the susceptible cultivar treated with T34 (P < 0.05).

The number of egg masses and eggs of M. incognita produced in the susceptible tomato plants inoculated with T34 were 20 and 30% lower (P < 0.05) than those observed in the non-inoculated susceptible plants. Regarding the resistant tomato, non-statistical differences (P < 0.05) were found between T34-inoculated and non-inoculated plants. Nonetheless, fewer egg masses and eggs per plant were recorded in the resistant tomato inoculated with T34 than in the non-inoculated (Figure 4).
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FIGURE 4. Number of eggs (× 103) and egg masses produced by the avirulent M. incognita population Agròpolis in the resistant tomato cv. Monika (R) and the susceptible cv. Durinta (S) cultivated in 200-ml pots inoculated with Trichoderma asperellum T34 (T34) at a rate of 0.01 g l–1 of soil (2 × 106 cfu per plant) just after transplanting and 7 days before inoculation with 1 J2 cm–3 of soil. Each value is mean (column) of 15 replications and the standard error (bar). Column with asterisk indicate differences (P < 0.05) between treatments within each tomato cultivar according to the Wilcoxon test.




Combined Effect of T. asperellum T34 and Resistant Tomato to a Virulent M. incognita Population and Effect of T34 on Natural Nematode Antagonism by P. chlamydosporia

In soil M10.23, resistant tomato plants presented a 46% reduction of eggs compared to susceptible tomato plants (P < 0.05) independently of T34 treatment. In both tomato cultivars, the nematode produced 41% fewer eggs in T34-inoculated than in non-inoculated plants (Figure 5A). P. chlamydosporia was the only fungal species isolated from parasitized eggs. The percentage of parasitized eggs ranged from 21 to 28% and did not differ (P < 0.05) between tomato cultivars or between T34-inoculated and non-inoculated plants.


[image: image]

FIGURE 5. Number of eggs (× 103) produced by the virulent M. incognita population Agrovir in the resistant tomato cv. Monika (R) and the susceptible cv. Durinta (S) inoculated with Trichoderma asperellum T34 (T34) in the seedling trays at a rate of 0.5 g m–2 (1.9 × 106 cfu per plantlet) 7 days before transplanting, and at rate of 0.01 g l–1 of soil M10.23 (A) or M10.55 (B) at transplanting in 3-L pots (3 × 107 cfu per plant) and inoculated with J2 to achieve a rate of 1 J2 cm–3 of soil. Each value is mean (column) of 15 replications and the standard error (bar). Column with asterisk indicate differences (P < 0.05) between treatments within each tomato cultivar according to the Wilcoxon test.


In soil M10.55, the nematode produced 77% fewer eggs (P < 0.05) in the resistant than in the susceptible tomato cultivar inoculated with T34, and 62% fewer eggs (P < 0.05) in the non-T34 inoculated resistant than susceptible tomato plants. The nematode produced 58% fewer (P < 0.05) eggs in T34-inoculated than in non-inoculated resistant tomato, and 31.6% fewer eggs in susceptible T34-inoculated tomato than in non-inoculated (Figure 5B). The percentage of parasitized eggs ranged from 25.4 to 28.9% and did not differ between tomato cultivars or T34-inoculated and non-inoculated plants. P. chlamydosporia was isolated from 90% of the total parasitized eggs, T. asperellum from 5%, and the remaining 5% were parasitized by an unidentified fungal species.

The standard curve for qPCR obtained by representing the cycle threshold (Ct) against log of 10-fold serial dilution of DNA from T. asperellum T34 was accurate and reproducible to estimate the DNA concentration of this fungal species (y = −3.1479x + 24.79; R2 = 0.9956). The DNA concentration in the M10.23 and M10.55 soil samples was very low since Ct values were higher than 35 cycles. Regarding the root samples, the DNA concentration was also very low except for two biological replicates of tomato cultivated in soil M10.55, one biological replicate of cv. Durinta inoculated with T34 and one of cv. Monika non-inoculated with T34 (Supplementary Table S1). Regarding the tomato plants cultivated in sterilized sand inoculated with T34, the majority of the Ct values was below 35 cycles, and the T. asperellum DNA concentration was estimated from those replicates. After analyzing 40 ng of DNA extracted from tomato roots, the estimated DNA content for T. asperellum did not differ (P < 0.05). It was 0.067 ± 0.018 ng in cv. Durinta and 0.087 ± 0.027 ng in cv. Monika.



DISCUSSION

This study provides evidence for the ability of two commercial Trichoderma-based formulates, T34 Biocontrol (T. asperellum strain T34) and Trianum P (T. harzianum strain T22), to induce systemic resistance in tomato against M. incognita. Systemic induction of plant defense mechanisms in tomato to RKN by different species and/or strains of Trichoderma, i.e., T. asperellum strain 203, T. atroviride strain T11, and T. harzianum strain T78, has been proven (Sharon et al., 2009; de Medeiros et al., 2017; Martínez-Medina et al., 2017). Martínez-Medina et al. (2017) studied the hormonal regulation pathways and proposed a three-phase model, that is, an early induction of the salicylic acid pathway suppressing RKN infection, a second phase mediated by jasmonic acid induction suppressing RKN reproduction and fecundity, and a final salicylic acid induction that affects root infection by the next J2 generation. Interestingly, the results of this study show that the resistance is also induced in tomato bearing the Mi-1.2 resistance gene. The effect of combining R-genes with induced resistance by Trichoderma was more evident against the virulent nematode population than the avirulent one, which was highly suppressed by the Mi-1.2 resistance gene although relatively less infection (34%) and reproduction (67%) was recorded in relation to the non-inoculated plants. Primed plants by Trichoderma can suppress the virulent nematode reproduction about 50%. Then, the resistance induced by Trichoderma is additive to that provided by the Mi-1.2 gene. Thus, primed plants could be used as an additional sustainable tool to manage virulent nematode populations and also be useful for suppressing RKN species non-affected by the M1.2 resistance gene such as Meloidogyne hapla (Liu and Williamson, 2006) and Meloidogyne enterolobii (Brito et al., 2007). Nonetheless, some -omic studies should be conducted to know the gene regulation and the physiological changes induced by the fungus in resistant tomato plants to foresee the possible medium to long-term consequences of using both types of resistance. If the additive effect is due to an overexpression of defense mechanisms usually expressed in R-gene-resistant plants, the probability for selecting virulent nematodes could be higher than if additional defense mechanisms are activated.

Interestingly, we found that the induction of resistance to M. incognita by both Trichoderma strains vary between plant species. Some reports have demonstrated the capability of Trichoderma strains to induce resistance in cucumber against several microbial plant pathogens (Khan et al., 2004; Shoresh et al., 2005; Segarra et al., 2007; Alizadeh et al., 2013; Sabbagh et al., 2017; Yuan et al., 2019). Segarra et al. (2007) found that T. asperellum T34 increased the concentration of salicylic acid and jasmonic acid in cotyledons of cucumber between 3 and 48 h suppressing Pseudomonas syringae pv. lachrymans inoculated 24 h after fungal inoculation. That experiment used a different inoculation regime, including a higher concentration of fungal spores, and thus, it is possible that the dosage used in the present work is sufficient to induce resistance in tomato but not in cucumber. P. chlamydosporia also induced systemic plant resistance against M. incognita in tomato but not in cucumber inoculated with 105 viable chlamydospores (Ghahremani et al., 2019). Increasing the inoculum density of Trichoderma per cucumber plant could modify this result and should be investigated. In addition to that, other causes could be responsible for the lack of induction of plant resistance to RKN. Recently, Chen et al. (2018) have reported that vanillic acid, a root exudate of cucumber, influences the fungal community in the rhizosphere and the abundance of Trichoderma and Fusarium species depending on the vanillic acid concentration. In our study, both Trichoderma strains increased the nematode reproduction in cucumber compared to the non-fungal-inoculated plants. As such, we cannot discard the possibility that Trichoderma might increase nematode susceptibility on cucumber plants. Further studies are needed to elucidate this.

T34 did not affect P. chlamydosporia egg parasitism that naturally occurred in soils M10.23 and M10.55. The ability of some Trichoderma spp. to parasitize nematode eggs and juveniles has been proven, and the mechanisms involved have been studied (summarized in Sharon et al., 2011; Szabó et al., 2012). The T. asperellum T34 used in this study can parasitize individual eggs in in vitro conditions (data not shown), but it was only isolated from 5% of the total M. incognita parasitized eggs produced in tomato cultivated in soil M10.55 inoculated with T34. This reduced ability of Trichoderma for parasitizing RKN eggs in comparison to other fungal egg parasites naturally occurring in soil can explain the lack of references regarding isolation of Trichoderma spp. from RKN eggs in vegetable growing areas from Spain (Olivares and López-Llorca, 2002; Verdejo-Lucas et al., 2002, 2013; Giné et al., 2012).

It is known that Trichoderma spp. strains can act as nematode antagonists affecting J2 motility, nematode development, egg hatching, nematode reproduction, and disease severity (summarized in Sharon et al., 2009; Wann et al., 2016), and also inducing resistance against RKN in susceptible tomato cultivars (Sharon et al., 2009; de Medeiros et al., 2017; Martínez-Medina et al., 2017). This study provides new evidence of the ability of some additional Trichoderma strains to induce resistance to RKN in susceptible tomato and demonstrate for the first time the ability to induce resistance in tomato carrying the Mi-1.2 gene and that this resistance is additive to that provided by the R-gene against a virulent nematode population.



CONCLUSION

This study proves that the strains T34 of T. asperellum and T22 of T. harzianum induce resistance against M. incognita in tomato but not in cucumber, at least under our experimental conditions. Resistance conferred by the Mi-1.2 resistance gene and that induced by T34 in tomato is additive. Finally, T34 does not affect the egg parasitism by the naturally occurring P. chlamydosporia. To foresee the potential selection for nematode virulence, future studies are needed to understand the genes related and the physiological changes involved in inducing resistance in tomato plants bearing the Mi-1.2 gene. Moreover, the compatibility of commercial Trichoderma formulates with nematode antagonists that occurs naturally should be studied in deep to avoid potential detrimental effects.
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TABLE S1 | Threshold cycle (Ct) values, were obtained for quantifying T. asperellum using the primers and probe designed by Gerin et al. (2018) for every sample and technical replicates. The detection was carried out from roots of the susceptible tomato cv. Durinta, and the resistant cv. Monika non-inoculated or inoculated with T. asperellum T34 (T34) cultivated in two suppressive soils (M10.23 and M10.55) or in sterilized sand. The detection of the fungus was also assessed in soils M10.23 and M10.55. Root colonization of plants grown in the M10.23 and M10.55 soils was estimated from three biological replicates per treatment. Each biological replicate consisted of a pool of 3-g, 1-g root per each of three plants. For plants cultivated in sterilized sand, each plant was considered an independent biological replicate. For soil replicates, the pooled soil from three independent pots per treatment was used.
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The use of synthetic fungicides represents the most common strategy to control plant pathogens. Excessive and/or long-term distribution of chemicals is responsible for increased levels of environmental pollution, as well as adverse health consequence to humans and animals. These issues are deeply influencing public perception, as reflected by the increasing demand for safer and eco-friendly agricultural commodities and their by-products. A steadily increasing number of research efforts is now devoted to explore the use of safer and innovative approaches to control plant pathogens. The use of microorganisms as biological control agents (BCAs) represents one of the most durable and promising strategies. Among the panoply of microbial mechanisms exerted by BCAs, the production of volatile organic compounds (VOCs) represents an intriguing issue, mostly exploitable in circumstances where a direct contact between the pathogen and its antagonist is not practicable. VOCs are potentially produced by all living microorganisms, and may be active in the biocontrol of phytopathogenic oomycetes, fungi, and bacteria by means of antimicrobial activity and/or other cross-talk interactions. Their biological effects, the reduced residuals in the environment and on agricultural commodities, and the ease of application in different agricultural systems make the use of VOCs a promising and sustainable approach to replace synthetic fungicides in the control of plant pathogens. In this review, we focus on VOCs produced by bacteria and fungi and on their role in the cross-talk existing between the plant pathogens and their host. Biologic systemic effect of the microbial volatile blends on both pathogen and host plant cells is also briefly reviewed.
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INTRODUCTION

Synthetic biocides are the major route to control plant pathogens (Irtwange, 2006). However, it has been widely demonstrated that prolonged usage of such agrochemicals is associated with unsustainable levels of environmental pollution, hence raising ecological concern. Long-term exposure to synthetic fungicides recorded a reduced treatment efficacy due to the development of resistance mechanisms by plant pathogens. This led farmers to increase chemical application, with a consequent accumulation of residues in the agricultural commodities and their by-products which, in turn, are responsible for harmful effects for both human and animal health (Pal and McSpadden Gardener, 2006). In addition, the appearance of resistance mechanisms represents a clinical problem, and resistance to fungicides among human pathogenic fungi is being increasingly observed (Cowen et al., 2002; Mehta et al., 2018). A typical example is represented by the acquired resistance of Aspergillus fumigatus and other human pathogenic fungi to azoles (i.e., one of the major class of fungicides, widely used in both agricultural and clinical treatment) as reviewed by Deising et al. (2008).

These reasons have a strong influence on the public perception and market demand, posing the need to move toward the production of pesticide-free commodities, in a healthier and more ecologically friendly context. In this view, a promising pest management alternative is represented by the biological control approach, where the human intervention exploits the natural antagonistic effects of some agents (i.e., the biological control agents, or BCAs) to mitigate the detrimental effects of pathogenic (micro)organisms (Irtwange, 2006). Biological control mechanisms exerted by BCAs are diverse and depend on the specific peculiarities of both pathogen and the antagonist, as well as their density and the specificity of the interactions occurring among these species (Pal and McSpadden Gardener, 2006). A successful BCA is generally featured by the activation of a plurality of mechanisms and targets, synergistically aimed at controlling the pathogen and/or its detrimental effect (Droby et al., 2009). In addition, ideal BCAs do not produce toxic metabolites for both humans/animals and the environment (D’Alessandro et al., 2014; Velivelli et al., 2015). Direct antagonism (e.g., hyperparasitism and predation) occurs in the case of a very high affinity among the pathogen and its BCA (Wisniewski et al., 1991; Heydari and Pessarakli, 2010). Here, interacting species get directly in physical contact and the BCA exerts its suppressive effect without the need for any auxiliary activity from other microorganisms or the surrounding environment (Pal and McSpadden Gardener, 2006). Contrariwise, in the case of indirect antagonism (e.g., competition, or host resistance induction), no physical contact is required between the BCA and its target (Heydari and Pessarakli, 2010). Instead, the BCA acts as a “stimulus” to trigger the development of an unfavorable condition for the microbial growth, leading to a control of the pathogenic species (Pal and McSpadden Gardener, 2006).

Other pathogen suppression mechanisms include the production of volatiles, antibiotics, and other secondary metabolites of the microbial lifecycle. Volatile organic compounds (VOCs) production is gaining a constantly increasing interest by the scientific community, owing to the diverse advantages of their application. VOCs are a blend of volatile metabolites potentially produced by all living microorganisms and were observed to be active in the control of phytopathogenic oomycetes, fungi, and bacteria by means of antimicrobial activity and other cross-talk interactions. Their antimicrobial effects, along with the reduced hazard for both environment and human beings and their possible application without the need of a supplemental spray or drench, make the use of VOCs a promising and sustainable approach to replace fungicides of synthetic origin in the control of plant pathogens (Mercier and Jiménez, 2004; Fialho et al., 2010; Parafati et al., 2017).

In the current review, we focus our attention on the VOCs production by BCAs, intended as active effectors of the dynamic network of cross-relations existing among microbial entities and their host. Their potential exploitation as effective mechanisms to control the causal agents of diseases of economically relevant plants is discussed.



VOLATILE ORGANIC COMPOUNDS OF MICROBIAL ORIGIN

The volatile metabolites of both microbial and plant origin are gaining a steadily increasing interest, and the term “volatilome” has been relatively recently adopted to refer to this complex heterogeneous ensemble of metabolites (Maffei et al., 2011; Farbo et al., 2018).

Among the volatile metabolites produced by the microbial and/or plant metabolism, organic and inorganic molecules can be primarily differentiated. Inorganic volatile molecules such as CO, CO2, H2, N2, O2, NH3, H2S, NO2-, SO2, SO3, and HCN are the most relevant and are involved in a wide variety of biological functions ranging from electron acceptors/donor to acting as defense compound (Effmert et al., 2012). Moreover, a role in the interspecies communication (e.g., quorum sensing/quenching) and antibiotic resistance has been recently proved (Schmidt et al., 2015; Avalos et al., 2019). By acknowledging the important role of inorganic volatile metabolites under diverse biological and ecological aspects, the current review deals mainly with volatile organic compounds of microbial origin and their role in biological control of plant pathogens.

Volatile organic compounds are small (typically less than 300 Da), carbon-based molecules featured by a low water solubility and a high vapor pressure that makes them available in a gaseous status in the normal ambient conditions (i.e., 1 atm pressure and 25°C temperature) (Pagans et al., 2006; Vespermann et al., 2007; Morath et al., 2012). From a chemical point of view, VOCs are comprised of a heterogeneity of molecular classes, including hydrocarbons, alcohols, thioalcohols, aldehydes, ketones, thioesters, cyclohexanes, heterocyclic compounds, phenols, and benzene derivatives (Wheatley et al., 1997; Chiron and Micherlot, 2005; Morath et al., 2012). Examples of the most commonly investigated volatile molecules of bacterial and fungal origin are provided in Figures 1A,B, respectively.
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FIGURE 1. Major volatile metabolites with antimicrobial properties. Molecular classes of bacterial (blue framed, panel A) and fungal (red framed, panel B) origin reported to exert promising antimicrobial activities, of actual or potential application in the biological control of plant pathogens.


In agriculture, the use of VOCs of microbial origin in the biocontrol of plant pathogens has received a reduced marginal in the past years; however, progresses recently made, along with the overall tendency of the scientific community toward the adoption of a holistic approach, highlighted the potential benefits of microbial VOCs in this field.

VOCs are generally effective already at a very low concentration (Mitchell et al., 2010; Raza et al., 2016). Being volatile, VOCs are capable of diffusing between the soil particles and spread in the atmosphere over large distances from their application point, where they can exert their inhibitory activity without requiring a direct or physical contact between the VOCs-producing microorganism and the target pathogen (Minerdi et al., 2009; Heydari and Pessarakli, 2010). Besides pathogen inhibition and the negative effects on fungal spore germination and the activity of morphogenesis enzymes (Fialho et al., 2011), microbial VOCs have also shown to be involved in a wide variety of processes (McKee and Robinson, 2009; Morath et al., 2012; Yuan et al., 2012). These include the capability of VOCs to kill plant-parasitic nematodes (Gu et al., 2007; Yang et al., 2012; Xu et al., 2015), the ability to promote plant growth (Ryu et al., 2003; Mercier and Manker, 2005; Minerdi et al., 2011), and the induction of resistance mechanisms in plants, preventing them from being colonized by pathogens (van Loon et al., 1998; Compant et al., 2005; Farag et al., 2006).

Biosynthetic pathways leading to the production of microbial VOCs are yet poorly understood; however, omics-based studies so far performed link the VOCs production to either metabolic transformation products of lipids, proteins, and other building blocks of living tissues, or as the result of degradation (i.e., end-products) of catabolic reactions (Serrano and Gallego, 2006; Tholl et al., 2006; van Dam and Poppy, 2008; Kännaste et al., 2014). On this basis, a dichotomic classification of VOCs as primary or secondary metabolites appears rather inappropriate; instead, VOCs are commonly classified on the basis of their molecular features, such as the number of carbon atoms, ring moieties, and substituent groups (Bennett et al., 2012).

The composition of microbial VOC blends depends on several factors. These include the microbial entities (e.g., bacteria, fungi) producing the VOCs, the substrate they are grown on, temperature, radiation, presence of other microorganisms, and the type of ecosystem (Pasanen et al., 1997; Nilsson et al., 2004; Fiedler et al., 2005). Also, VOCs composition of a given species is highly dynamic over time, resulting in a changing composition of the produced VOCs depending on the age of the VOCs-producing species (Wang et al., 2013).

Regardless of the emitting species and the specific VOCs blend composition, several studies are nowadays being performed with the aim to exploit the countless benefits of employing a natural antimicrobial mixture to prevent plant pathogens by replacing traditional chemical approaches. Unanimously, studies performed so far recommend VOCs application under air-tight environment, in order to rapidly saturate the atmosphere with the volatile antimicrobials. Particularly effective application of VOCs is reported in the control of storage pathogens on fresh fruit (e.g., citrus, peach, strawberry) but also other commodities such as nuts, grains, and seeds (Table 1; Strobel, 2006; Fialho et al., 2011; Wang et al., 2013; Chen et al., 2018; Gao et al., 2018).



TABLE 1. Main biological control agents emitting volatile organic compounds, their target pathogen, framework application, and primary volatilome components.
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Bacterial Volatilome as a Tool for the Biocontrol of Plant Pathogens

Bacteria produce volatile metabolites as part of their normal metabolism (Figure 1A). Bacterial VOCs are involved in the complex network of interconnections established among bacterial species, bacteria vs. other microorganisms, and bacteria vs. plants. Such interactions have a variable ecological role, ranging from beneficial cooperation (e.g., mutualism, symbiosis, host resistance induction) to antagonistic relationship occurring, for instance, in the case of microbicidal activity exerted by one of the interacting species (Maffei et al., 2011; Kanchiswamy et al., 2015). The recent awareness on the beneficial effects arising from bacteria-plant interaction opens new avenues in the use of bacterial volatilome to stimulate plant growth. Moreover, owing to the high versatility of bacteria-derived VOCs and their effectiveness in controlling other microorganisms, studies are focusing on exploiting the natural bacterial VOCs production as a strategy for the biocontrol of plant pathogens.

In this view, only a handful of studies have so far been performed to elucidate the metabolic effects of the bacterial volatilome on the target organism, while it is well known that bacteria-derived VOCs have a pivotal role in stimulating or repressing other bacterial species (Garbeva et al., 2014a; Kanchiswamy et al., 2015).

Bacillus amyloliquefaciens strain SQR-9 has been reported as effective against the tomato wilt pathogen Ralstonia solanacearum (Raza et al., 2016). A key role is played by the VOCs blend produced by the BCA, which provides effective inhibition of R. solanacearum in both synthetic media and in soil. Inhibitory effects of the bacterial VOCs have been confirmed by lack of inhibition observed in the case of treatment with a non-VOCs-producing bacterium as well as when B. amyloliquefaciens SQR-9 is applied in the presence of activated charcoal (i.e., a well-known gas adsorbent). Growth inhibition was dependent on the BCA load; however, the inhibitory effects produced by the bacterial VOCs were reversed by BCA removal, indicating a bacteriostatic effect of the B. amyloliquefaciens-derived VOCs on R. solanacearum (Raza et al., 2016). Bacteriostatic evidences were also observed in the volatilome of different strains of Pseudomonas chlororaphis, Serratia plymuthica IC1270, and Serratia proteamaculans 94, tested for their antagonistic potential against Agrobacterium tumefaciens C58 (Popova et al., 2014). In dual culture, all strains succeeded in total or partial inhibition of the phytopathogenic bacterium. An exception is represented by S. proteamaculans 94, resulting in a non-significant inhibition of the pathogen. Nevertheless, this strain scored a total inhibition of the cyanobacterium Synechococcus sp. PCC 7942 and other eukaryotic cells (Popova et al., 2014). This study confirms previous reports on the in vitro antagonistic potential of S. plymuthica IC1270, P. fluorescens Q8r1-96, and P. fluorescens B-4117 against phytopathogenic A. tumefaciens and Agrobacterium vitis. Here, authors indicated VOCs produced by the candidate BCAs as a valuable tool to prevent crown gall tumors on tomato plants (Dandurishvili et al., 2011).

Investigations on the composition and activity of the bacterial VOCs blend revealed a strain-specific VOCs mixture, with some molecular entities being exclusive to a given bacterial strain, whereas quantitative changes were observed among the other “commonly identified” volatile molecules. This might justify the diverse antagonistic features of candidate BCAs in regard to different pathogens (Dandurishvili et al., 2011; Popova et al., 2014; Garbeva et al., 2014b). Dimethyl disulfide (DMDS) was identified as the major volatile produced by S. proteamaculans 94 and other Serratia spp. (Dandurishvili et al., 2011; Popova et al., 2014); however, only traces of DMDS have been produced by Pseudomonas spp. strains, in favor of the production of ketones. Among these compounds, 2-nonanone, 2-heptanone, 2-undecanone, and 2-tridecanone are among the most represented bactericidal compounds as confirmed in subsequent VOCs experiments (Dandurishvili et al., 2011; Popova et al., 2014; Raza et al., 2016).

Bacteria-bacteria interaction does not necessarily result in the sole bactericidal (or bacteriostatic) effect; it may also imply a synergistic/cooperative activity among bacterial species. A recent investigation performed on soil bacteria showed that the volatilome of four genetically diverse isolates results in antithetical phenotypes of P. fluorescens. Here, VOCs released by Collimonas pratensis and S. plymuthica positively stimulated the growth of P. fluorescens, with C. pratensis volatiles even stimulating the production of antimicrobial compounds by P. fluorescens. On the other hand, P. fluorescens exposure to Paenibacillus and Pedobacter spp. did not stimulate the growth of P. fluorescens, but triggered a stress response mechanism in the bacterial model even though no significant inhibition was observed for any of the four different strains (Garbeva et al., 2014b).

Besides intra-kingdom interconnections, bacteria are also involved in sophisticated bi-directional cross-talks involving phylogenetically higher species such as fungi and plants: bacteria-fungi interactions are very dynamic, depending on the interacting species and are strongly exploited in the modern agricultural practice to control important phytopathogenic taxa (Maffei et al., 2011).

Rhizobacteria such as S. plymuthica, Serratia odorifera, Stenotrophomonas maltophilia, Stenotrophomonas rhizophila, P. fluorescens, and Pseudomonas trivialis are known to produce VOCs mixtures with antifungal properties active against a wide array of both pathogenic and non-pathogenic fungi (Kai et al., 2010; Effmert et al., 2012; Kanchiswamy et al., 2015). Common volatile molecules known in the bacteria-fungi interaction are γ-patchoulene, 3-methylbutanal, 1-octen3-ol, 2-undecanone, 2-nonanone, 3-methylbutanoate, 2-methylbutan-1-ol, 4-methyl-2-heptanone, ethanethioic acid, and dimethyltrisulfide 2,3,6-trimethylphenol. Among these, several have already been tested for their antifungal activity.

A study on the antifungal activity of B. amyloliquefaciens NJN-6 volatilome demonstrated the ability of this bacterium to hinder growth and spore germination of the pathogenic Fusarium oxysporum f. sp. cubense causing fusarium wilt on banana. Analysis of its volatilome composition identified a total of 36 volatile molecules, including aromatic compounds, alkyls, ketones, alcohols, naphthyls, aldehydes, one ester and one ether compound. In vitro evaluation of the identified compounds suggested an important fungicidal activity of benzothiazoles phenol and 2,3,6-trimethylphenol. Other benzenic compounds, instead, were attributed to the “sole” inhibitory properties, owing to their inability to preclude the growth of the pathogenic fungus. The other identified compounds were able to inhibit almost completely F. oxysporum growth only when present in massive quantities, leading authors to exclude them as potential candidates to antagonize F. oxysporum growth (Yuan et al., 2012).

Volatiles released by Streptomyces spp. have also shown interesting antifungal properties, especially in the control of storage and mycotoxigenic fungi (Schöller et al., 2002; Li et al., 2010). A further study by Wang and colleagues confirmed the simultaneous antifungal activity of Streptomyces alboflavus TD-1 with regard to some of the most known mycotoxigenic fungi such as F. moniliforme (syn. Fusarium fujikuroi), A. flavus, Aspergillus ochraceus, Aspergillus niger, and Penicillum citrinum (Wang et al., 2013). Moreover, the investigation of its volatilome underlines a very complex and dynamic composition, with several molecules shared among taxonomically related species even though with high quantitative variability (Wilkins and Schöller, 2009; Li et al., 2010; Wang et al., 2013). In addition, some volatiles have been previously identified as components of essential oils of diverse plants with already supposed antifungal effects (Bajpai et al., 2008; Essien et al., 2011; Serrano et al., 2011; Shanthi et al., 2011; Wang et al., 2013; Gao et al., 2018). The mix of volatiles produced by Bacillus atrophaeus CAB-1 strains is mainly composed of hexadecane, 2,3-dimethoxybenzamide and oanisaldehyde. In vitro assay of the bacterial volatiles resulted in an effective inhibition of Botrytis cinerea, the causal agent of tomato gray mold (Zhang et al., 2013). In another study, DMDS, 2-undecanone, dimethyltrisulfide (DMTS), 4-octanone, S-methylmethanethiosulfonate, and 1-phenylpropan-1-one produced by Burkholderia ambifaria scored a significant inhibition of the growth of the pathogenic fungi Rhizoctonia solani and Alternaria alternata (Groenhagen et al., 2013). Similarly, the investigation of 15 strains of Burkholderia tropica resulted in a significant inhibition of the growth of four fungal pathogens, namely Colletotrichum gloeosporioides, Fusarium culmorum, F. oxysporum, and Athelia rolfsii, most likely due to their capability to produce VOCs, among which limonene, alpha-pinene, dimethyldisulfide (DMDS), and ocimene were considered as the most effective ones (Tenorio-Salgado et al., 2013). The antifungal activity of limonene was also confirmed in a further study, where the growth rate of F. oxysporum and R. solani has been hindered by the limonene emitted by Bulkholderia gladioli pv. agaricola (Elshafie et al., 2012).

Besides antagonism, VOCs from several bacterial species are also involved in ectosymbiotic relations occurring between bacteria and fungi. The bacterial volatiles of Achromobacter and Serratia spp. DMDS, propanal, 2-ethyl-1-hexanol, dodecane, tridecane, and tetradecane, are capable of stimulating F. oxysporum MSA35 to produce a higher amount of α-humulene and β-caryophyllene which, in turn, are known to favor lettuce growth (Minerdi et al., 2009, 2011).



Bacterial Volatilome Prevents Pathogen Infection by Conditioning Plant Physiology

Interactions occurring between plants and bacteria, by means of volatile emission, may have both beneficial and detrimental outcomes for the overall plant growth (Kai et al., 2009; Gutiérrez-Luna et al., 2010). Elucidating the complex cross-talk occurring between bacteria and their host allows a conscious human intervention that promotes plant growth by preventing plant colonization and/or by exploiting the direct beneficial effects that some bacteria exert on plants. Blom and co-workers screened over 40 bacterial species for their capability to stimulate plant growth. The study selected 36 bacterial volatiles and, of these, indole, 1-hexanol and pentadecene showed the most promising results in terms of plant growth stimulation (Blom et al., 2011). On the other hand, co-cultivation of A. thaliana in the presence of Serratia odorifera volatilome resulted in a severe inhibition of plant growth. Authors attributed the inhibitory effect to DMDS and ammonia volatiles (Vespermann et al., 2007; Kai et al., 2010). With regard to DMDS and its direct (i.e., plant growth stimulation) and indirect (e.g., disease prevention) effects on plants, controversial results are available in the literature. A study performed on Nicotiana attenuata reports DMDS as a volatile metabolite that directly alters plant metabolism, causing the downregulation of sulfur assimilation and methionine biosynthesis genes (Meldau et al., 2013). Contrariwise, a previous study linked the bacterial production of DMDS to a significantly increased growth of A. thaliana (Groenhagen et al., 2013). Accordingly, another study reported that DMDS produced by Bacillus cereus results in significant protection of tobacco and corn from the infection by B. cinerea and Bipolaris maydis, respectively (Huang et al., 2012a).

Other bacterial metabolites involved in bacteria-plant cross-talk include 3-hydroxy-2-butanone and 2,3-butanediol. These are produced by Bacillus spp. and are linked to a significantly enhanced total leaf surface area besides the induction of host systemic resistance (Ryu et al., 2003; Rudrappa et al., 2010). This observation is also confirmed in another study highlighting 2,3-butanediol produced by Enterobacter aerogenes as involved in the induction of resistance against Exserohilum turcicum infection in corn plants (D’Alessandro et al., 2014).



Fungal Volatilome and Its Role in Biological Control

As for bacteria, several fungal species produce volatile metabolites (Figure 1B) taking part in diverse ecological relationships (Kanchiswamy et al., 2015), ranging from antagonism to symbiotic relations with other fungi (Schiestl et al., 2006), bacteria, and plants (Hung et al., 2013).

Among antagonistic fungi, Muscodor albus, an endophyte from Cinnamomum zeylanicum (cinnamon tree), represents the first commercially available BCA acting through its volatilome (Strobel et al., 2001; Strobel, 2006). This fungus produces a wide variety of volatiles comprising alcohol, acid, ester, and terpenoid derivatives, with antimicrobial properties against pathogens responsible of the post-harvest decay of fruits such as apple, peach, lemon, and grape. Moreover, it proved safe for humans and the environment, enabling its registration as a biopesticide at the US Environmental Protection Agency. The usage of bags containing a lyophilized culture of M. albus that is reactivated by hydration is advantageous for the biofumigation under air-tight environments, providing an effective prevention of fruit decay during storage and shipping (Strobel, 2006; Mercier et al., 2010). Moreover, due to its remarkable antagonistic activity, the use of M. albus was already proposed by Strobel and colleagues as a valuable alternative to replace methyl bromide fumigation, with comparable results (Strobel, 2006; Strobel et al., 2011). A risk assessment for the effects of VOCs on human health and the environment did not show important harmful potential since these compounds are produced in low amounts, do not contaminate treated food commodities, and dissipate rapidly in the atmosphere. Nevertheless, it has been recently demonstrated that a volatile molecule produced by M. albus raised human health issues, hence underlying the need to develop further studies/guidelines for a comprehensive assessment of the potential toxicity exerted by VOCs produced by BCAs (Braun et al., 2012; Jiménez et al., 2012; Romanazzi et al., 2012; Margolis, 2012, personal communication).

Other endophytic fungi have shown to promote plant growth through the release of volatile metabolites inhibiting the growth of plant pathogens. Investigations on endophytes from Rosa x damascena (Damask rose) yielded over 50 isolates, among which A. niger was found to produce high amounts of 2-phenylethanol (2-PE; Wani et al., 2010). In addition to the potential value in the cosmetic industry, this study is among the first ones linking the production of 2-PE with its potential application as fumigant, owing to its antimicrobial and antiseptic properties already exploited in pharmaceutics (Wani et al., 2010). Other studies indicated 2-PE as the major component of yeast volatile blends and described its role in limiting the growth of pathogenic Aspergillus spp. (Fialho et al., 2010; Hua et al., 2014; Liu et al., 2014; Chang et al., 2015; Farbo et al., 2018). Phomopsis spp. isolated by Odontoglossum sp. (Orchidaceae) emits a mixture of volatile metabolites including sabinene, 1-butanol, 3-methyl, benzene ethanol, 1-propanol, 2-methyl, and 2-propanone. An artificial mixture of such volatiles had remarkable antifungal properties against several oomycete and fungal pathogens, including Pythium, Phytophthora, Sclerotinia, Rhizoctonia, Fusarium, Botrytis, Verticillium, and Colletotrichum spp. In addition, the fungus was shown to tolerate and survive in the presence of the volatile metabolites produced by the antagonistic M. albus (Mercier and Jiménez, 2004; Singh et al., 2011). Epichloe typhina isolated from Phleum pratense emits sesquiterpene volatiles with antifungal activity against Cladosporium phlei (Kumar and Kaushik, 2012). Phaeosphaeria nodorum, a common endophyte of Prunus domestica, produces a blend of volatile metabolites comprising ethyl acetate, 3-methylbutan-1-ol, acetic acid, 2-propyl-1-ol, and 2-propenenitril. Altogether, these volatiles inhibit the pathogenic fungus Monilinia fructicola, by reducing its growth, hyphal width, and by provoking the disintegration of the hyphal content (Pimenta et al., 2012).



Yeast Volatilome and Its Effects Against Pathogenic and Mycotoxin-Producing Fungi

The application of yeasts as BCAs represents one of the most investigated alternatives to fungicides, due to the great ability of these microorganisms to grow and survive in heterogeneous ecological niches and under severe stress conditions (Muccilli and Restuccia, 2015). Moreover, the highly competitive activity of yeasts does not suffer the side effects (e.g., production of human allergenic compounds or toxic secondary metabolites) sometimes encountered with the application of other microbial species as BCAs, therefore extending their potential application to the eco-friendly safeguard of agricultural commodities and by-products (Droby et al., 2009; Janisiewicz et al., 2010; Liu et al., 2013; Muccilli and Restuccia, 2015). Early studies performed on Wickerhamomyces anomalus (syn. Pichia anomala) have shown that the antimicrobial effectiveness of yeast-derived volatilome is mainly attributed to ethyl acetate, enabling for a successful control of Penicillium roqueforti during air-tight storage of grain (Ädel Druvefors and Schnürer, 2005). Nevertheless, recent evidence confirmed the impossibility to determine a static inhibitory mechanism. As for bacteria, the yeast-pathogen interaction, as well as the chemical composition of the emitted blend of volatiles, is widely dynamic in relation to several factors such as the VOCs-producing yeast, the antagonized pathogen and the ecological niche where the cross-talking species are growing (Mari et al., 2012; Yuan et al., 2012; Parafati et al., 2017). Volatile metabolites produced by Sporidiobolus pararoseus effectively inhibited spore germination and mycelial growth of B. cinerea. Investigation of the volatile blend composition highlighted 2-ethyl-1-hexanol as the major compound (Huang et al., 2012b); whereas 1,3,5,7-cyclo octatetraene, 3-methyl-1-butanol, 2-nonanone, and phenylethyl alcohol are the major components of the VOCs produced by Candida intermedia antagonizing the same pathogen (B. cinerea) both in vitro and in planta (Huang et al., 2011).

Meyerozyma guilliermondii has shown antifungal activity against the rice blast pathogen Pyricularia oryzae by means of VOCs production, with ethyl-acetate (Coda et al., 2013) and helvolic acid (Zhao et al., 2010) being the most effective molecules. More recent studies performed on W. anomalus identified 2-PE as the most effective compound in preventing spore germination, mycelial growth, and toxin production by A. flavus (Hua et al., 2014). Fiori et al. (2014) highlighted the effect of two non-fermenting (Cyberlindnera jadinii and Candida friedrichii) and of two low-fermenting (C. intermedia and Lachancea thermotolerans) yeast strains, resulting in the inhibition of both mycelial growth and toxigenic potential of the pathogen Aspergillus carbonarius. Subsequently, the chemical composition of the four yeast strains volatilome was characterized: although more than 20 different compounds were identified as components of the yeast-derived volatilome, 2-PE was found to be the most abundant one in all tested volatile blends (Farbo et al., 2018). A recent proteomic investigation aimed at assessing the role of C. intermedia volatilome in the inhibition of the ochratoxin A (OTA) producing fungus A. carbonarius revealed that yeast VOCs target a plurality of fungal metabolic routes, inducing a marked reduction of the protein biosynthetic activity, proliferative activity, energy metabolism, and inhibiting the fungal detoxification system. Nevertheless, exposure to the sole 2-PE (i.e., the major volatilome component) can only partially reproduce the metabolic alteration provoked by the whole yeast-derived volatilome, thereby suggesting that other minor and still unidentified yeast VOCs components are likely to involve a plurality of metabolic targets, resulting in a higher effectiveness of the treatment over the long-term period (Tilocca et al., 2019). In line with these observations, a very recent study reported the higher antagonistic efficiency of bacterial and fungal volatilome considered “as whole” when compared with the administration of the blend components in their pure form (Mülner et al., 2019).

Volatile organic compounds produced by W. anomalus, Pichia kluyveri, and Hanseniaspora uvarum inhibited the mycotoxigenic fungus A. ochraceus growth as well as OTA production during processing of coffee (Masoud et al., 2005; Masoud and Kaltoft, 2006).

Volatiles produced by Aureobasidium pullulans have been tested against B. cinerea, Colletotrichum acutatum, P. expansum, P. digitatum, and P. italicum resulting in an effective control of these post-harvest fruit pathogens growth both in vitro and in planta (Di Francesco et al., 2015). In a similar study, Parafati and colleagues attributed to VOCs produced by W. anomalus, Metschnikowia pulcherrima, S. cerevisiae, and A. pullulans a pivotal role in the biocontrol of B. cinerea vegetative growth and its infection rate on table grape berries (Parafati et al., 2015). Similarly, volatiles produced by Candida sake reduced the incidence of apple rot caused by the storage pathogens P. expansum and B. cinerea (Arrarte et al., 2017).



Exploiting Fungus-Plant Cross-Talk to Control Pathogens

Besides the pathogen-antagonist relationship, plant-fungi interactions are also widely exploited because of the beneficial effects exerted either directly or indirectly on the plant growth.

Direct effects of fungi on plant growth promotion are mainly investigated for endophytes, a group of plant-associated fungal symbionts emitting a wealth of volatile molecules with heterogenous physical, chemical, and biological properties (Khan et al., 2014; Waqas et al., 2014; Zhou et al., 2014; Kanchiswamy et al., 2015). Previous investigations showed that tobacco seedlings are improved by Phoma sp. GS8-3 volatiles, with a wide array of C4–C8 hydrocarbons being produced by this endophytic strain (Naznin et al., 2012). Although VOCs blend composition appeared highly dynamic over fungal growth, 2-methyl-propanol and 3-methyl-butanol were the most abundant compounds along the whole fungal cultivation period (Naznin et al., 2012). Volatile metabolites from endophytic fungi have demonstrated to induce plant growth when administered both as singular molecules and as a whole blend of compounds (Khan et al., 2014; Waqas et al., 2014; Zhou et al., 2014; Kanchiswamy et al., 2015). Quite remarkably, the application of low concentration of the volatiles blend has registered a better plant growth promotion than that observed upon exposure to higher concentrations (Naznin et al., 2012, 2014).

A total of 51 diverse volatiles have been identified from the fungal volatilome of Trichoderma viride, the most abundant of which included isobutyl alcohol, isopentyl alcohol, and 3-methylbutanal. Dual culture of T. viride with A. thaliana under air-tight condition revealed a significant plant growth promotion, stimulating bigger, taller, and earlier flowering plants (Hung et al., 2013).

Indirect effects of fungi on the plant growth concern primarily the induction of systemic resistance, providing the plants with the adequate resources to face infection by pathogenic species. The plant-growth promotion exerted by the fungi Cladosporium and Ampelomyces spp. can be partly attributed to their volatilome, with m-cresol and methyl benzoate, respectively, being the major players in eliciting host systemic resistance, hence resulting in a significantly decreased disease severity after experimental infection with Pseudomonas syringae pv. tomato DC3000 (Naznin et al., 2014). Another study, aiming at characterizing the volatilome of Talaromyces spp., identified several terpenoid-like molecules including β-caryophyllene. Subsequent investigation of the sole β-caryophyllene on Brassica campestris L. var. perviridis resulted in a significantly increased growth of seedlings and enhanced resistance against Colletotrichum higginsianum infection (Yamagiwa et al., 2011).



Volatile Organic Compounds Production by Mixed Microbial Consortia

It has been already proven that the heterogeneous ensemble of VOCs produced by a single organism may result in different biological outcomes (Tilocca et al., 2019). Analogously, multiple microbial specimens coexisting in the same ecological niche (e.g., the soil) might lead to differing biocontrol achievements compared to what observed and/or expected by the application of a single microbial entity. Many types of interaction can occur among microbial strains, genera, phyla, and even kingdoms (Delory et al., 2016; Schulz-Bohm et al., 2017), leading to a diverse overall behavior of the microbiota, intended as a whole unique entity, whose biological and ecological role is the result of all interactions occurring among all microbiota members. It has been recently proved that interactions occurring among the microbiota members Bacillus cereus Rs-MS53 and Pseudomonas helmanticensis Sc-B94 result in enhanced effectiveness while controlling the pathogenic fungus R. solani (Mülner et al., 2019), supporting previous evidences of a strong strain compatibility and cooperative interaction (Lim et al., 1991; Dowling and O’Gara, 1994; Ait-Lahsen et al., 2001; Hong and Meng, 2003; Peighami-Ashnaei et al., 2009; Asari et al., 2016). Several strains of Pseudomonas and Bacillus spp. have shown to produce both volatile and nonvolatile antimicrobial compounds, resulting in either a direct inhibition of the pathogen or a conditioning of the whole microbial community that hampers pathogens growth and infection (Schulz-Bohm et al., 2017). Analogously, it has been reported that Collimonas pratensis and Serratia plymuthica inhibit the growth of pathogenic Bacillus sp. by means of an indirect stimulation of Pseudomonas fluorescens and its subsequent stimulation of antimicrobial compounds production (Garbeva et al., 2014b). Microbial cross-talk plays also a pivotal role in the microbial persistence, including antimicrobial resistance and optimal exploitation of scarce nutritional resources (Raza et al., 2016; Jones et al., 2017).

Microbiota investigation is still in its infancy under all applicative fields and further investigations are certainly needed. The soil-associated microbiota is rather complex, mostly because of the high biological diversity comprised in its architecture and the myriad of interfering molecules sampled along that hamper a fair and accurate analysis. Nevertheless, technical progress in the field of meta-omics sciences amended disciplines such as metagenomics, metatranscriptomics metaproteomics, and metabolomics, enabling a comprehensive investigation of the taxonomical composition, metabolic potential, and effective metabolic function of all microbial members. Such holistic approach would greatly benefit the comprehensive understanding of the whole microbial community and how it can be shaped by acting on key variables (e.g., physicochemical characteristics of the soil, inclusion of “probiotics”). Moreover, by analogy with animal-oriented research (Tröscher-Mußotter et al., 2019), investigating how the soil/plant microbiota interacts with its plant host, system biology would provide precious information to be exploited in diverse applicative field, including biological control.




PRACTICAL APPLICATION OF MICROBIAL VOLATILE ORGANIC COMPOUNDS

Volatile blends emitted by BCAs have resulted in a high effectiveness even at low concentrations. Moreover, the reduced release of residual and the negligible hazardous effects on both animals and the environment makes BCA volatilome an intriguing alternative to the use of synthetic pesticides and/or fertilizers. In addition, the high volatility of these molecules enables a wide and homogeneous diffusion both below- and above-ground level. On the other hand, volatility of these natural metabolites is also responsible for the major challenge to their massive application in open-field agricultural and horticultural practices. Drenching of 2,3-butanediol, 3-pentanol, and 2-butanone revealed reproducible outcomes (Cortes-Barco et al., 2010a,b). Moreover, open field application of the 3-pentanol and 2-butanone in a cucumber field has demonstrated a significant effectiveness against the bacterial angular leaf spot pathogen Pseudomonas syringae pv. lachrymans by inducing plant systemic acquired resistance mechanisms. In turn, the activation of the defense-related gene CsLOX stimulated the oxylipin pathway, which plays a role in recruiting Coccinella septempunctata, a natural enemy of the sucking insect aphid, Myzus persicae (Song and Ryu, 2013).

Similar observations were reported by a field study performed on red pepper (Choi et al., 2014). Treatment with Bacillus amyloliquefaciens strain IN937a on plant leaves resulted in an antagonistic effect against Xanthomonas axonopodis pv. vesicatoria. The 3-pentanol of bacterial origin has proved to be effective in the induction of plant resistance mechanism by priming salicylic acid, jasmonic acid, and ethylene defense signaling pathway. Another soundly piece of evidence supporting microbial VOCs in the open-field practices has been reported by D’Alessandro and colleagues, who demonstrated that field application on maize plants of acetoin and 2,3-butanediol produced by Enterococcusaerogenes triggers a higher resistance against the Northern corn leaf blight fungus Setosphaeria turcica, most likely by stimulating the plant defense system (D’Alessandro et al., 2014).

In a recent investigation performed on potato field, five bacterial strains, namely Pseudomonas palleroniana R43631, Bacillus sp. R47065, R47131, Paenibacillus sp. B3a R49541, and Bacillus simplex M3-4 R49538, were designed as suitable to improve potato yield by means of VOC production (Velivelli et al., 2015). Nevertheless, molecular details on how the single components of the volatilome exert their inhibitory activity are generally missing in field studies. On the other hand, studies carried out in vitro and/or greenhouse condition do generally succeed in the evaluation of the biological mechanisms triggered by the microbial VOCs, but lack to consider the practicability under open-field conditions. Undoubtedly, investigation of the microbial VOCs is still in its infancy and further complementary studies are needed to design appropriate methods for delivery and effective lasting of these innovative treatments (Velivelli et al., 2015; Chung et al., 2016; Schulz-Bohm et al., 2017).

To date, the most promising results were achieved by applying microbial VOCs for the control and prevention of storage pathogens. VOCs application under air-tight condition ensures a rapid saturation of the atmosphere and allows the maintaining of concentration levels of the microbial volatile blend above the minimal effective concentration required to succeed with the pathogen control strategies. In this view, application of microbial VOCs in close environment condition may represent a valuable approach for investigating unique molecules and complex VOCs mixtures in relation to their potential biocontrol activity. Identification of bioactive molecules along with the dynamic cross-talk these compounds are involved in would greatly facilitate the development of suitable chemical forms (e.g., immobilized molecules, pro-bioactive compounds) that should allow better handling, storage, and safe deliver to open fields (Kanchiswamy et al., 2015).



CONCLUSION

Microbes produce a wide array of volatile metabolites linked to a complex network of interactions, involving intra- and inter-species relationship. Most of the studies so far performed have focused on the unidirectional effect of the microbial VOCs produced by a single microbial entity in regard to another microbial species or strain (Schulz-Bohm et al., 2015, 2017; Splivallo et al., 2015). Although of a great importance, this “foreshortening of the microbial reality” is rather simplistic and does not consider a wealth of biotic and abiotic factors that would facilitate a comprehensive understanding of the whole ecosystem the microbial species are coping with; thus, how modulating the ecosystem can shape the overall VOCs composition, in favor of a better control of the pathogen diffusion and plant growth stimulation.

Moreover, we are now suffering from a lack of knowledge related to VOCs emission by protists, archaea, or other rhizosphere organisms, such as nematodes or earthworms (Schulz-Bohm et al., 2017). These groups are currently understudied with respect to this aspect, yet their contribution to the overall VOCs composition and the inter-species cross-talk may be of crucial importance. In this view, we foresee that effort to validate this promising strategy will focus on expanding the knowledge on the microbial VOCs biodiversity along with the investigation of their effect on the living community through the adoption of holistic approaches such as -omics sciences and bioinformatics prediction tools.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 Ädel Druvefors, U., and Schnürer, J. (2005). Mold-inhibitory activity of different yeast species during airtight storage of wheat grain. FEMS Yeast Res. 5, 373–378. doi: 10.1016/j.femsyr.2004.10.006 

 Ait-Lahsen, H., Soler, A. S., Rey, M., De, J. S., Cruz, L., Monte, E., et al. (2001). An antifungal exo-α-1,3-glucanase (AGN13.1) from the biocontrol fungus Trichoderma harzianum. Appl. Environ. Microbiol. 67, 5833–5839. doi: 10.1128/AEM.67.12.5833-5839.2001

 Arrarte, E., Garmendia, G., Rossini, C., Wisniewski, M., and Vero, S. (2017). Volatile organic compounds produced by Antarctic strains of Candida sake play a role in the control of postharvest pathogens of apples. Biol. Control 109, 14–20. doi: 10.1016/j.biocontrol.2017.03.002

 Asari, S., Matzén, S., Petersen, M. A., Bejai, S., and Meijer, J. (2016). Multiple effects of Bacillus amyloliquefaciens volatile compounds: plant growth promotion and growth inhibition of phytopathogens. FEMS Microbiol. Ecol. 92, 1–11. doi: 10.1093/femsec/fiw070

 Avalos, M., Garbeva, P., Raaijmakers, J. M., and van Wezel, G. P. (2019). Production of ammonia as a low-cost and long-distance antibiotic strategy by Streptomyces species. ISME J. 2019, 1–15. doi: 10.1038/s41396-019-0537-2

 Bajpai, V. K., Rahman, A., Dung, N. T., Huh, M. K., and Kang, S. C. (2008). In vitro inhibition of food spoilage and foodborne pathogenic bacteria by essential oil and leaf extracts of Magnolia liliflora Desr. J. Food Sci. 73, M314–M320. doi: 10.1111/j.1750-3841.2008.00841.x 

 Bennett, J. W., Hung, R., Lee, S., and Padhi, S. (2012). “Fungal and bacterial volatile organic compounds: an overview and their role as ecological signaling agents” in The mycota (A Comprehensive Treatise on Fungi as Experimental Systems for Basic and Applied Research). ed. B. Hock (Berlin, Heidelberg: Springer), 373–393.

 Blom, D., Fabbri, C., Connor, E. C., Schiestl, F. P., Klauser, D. R., Boller, T., et al. (2011). Production of plant growth modulating volatiles is widespread among rhizosphere bacteria and strongly depends on culture conditions. Environ. Microbiol. 13, 3047–3058. doi: 10.1111/j.1462-2920.2011.02582.x 

 Braun, G., Vailati, M., Prange, R., and Bevis, E. (2012). Muscodor albus volatiles control toxigenic fungi under controlled atmosphere (CA) storage conditions. Int. J. Mol. Sci. 13, 15848–15858. doi: 10.3390/ijms131215848 

 Chang, P. K., Hua, S. S. T., Sarreal, S. B. L., and Li, R. W. (2015). Suppression of aflatoxin biosynthesis in Aspergillus flavus by 2-phenylethanol is associated with stimulated growth and decreased degradation of branched-chain amino acids. Toxins 7, 3887–3902. doi: 10.3390/toxins7103887 

 Chen, P.-H., Chen, R.-Y., and Chou, J. Y. (2018). Screening and evaluation of yeast antagonists for biological control of Botrytis cinerea on strawberry fruits. Mycobiology 46, 33–46. doi: 10.1080/12298093.2018.1454013 

 Chiron, N., and Micherlot, D. (2005). Odeurs des champignons: chimie et rôle dans les interactions biotiques - une revue. Cryptogam. Mycol. 26, 299–364. https://hal.archives-ouvertes.fr/hal-00086256

 Choi, H. K., Song, G. C., Yi, H., and Ryu, C. (2014). Field evaluation of the bacterial volatile derivative 3-pentanol in priming for induced resistance in pepper. J. Chem. Ecol. 40, 882–892. doi: 10.1007/s10886-014-0488-z 

 Chung, J. H., Song, G. C., and Ryu, C. M. (2016). Sweet scents from good bacteria: case studies on bacterial volatile compounds for plant growth and immunity. Plant Mol. Biol. 90, 677–687. doi: 10.1007/s11103-015-0344-8 

 Coda, R., Rizzello, C. G., Di Cagno, R., Trani, A., Cardinali, G., and Gobbetti, M. (2013). Antifungal activity of Meyerozyma guilliermondii: identification of active compounds synthesized during dough fermentation and their effect on long-term storage of wheat bread. Food Microbiol. 33, 243–251. doi: 10.1016/j.fm.2012.09.023 

 Compant, S., Duffy, B., Nowak, J., Clément, C., and Barka, E. A. (2005). Use of plant growth-promoting bacteria for biocontrol of plant diseases: principles, mechanisms of action, and future prospects. Appl. Environ. Microbiol. 71, 4951–4959. doi: 10.1128/AEM.71.9.4951-4959.2005 

 Cortes-Barco, A. M., Goodwin, P. H., and Hsiang, T. (2010a). Comparison of induced resistance activated by benzothiadiazole, (2R,3R)-butanediol and an isoparaffin mixture against anthracnose of Nicotiana benthamiana. Plant Pathol. 59, 643–653. doi: 10.1111/j.1365-3059.2010.02283.x

 Cortes-Barco, A. M., Hsiang, T., and Goodwin, P. H. (2010b). Induced systemic resistance against three foliar diseases of Agrostis stolonifera by (2R,3R)-butanediol or an isoparaffin mixture. Ann. Appl. Biol. 157, 179–189. doi: 10.1111/j.1744-7348.2010.00417.x

 Cowen, L. E., Anderson, J. B., and Kohn, L. M. (2002). Evolution of drug resistance in Candida albicans. Annu. Rev. Microbiol. 56, 139–165. doi: 10.1146/annurev.micro.56.012302.160907 

 D’Alessandro, M., Erb, M., Ton, J., Brandenburg, A., Karlen, D., Zopfi, J., et al. (2014). Volatiles produced by soil-borne endophytic bacteria increase plant pathogen resistance and affect tritrophic interactions. Plant Cell Environ. 37, 813–826. doi: 10.1111/pce.12220 

 Dandurishvili, N., Toklikishvili, N., Ovadis, M., Eliashvili, P., Giorgobiani, N., Keshelava, R., et al. (2011). Broad-range antagonistic rhizobacteria Pseudomonas fluorescens and Serratia plymuthica suppress Agrobacterium crown gall tumours on tomato plants. J. Appl. Microbiol. 110, 341–352. doi: 10.1111/j.1365-2672.2010.04891.x 

 Deising, H. B., Reimann, S., and Pascholati, S. F. (2008). Mechanisms and significance of fungicide resistance. Braz. J. Microbiol. 39, 286–295. doi: 10.1590/S1517-83822008000200017

 Delory, B. M., Delaplace, P., Fauconnier, M., and du Jardin, P. (2016). Root-emitted volatile organic compounds: can they mediate belowground plant-plant interactions? Plant Soil 36, 361–368. doi: 10.1007/s11104-016-2823-3

 Di Francesco, A., Ugolini, L., Lazzeri, L., and Mari, M. (2015). Production of volatile organic compounds by Aureobasidium pullulans as a potential mechanism of action against postharvest fruit pathogens. Biol. Control 81, 8–14. doi: 10.1016/j.biocontrol.2014.10.004

 Dowling, D. N., and O’Gara, F. (1994). Metabolites of Pseudomonas involved in the biocontrol of plant disease. Trends Biotechnol. 12, 133–141.

 Droby, S., Wisniewski, M., Macarisin, D., and Wilson, C. (2009). Twenty years of postharvest biocontrol research: is it time for a new paradigm? Postharvest Biol. Technol. 52, 137–145. doi: 10.1016/j.postharvbio.2008.11.009

 Effmert, U., Kalderás, J., Warnke, R., and Piechulla, B. (2012). Volatile mediated interactions between bacteria and fungi in the soil. J. Chem. Ecol. 38, 665–703. doi: 10.1007/s10886-012-0135-5 

 Elshafie, H. S., Camele, I., Racioppi, R., Scrano, L., Iacobellis, N. S., and Bufo, S. A. (2012). In vitro antifungal activity of Burkholderia gladioli pv. agaricicola against some phytopathogenic fungi. Int. J. Mol. Sci. 13, 16291–16302. doi: 10.3390/ijms131216291 

 Essien, E., Aboaba, S. O., and Ogunwande, I. A. (2011). Constituents and antimicrobial properties of the leaf essential oil of Gossypium barbadense (Linn.). J. Med.Plants Res. 5, 702–705. doi: 10.5897/JMPR

 Farag, M. A., Ryu, C. M., Sumner, L. W., and Paré, P. W. (2006). GC-MS SPME profiling of rhizobacterial volatiles reveals prospective inducers of growth promotion and induced systemic resistance in plants. Phytochemistry 67, 2262–2268. doi: 10.1016/j.phytochem.2006.07.021 

 Farbo, M. G., Urgeghe, P. P., Fiori, S., Marcello, A., Oggiano, S., Balmas, V., et al. (2018). Effect of yeast volatile organic compounds on ochratoxin A-producing Aspergillus carbonarius and A. ochraceus. Int. J. Food Microbiol. 284, 1–10. doi: 10.1016/j.ijfoodmicro.2018.06.023

 Fialho, M. B., Ferreira, L. F. R., Monteiro, R. T. R., and Pascholati, S. F. (2011). Antimicrobial volatile organic compounds affect morphogenesis-related enzymes in Guignardia citricarpa, causal agent of citrus black spot. Biocontrol Sci. Tech. 21, 797–807. doi: 10.1080/09583157.2011.580837

 Fialho, M. B., Toffano, L., Pedroso, M. P., Augusto, F., and Pascholati, S. F. (2010). Volatile organic compounds produced by Saccharomyces cerevisiae inhibit the in vitro development of Guignardia citricarpa, the causal agent of citrus black spot. World J. Microbiol. Biotechnol. 26, 925–932. doi: 10.1007/s11274-009-0255-4

 Fiedler, N., Laumbach, R., Kelly-McNeil, K., Lioy, P., Fan, Z. H., Zhang, J., et al. (2005). Health effects of a mixture of indoor air volatile organics, their ozone oxidation products, and stress. Environ. Health Perspect. 113, 1542–1548. doi: 10.1289/ehp.8132 

 Fiori, S., Urgeghe, P. P., Hammami, W., Razzu, S., Jaoua, S., and Migheli, Q. (2014). Biocontrol activity of four non- and low-fermenting yeast strains against Aspergillus carbonarius and their ability to remove ochratoxin a from grape juice. Int. J. Food Microbiol. 189, 45–50. doi: 10.1016/j.ijfoodmicro.2014.07.020 

 Gao, H., Li, P., Xu, X., Zeng, Q., and Guan, W. (2018). Research on volatile organic compounds from Bacillus subtilis CF-3: biocontrol effects on fruit fungal pathogens and dynamic changes during fermentation. Front. Microbiol. 9:456. doi: 10.3389/fmicb.2018.00456 

 Garbeva, P., Hordijk, C., Gerards, S., and de Boer, W. (2014a). Volatiles produced by the mycophagous soil bacterium Collimonas. FEMS Microbiol. Ecol. 87, 639–649. doi: 10.1111/1574-6941.12252

 Garbeva, P., Hordijk, C., Gerards, S., and de Boer, W. (2014b). Volatile-mediated interactions between phylogenetically different soil bacteria. Front. Microbiol. 5:289. doi: 10.3389/fmicb.2014.00289

 Groenhagen, U., Baumgartner, R., Bailly, A., Gardiner, A., Eberl, L., Schulz, S., et al. (2013). Production of bioactive volatiles by different Burkholderia ambifaria strains. J. Chem. Ecol. 39, 892–906. doi: 10.1007/s10886-013-0315-y 

 Gu, Y. Q., Mo, M. H., Zhou, J. P., Zou, C. S., and Zhang, K. Q. (2007). Evaluation and identification of potential organic nematicidal volatiles from soil bacteria. Soil Biol. Biochem. 39, 2567–2575. doi: 10.1016/j.soilbio.2007.05.011

 Gutiérrez-Luna, F. M., López-Bucio, J., Altamirano-Hernández, J., Valencia-Cantero, E., De La Cruz, H. R., and Macías-Rodríguez, L. (2010). Plant growth-promoting rhizobacteria modulate root-system architecture in Arabidopsis thaliana through volatile organic compound emission. Symbiosis 51, 75–83. doi: 10.1007/s13199-010-0066-2

 Heydari, A., and Pessarakli, M. (2010). A review on biological control of fungal plant pathogens using microbial antagonists. J. Biol. Sci. 10, 273–290. doi: 10.3923/jbs.2010.273.290

 Hong, T.-Y., and Meng, M. (2003). Biochemical characterization and antifungal activity of an endo-1,3-b-glucanase of Paenibacillus sp. isolated from garden soil. Appl. Microbiol. Biotechnol. 61, 472–478. doi: 10.1007/s00253-003-1249-z

 Hua, S. S. T., Beck, J. J., Sarreal, S. B. L., and Gee, W. (2014). The major volatile compound 2-phenylethanol from the biocontrol yeast, Pichia anomala, inhibits growth and expression of aflatoxin biosynthetic genes of Aspergillus flavus. Mycotoxin Res. 30, 71–78. doi: 10.1007/s12550-014-0189-z 

 Huang, R., Che, H. J., Zhang, J., Yang, L., Jiang, D. H., and Li, G. Q. (2012b). Evaluation of Sporidiobolus pararoseus strain YCXT3 as biocontrol agent of Botrytis cinerea on post-harvest strawberry fruits. Biol. Control 62, 53–63. doi: 10.1016/j.biocontrol.2012.02.010

 Huang, R., Li, G. Q., Zhang, J., Yang, L., Che, H. J., Jiang, D. H., et al. (2011). Control of postharvest Botrytis fruit rot of strawberry by volatile organic compounds of Candida intermedia. Phytopathology 101, 859–869. doi: 10.1094/phyto-09-10-0255

 Huang, C. J., Tsay, J. F., Chang, S. Y., Yang, H. P., Wu, W. S., and Chen, C. Y. (2012a). Dimethyl disulfide is an induced systemic resistance elicitor produced by Bacillus cereus C1L. Pest Manag. Sci. 68, 1306–1310. doi: 10.1002/ps.3301

 Hung, R., Lee, S., and Bennett, J. W. (2013). Arabidopsis thaliana as a model system for testing the effect of Trichoderma volatile organic compounds. Fungal Ecol. 6, 19–26. doi: 10.1016/j.funeco.2012.09.005

 Irtwange, S. (2006). Application of biological control agents in pre-and postharvest operations. Agric. Eng. Int. CIGR J. 3, 3. Available at: http://cigrjournal.org/index.php/Ejounral/article/download/690/684; https://hdl.handle.net/1813/10564 (Accessed January 24, 2020).

 Janisiewicz, W. J., Kurtzman, C. P., and Buyer, J. S. (2010). Yeasts associated with nectarines and their potential for biological control of brown rot. Yeast 27, 389–398. doi: 10.1002/yea.1763 

 Jiménez, J. I., Margolis, J. S., Baird, J. K., and Lego, S. F. (2012). Compounds derived from Muscodor fungi. US Patent 20120058058.

 Jones, S. E., Ho, L., Rees, C. A., Hill, J. E., Nodwell, J. R., and Elliot, M. A. (2017). Streptomyces exploration is triggered by fungal interactions and volatile signals. elife 6:e21738. doi: 10.7554/eLife.21738

 Kai, M., Crespo, E., Cristescu, S. M., Harren, F. J. M., Francke, W., and Piechulla, B. (2010). Serratia odorifera: analysis of volatile emission and biological impact of volatile compounds on Arabidopsis thaliana. Appl. Microbiol. Biotechnol. 88, 965–976. doi: 10.1007/s00253-010-2810-1 

 Kai, M., Haustein, M., Molina, F., Petri, A., Scholz, B., and Piechulla, B. (2009). Bacterial volatiles and their action potential. Appl. Microbiol. Biotechnol. 81, 1001–1012. doi: 10.1007/s00253-008-1760-3 

 Kanchiswamy, C. N., Malnoy, M., and Maffei, M. E. (2015). Chemical diversity of microbial volatiles and their potential for plant growth and productivity. Front. Plant Sci. 6:151. doi: 10.3389/fpls.2015.00151 

 Kännaste, A., Copolovici, L., and Niinemets, Ü. (2014). Gas chromatography-mass spectrometry method for determination of biogenic volatile organic compounds emitted by plants. Methods Mol. Biol. 1153, 161–169. doi: 10.1007/978-1-4939-0606-2_11

 Khan, A. L., Waqas, M., Hussain, J., Al-Harrasi, A., Al-Rawahi, A., Al-Hosni, K., et al. (2014). Endophytes Aspergillus caespitosus LK12 and Phoma sp. LK13 of Moringa peregrina produce gibberellins and improve rice plant growth. J. Plant Interact. 9, 731–737. doi: 10.1080/17429145.2014.917384

 Kumar, S., and Kaushik, N. (2012). Metabolites of endophytic fungi as novel source of biofungicide: a review. Phytochem. Rev. 11, 507–522. doi: 10.1007/s11101-013-9271-y

 Li, Q., Ning, P., Zheng, L., Huang, J., Li, G., and Hsiang, T. (2010). Fumigant activity of volatiles of Streptomyces globisporus JK-1 against Penicillium italicum on Citrus microcarpa. Postharvest Biol. Technol. 58, 157–165. doi: 10.1016/j.postharvbio.2010.06.003

 Lim, H.-S., Kim, Y.-S., and Kim, S.-D. (1991). Pseudomonas stutzeri YPL-1 genetic transformation and antifungal mechanism against Fusarium solani, an agent of plant root rot. Appl. Environ. Microbiol. 57, 510–516.

 Liu, P., Cheng, Y., Yang, M., Liu, Y., Chen, K., Long, C. A., et al. (2014). Mechanisms of action for 2-phenylethanol isolated from Kloeckera apiculata in control of Penicillium molds of citrus fruits. BMC Microbiol. 14:242. doi: 10.1186/s12866-014-0242-2 

 Liu, J., Sui, Y., Wisniewski, M., Droby, S., and Liu, Y. (2013). Review: utilization of antagonistic yeasts to manage postharvest fungal diseases of fruit. Int. J. Food Microbiol. 167, 153–160. doi: 10.1016/j.ijfoodmicro.2013.09.004 

 Maffei, M. E., Gertsch, J., and Appendino, G. (2011). Plant volatiles: production, function and pharmacology. Nat. Prod. Rep. 28, 1359–1380. doi: 10.1039/c1np00021g 

 Mari, M., Martini, C., Guidarelli, M., and Neri, F. (2012). Postharvest biocontrol of Monilinia laxa, Monilinia fructicola and Monilinia fructigena on stone fruit by two Aureobasidium pullulans strains. Biol. Control 60, 132–140. doi: 10.1016/j.biocontrol.2011.10.013

 Masoud, W., and Kaltoft, C. H. (2006). The effects of yeasts involved in the fermentation of Coffea arabica in East Africa on growth and ochratoxin a (OTA) production by Aspergillus ochraceus. Int. J. Food Microbiol. 106, 229–234. doi: 10.1016/j.ijfoodmicro.2005.06.015 

 Masoud, W., Poll, L., and Jakobsen, M. (2005). Influence of volatile compounds produced by yeasts predominant during processing of Coffea arabica in East Africa on growth and ochratoxin A (OTA) production by Aspergillus ochraceus. Yeast 22, 1133–1142. doi: 10.1002/yea.1304 

 McKee, N. D., and Robinson, P. M. (2009). Production of volatile inhibitors of germination and hyphal extension by Geotrichum candidum. Trans. Br. Mycol. Soc. 91, 157–160. doi: 10.1016/s0007-1536(88)80017-2

 Mehta, H. H., Prater, A. G., and Shamoo, Y. (2018). Using experimental evolution to identify druggable targets that could inhibit the evolution of antimicrobial resistance. J. Antibiot. 71, 279–286. doi: 10.1038/ja.2017.108

 Meldau, D. G., Meldau, S., Hoang, L. H., Underberg, S., Wunsche, H., and Baldwin, I. T. (2013). Dimethyl disulfide produced by the naturally associated bacterium Bacillus sp B55 promotes Nicotiana attenuata growth by enhancing sulfur nutrition. Plant Cell 25, 2731–2747. doi: 10.1105/tpc.113.114744 

 Mercier, J., and Jiménez, J. I. (2004). Control of fungal decay of apples and peaches by the biofumigant fungus Muscodor albus. Postharvest Biol. Technol. 31, 1–8. doi: 10.1016/j.postharvbio.2003.08.004

 Mercier, J., Lego, S. F., and Smilanick, J. (2010). In-package use of Muscodor albus volatile-generating sachets and modified atmosphere liners for decay control in organic table grapes under commercial conditions. Fruits 65, 31–38. doi: 10.1051/fruits/2009039

 Mercier, J., and Manker, D. C. (2005). Biocontrol of soil-borne diseases and plant growth enhancement in greenhouse soilless mix by the volatile-producing fungus Muscodor albus. Crop Prot. 24, 355–362. doi: 10.1016/j.cropro.2004.09.004

 Minerdi, D., Bossi, S., Gullino, M. L., and Garibaldi, A. (2009). Volatile organic compounds: a potential direct long-distance mechanism for antagonistic action of Fusarium oxysporum strain MSA 35. Environ. Microbiol. 11, 844–854. doi: 10.1111/j.1462-2920.2008.01805.x 

 Minerdi, D., Bossi, S., Maffei, M. E., Gullino, M. L., and Garibaldi, A. (2011). Fusarium oxysporum and its bacterial consortium promote lettuce growth and expansin A5 gene expression through microbial volatile organic compound (MVOC) emission. FEMS Microbiol. Ecol. 76, 342–351. doi: 10.1111/j.1574-6941.2011.01051.x 

 Mitchell, A. M., Strobel, G. A., Moore, E., Robison, R., and Sears, J. (2010). Volatile antimicrobials from Muscodor crispans, a novel endophytic fungus. Microbiology 156, 270–277. doi: 10.1099/mic.0.032540-0

 Morath, S. U., Hung, R., and Bennett, J. W. (2012). Fungal volatile organic compounds: a review with emphasis on their biotechnological potential. Fungal Biol. Rev. 26, 73–83. doi: 10.1016/j.fbr.2012.07.001

 Muccilli, S., and Restuccia, C. (2015). Bioprotective role of yeasts. Microorganisms 3, 588–611. doi: 10.3390/microorganisms3040588 

 Mülner, P., Bergna, A., Wagner, P., Sarajlić, D., Gstöttenmayr, B., Dietel, K., et al. (2019). Microbiota associated with sclerotia of soilborne fungal pathogens – a novel source of biocontrol agents producing bioactive volatiles. Phytobiomes Journal. 3, 125–136. doi: 10.1094/PBIOMES-11-18-0051-R

 Naznin, H. A., Kimura, M., Miyazawa, M., and Hyakumachi, M. (2012). Analysis of volatile organic compounds emitted by plant growth-promoting fungus Phoma sp. GS8-3 for growth promotion effects on tobacco. Microbes Environ. 28, 42–49. doi: 10.1264/jsme2.me12085

 Naznin, H. A., Kiyohara, D., Kimura, M., Miyazawa, M., Shimizu, M., and Hyakumachi, M. (2014). Systemic resistance induced by volatile organic compounds emitted by plant growth-promoting fungi in Arabidopsis thaliana. PLoS One 9:e86882. doi: 10.1371/journal.pone.0086882 

 Nilsson, A., Kihlström, E., Lagesson, V., Wessén, B., Szponar, B., Larsson, L., et al. (2004). Microorganisms and volatile organic compounds in airborne dust from damp residences. Indoor Air 14, 74–82. doi: 10.1046/j.1600-0668.2003.00178.x 

 Pagans, E., Font, X., and Sánchez, A. (2006). Emission of volatile organic compounds from composting of different solid wastes: abatement by biofiltration. J. Hazard. Mater. 131, 179–186. doi: 10.1016/j.jhazmat.2005.09.017 

 Pal, K. K., and McSpadden Gardener, B. (2006). Biological control of plant pathogens. Plant Health Instr. 2, 1. doi: 10.1094/PHI-A-2006-1117-02

 Parafati, L., Vitale, A., Restuccia, C., and Cirvilleri, G. (2015). Biocontrol ability and action mechanism of food-isolated yeast strains against Botrytis cinerea causing post-harvest bunch rot of table grape. Food Microbiol. 47, 85–92. doi: 10.1016/j.fm.2014.11.013 

 Parafati, L., Vitale, A., Restuccia, C., and Cirvilleri, G. (2017). Performance evaluation of volatile organic compounds by antagonistic yeasts immobilized on hydrogel spheres against gray, green and blue postharvest decays. Food Microbiol. 63, 191–198. doi: 10.1016/j.fm.2016.11.021 

 Pasanen, P., Korpi, A., Kalliokoski, P., and Pasanen, A. L. (1997). Growth and volatile metabolite production of Aspergillus versicolor in house dust. Environ. Int. 23, 425–432. doi: 10.1016/S0160-4120(97)00027-5

 Peighami-Ashnaei, S., Sharifi-Tehrani, A., Ahmadzadeh, M., and Behboudi, K. (2009). Interaction of different media on production and biocontrol efficacy of Pseudomonas fluorescens P-35 and Bacillus subtilis B-3 against grey mould of apple. J. Plant Pathol. 91, 65–70. doi: 10.4454/jpp.v91i1.625

 Pimenta, R. S., Moreira da Silva, J. F., Buyer, J. S., and Janisiewicz, W. J. (2012). Endophytic fungi from plums (Prunus domestica) and their antifungal activity against Monilinia fructicola. J. Food Prot. 75, 1883–1889. doi: 10.4315/0362-028X.JFP-12-156 

 Popova, A. A., Koksharova, O. A., Lipasova, V. A., Zaitseva, J. V., Katkova-Zhukotskaya, O. A., Eremina, S. I., et al. (2014). Inhibitory and toxic effects of volatiles emitted by strains of Pseudomonas and Serratia on growth and survival of selected microorganisms, Caenorhabditis elegans, and Drosophila melanogaster. Biomed. Res. Int. 2014:4. doi: 10.1155/2014/125704 

 Raza, W., Ling, N., Yang, L., Huang, Q., and Shen, Q. (2016). Response of tomato wilt pathogen Ralstonia solanacearum to the volatile organic compounds produced by a biocontrol strain Bacillus amyloliquefaciens SQR-9. Sci. Rep. 6:24856. doi: 10.1038/srep24856 

 Romanazzi, G., Lichter, A., Gabler, F. M., and Smilanick, J. L. (2012). Recent advances on the use of natural and safe alternatives to conventional methods to control postharvest gray mold of table grapes. Postharvest Biol. Technol. 63, 141–147. doi: 10.1016/j.postharvbio.2011.06.013

 Rudrappa, T., Biedrzycki, M. L., Kunjeti, S. G., Donofrio, N. M., Czymmek, K. J., Paré, P. W., et al. (2010). The rhizobacterial elicitor acetoin induces systemic resistance in Arabidopsis thaliana. Commun. Integr. Biol. 3, 130–138. doi: 10.4161/cib.3.2.10584

 Ryu, C.-M., Farag, M. A., Hu, C.-H., Reddy, M. S., Wei, H.-X., Pare, P. W., et al. (2003). Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. USA 100, 4927–4932. doi: 10.1073/pnas.0730845100

 Schiestl, F. P., Steinebrunner, F., Schulz, C., von Reuss, S., Francke, W., Weymuth, C., et al. (2006). Evolution of ‘pollinator’-attracting signals in fungi. Biol. Lett. 2, 401–404. doi: 10.1098/rsbl.2006.0479 

 Schmidt, R., Cordovez, V., de Boer, W., Raaijmakers, J., and Garbeva, P. (2015). Volatile affairs in microbial interactions. ISME J. 9, 2329–2335. doi: 10.1038/ismej.2015.42 

 Schöller, C. E. G., Gürtler, H., Pedersen, R., Molin, S., and Wilkins, K. (2002). Volatile metabolites from actinomycetes. J. Agric. Food Chem. 5, 2615–2621. doi: 10.1021/jf0116754

 Schulz-Bohm, K., Martín-Sánchez, L., and Garbeva, P. (2017). Microbial volatiles: small molecules with an important role in intra- and inter-kingdom interactions. Front. Microbiol. 8:2484. doi: 10.3389/fmicb.2017.02484 

 Schulz-Bohm, K., Zweers, H., de Boer, W., and Garbeva, P. (2015). A fragrant neighborhood: volatile mediated bacterial interactions in soil. Front. Microbiol. 6:1212. doi: 10.3389/fmicb.2015.01212 

 Serrano, A., and Gallego, M. (2006). Sorption study of 25 volatile organic compounds in several Mediterranean soils using headspace-gas chromatography-mass spectrometry. J. Chromatogr. 1118, 261–270. doi: 10.1016/j.chroma.2006.03.095

 Serrano, C., Matos, O., Teixeira, B., Ramos, C., Neng, N., Nogueira, J., et al. (2011). Antioxidant and antimicrobial activity of Satureja montana L. extracts. J. Sci. Food Agric. 91, 1554–1560. doi: 10.1002/jsfa.4347

 Shanthi, K., Gowri, P., and Gopu, M. (2011). Pharmacognosy, analysis of bio-active compounds form Abutilon indicum Linn. (Malvaceae) by using gas chromatography and mass spectrometry (GC-MS) in ethanol and hexane solvent. J. Pharm. Res. 4, 4795–4797.

 Singh, S. K., Strobel, G. A., Knighton, B., Geary, B., Sears, J., and Ezra, D. (2011). An endophytic Phomopsis sp. possessing bioactivity and fuel potential with its volatile organic compounds. Microb. Ecol. 61, 729–739. doi: 10.1007/s00248-011-9818-7 

 Song, G. C., and Ryu, C. M. (2013). Two volatile organic compounds trigger plant self-defense against a bacterial pathogen and a sucking insect in cucumber under open field conditions. Int. J. Mol. Sci. 14, 9803–9819. doi: 10.3390/ijms14059803 

 Splivallo, R., Deveau, A., Valdez, N., Kirchhoff, N., Frey-Klett, P., and Karlovsky, P. (2015). Bacteria associated with truffle-fruiting bodies contribute to truffle aroma. Environ. Microbiol. 17, 2647–2660. doi: 10.1111/1462-2920.12521 

 Strobel, G. (2006). Muscodor albus and its biological promise. J. Ind. Microbiol. Biotechnol. 33, 514–522. doi: 10.1007/s10295-006-0090-7 

 Strobel, G. A., Dirkse, E., Sears, J., and Markworth, C. (2001). Volatile antimicrobials from Muscodor albus, a novel endophytic fungus. Microbiology 147, 2943–2950. doi: 10.1099/00221287-147-11-2943 

 Strobel, G., Singh, S. K., Riyaz-Ul-Hassan, S., Mitchell, A. M., Geary, B., and Sears, J. (2011). An endophytic/pathogenic Phoma sp. from creosote bush producing biologically active volatile compounds having fuel potential. FEMS Microbiol. Lett. 230, 87–94. doi: 10.1111/j.1574-6968.2011.02297.x

 Tenorio-Salgado, S., Tinoco, R., Vazquez-Duhalt, R., Caballero-Mellado, J., and Perez-Rueda, E. (2013). Identification of volatile compounds produced by the bacterium Burkholderia tropica that inhibit the growth of fungal pathogens. Bioengineered 4, 236–243. doi: 10.4161/bioe.23808

 Tholl, D., Boland, W., Hansel, A., Loreto, F., Röse, U. S., and Schnitzler, J. P. (2006). Practical approaches to plant volatile analysis. Plant J. 45, 540–560. doi: 10.1111/j.1365-313X.2005.02612.x 

 Tilocca, B., Balmas, V., Hassan, Z. U., Jaoua, S., and Migheli, Q. (2019). A proteomic investigation of Aspergillus carbonarius exposed to yeast volatilome or to its major component 2-phenylethanol reveals major shifts in fungal metabolism. Int. J. Food Microbiol. 306:108265. doi: 10.1016/j.ijfoodmicro.2019.108265 

 Tröscher-Mußotter, J., Tilocca, B., Stefanski, V., and Seifert, J. (2019). Analysis of the bacterial and host proteins along and across the porcine gastrointestinal tract. Proteomes 7:4. doi: 10.3390/proteomes7010004 

 van Dam, N. M., and Poppy, G. M. (2008). Why plant volatile analysis needs bioinformatics-detecting signal from noise in increasingly complex profiles. Plant Biol. 10, 29–37. doi: 10.1055/s-2007-964961 

 van Loon, L. C., Bakker, P. A. H. M., and Pieterse, C. M. J. (1998). Systemic resistance induced by rhizosphere bacteria. Annu. Rev. Phytopathol. 36, 453–483. doi: 10.1146/annurev.phyto.36.1.453 

 Velivelli, S. L. S., Kromann, P., Lojan, P., Rojas, M., Franco, J., Suarez, J. P., et al. (2015). Identification of mVOCs from andean rhizobacteria and field evaluation of bacterial and mycorrhizal inoculants on growth of potato in its center of origin. Microb. Ecol. 268, 285–292. doi: 10.1007/s00248-014-0514-2

 Vespermann, A., Kai, M., and Piechulla, B. (2007). Rhizobacterial volatiles affect the growth of fungi and Arabidopsis thaliana. Appl. Environ. Microbiol. 73, 5639–5641. doi: 10.1128/AEM.01078-07 

 Wang, C., Wang, Z., Qiao, X., Li, Z., Li, F., Chen, M., et al. (2013). Antifungal activity of volatile organic compounds from Streptomyces alboflavus TD-1. FEMS Microbiol. Lett. 341, 45–51. doi: 10.1111/1574-6968.12088 

 Wani, M. A., Sanjana, K., Kumar, D. M., and Lal, D. K. (2010). GC-MS analysis reveals production of 2-phenylethanol from Aspergillus niger endophytic in rose. J. Basic Microbiol. 50, 110–114. doi: 10.1002/jobm.200900295 

 Waqas, M., Khan, A. L., and Lee, I. J. (2014). Bioactive chemical constituents produced by endophytes and effects on rice plant growth. J. Plant Interact. 9, 478–487. doi: 10.1080/17429145.2013.860562

 Wheatley, R., Hackett, C., Bruce, A., and Kundzewicz, A. (1997). Effect of substrate composition on production of volatile organic compounds from Trichoderma spp. inhibitory to wood decay fungi. Int. Biodeterior. Biodegrad. 39, 199–205. doi: 10.1016/S0964-8305(97)00015-2

 Wilkins, K., and Schöller, C. (2009). Volatile organic metabolites from selected Streptomyces strains. Actinomycetologica 23, 27–33. doi: 10.3209/saj.SAJ230202

 Wisniewski, M., Biles, C., Droby, S., McLaughlin, R., Wilson, C., and Chalutz, E. (1991). Mode of action of the postharvest biocontrol yeast, Pichia guilliermondii. I. Characterization of attachment to Botrytis cinerea. Physiol. Mol. Plant Pathol. 39, 245–258. doi: 10.1016/0885-5765(91)90033-E

 Xu, Y. Y., Lu, H., Wang, X., Zhang, K. Q., and Li, G. H. (2015). Effect of volatile organic compounds from bacteria on nematodes. Chem. Biodivers. 12, 1415–1421. doi: 10.1002/cbdv.201400342 

 Yamagiwa, Y., Inagaki, Y., Ichinose, Y., Toyoda, K., Hyakumachi, M., and Shiraishi, T. (2011). Talaromyces wortmannii FS2 emits β-caryphyllene, which promotes plant growth and induces resistance. J. Gen. Plant Pathol. 77, 336–341. doi: 10.1007/s10327-011-0340-z

 Yang, Z., Yu, Z., Lei, L., Xia, Z., Shao, L., Zhang, K., et al. (2012). Nematicidal effect of volatiles produced by Trichoderma sp. J. Asia Pac. Entomol. 15, 647–650. doi: 10.1016/j.aspen.2012.08.002

 Yuan, J., Raza, W., Shen, Q., and Huang, Q. (2012). Antifungal activity of Bacillus amyloliquefaciens NJN-6 volatile compounds against Fusarium oxysporum f. sp. cubense. Appl. Environ. Microbiol. 78, 5942–5944. doi: 10.1128/AEM.01357-12 

 Zhang, X., Li, B., Wang, Y., Guo, Q., Lu, X., Li, S., et al. (2013). Lipopeptides, a novel protein, and volatile compounds contribute to the antifungal activity of the biocontrol agent Bacillus atrophaeus CAB-1. Appl. Microbiol. Biotechnol. 97, 9525–9534. doi: 10.1007/s00253-013-5198-x

 Zhao, J., Mou, Y., Shan, T., Li, Y., Zhou, L., Wang, M., et al. (2010). Antimicrobial metabolites from the endophytic fungus Pichia guilliermondii isolated from Paris polyphylla var. yunnanensis. Molecules 15, 7961–7970. doi: 10.3390/molecules15117961 

 Zhou, Z., Zhang, C., Zhou, W., Li, W., Chu, L., Yan, J., et al. (2014). Diversity and plant growth-promoting ability of endophytic fungi from the five flower plant species collected from Yunnan, Southwest China. J. Plant Interact. 9, 585–591. doi: 10.1080/17429145.2013.873959


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tilocca, Cao and Migheli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 13 March 2020
doi: 10.3389/fmicb.2020.00300





[image: image]

Diversity, Bacterial Symbionts, and Antimicrobial Potential of Termite-Associated Fungi

Xiao Xu1,2†, Mingwei Shao1,2†, Caiping Yin1, Zhenchuan Mao3*, Jingjing Shi2, Xinyuan Yu2, Ying Wang2, Feifei Sun2 and Yinglao Zhang1,2*

1School of Life Sciences, Anhui Agricultural University, Hefei, China

2College of Chemistry and Life Science, Zhejiang Normal University, Jinhua, China

3Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences, Beijing, China

Edited by:
Santiago Gutierrez, Universidad de León, Spain

Reviewed by:
M. Oves, King Abdulaziz University, Saudi Arabia
Yeshi Yin, Hunan University of Science and Engineering, China

*Correspondence: Zhenchuan Mao, maozhenchuan@caas.cn; Yinglao Zhang, zhangyl@ahau.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

Received: 29 October 2019
Accepted: 10 February 2020
Published: 13 March 2020

Citation: Xu X, Shao M, Yin C, Mao Z, Shi J, Yu X, Wang Y, Sun F and Zhang Y (2020) Diversity, Bacterial Symbionts, and Antimicrobial Potential of Termite-Associated Fungi. Front. Microbiol. 11:300. doi: 10.3389/fmicb.2020.00300

The phylogenetic diversity of fungi isolated from the Odontotermes formosanus was investigated by dilution-plate method, combined with morphological characteristics and 5.8S rDNA sequencing. Thirty-nine fungi were isolated and purified from O. formosanus, which were belonging to two phyla and four classes (Sordariomycetes, Dothideomycetes, Eurotiomycetes, Agaricomycetes). Furthermore, nine bacterial 16S rRNA sequences were obtained from total fungal genomic DNA. All bacterial symbionts were segmented into four genera: Bacillus, Methylobacterium, Paenibacillus, and Trabulsiella. The antimicrobial activities of all endophytic fungi extracts were tested by using the filter paper method against Escherichia coli (ATCC 8739), Bacillus subtilis (ATCC 6633), Staphylococcus aureus (ATCC 6538), and Canidia albicans (ATCC 10231). The results exhibited that 25 extracts (64%) exhibited antibacterial activity against at least one of the tested bacterial strains. Furthermore, the secondary metabolites 1 [5-hydroxyramulosin (1a):biatriosporin M (1b) = 2:1] from the Pleosporales sp. BYCDW4 exhibited potent antimicrobial activities against E. coli, C. albicans, B. subtilis, and S. aureus with the inhibition zone diameter (IZD) of 13.67, 14.33, 12.17, and 11.33 mm, respectively, which were comparable with those of the positive control. 1-(2,5-Dihydroxyphenyl)-3-hydroxybutan-1-one (2) from the Microdiplodia sp. BYCDW8 showed medium inhibitory activities against B. subtilis and S. aureus, with the IZD range of 8.32–9.13 mm. In conclusion, the study showed the diversity of insect symbionts could be expected to develop the resource of new species and antibiotics.
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INTRODUCTION

The symbiotic relationships, kinds of organisms including microorganisms, animals, and plants can be seen everywhere in the world (Blackwell and Vega, 2018; Grigorescu et al., 2018). For example, the first direct visual evidence of a not-yet-cultured CFB bacterium is detected in a mycorrhizal fungus (Barbieri et al., 2000). Many others with well-studied examples including the sponge and symbiotic strains, nitrogen-fixing bacteria, and legumes live in symbiotic association (Trainer and Charles, 2006; Webster et al., 2008). Compared with other interactions, the insect symbiont interactions still represent a largely unknown field (Park et al., 2018).

There are few researches reported that symbioses of insects are an important unexploited microbial resource for human beings. For example, insect gut microbes, especially fungi in suppression of unwanted microorganisms (parasites, microorganic pathogens, etc.), protecting the hosts and maintaining the ordinary growth and behavior, are of interest to insects (Lu et al., 2016; Beemelmanns et al., 2017; Van Arnam et al., 2017). Based on this symbiosis, several new immunosuppressive polyketides were obtained from a fungus attached to mantis, Daldinia eschscholzii IFB-TL01 (Zhang et al., 2008, 2011). In addition, insect symbiosis is also an important source of new microorganisms. For instance, 57 entomopathogenic fungi were analyzed, including one species which was firstly reported (Nishi and Sato, 2017). Many new species were also isolated from aquatic insects, among which new genera were found (White and Lichtwardt, 2004; White et al., 2018). Nonetheless, extensive, methodical, and biologically correlative researches about the insect microorganisms were restricted, especially when the complexity of insect symbiotic system was taken into consideration.

Termites, belonging to the class Insecta and the order Isoptera in the phylum Arthropoda, are a kind of eusocial and hemimetabolous insects (Mathew et al., 2012). Multitudinous and particular microbial floras reside in the termites, most of which can help the host to digest and utilize their food (Zhu et al., 2012; Li et al., 2017). Odontotermes formosanus as a termite species is mainly distributed in south areas of the line between Yellow River and Yangtze River in China. As far as we know, research concentrated on O. formosanus fungi derived from China have been rather rare (Chou et al., 2007; Shinzato et al., 2007). Underexploited O. formosanus symbionts can offer a pathway to finding unreported biological resources, which will solve the dilemma that needs to be dealt with regarding new drugs, especially antibiotics, which we are in sore need of due to increasing bacterial resistance to existing antibiotics (Procópio et al., 2012; Bi et al., 2013; Elahwany et al., 2013). Herein, the study was intended to explore the phylogenetic diversity, bacterial symbionts, antimicrobial potency, and compounds of the fungi associated with O. formosanus.



MATERIALS AND METHODS


Sample Collection and Microbial Isolations

A total of 50 termite samples were collected from the rotten wood in a grove in Zhejiang Normal University (29°00′17.37″N, 119°29′54.84″E, Jinhua city, China) during early spring in March 2016. The 50 collected samples were starved for 12 h and surface-sterilized in 75% ethanol for 2 min, followed by rinsing in sterilized water three times (30 s each). Sterile forceps were used to dissect samples to get the guts. The guts and degutted bodies of termites were fully homogenized separately in 0.5 ml sterile water. Then, the homogenates were diluted in a 10-fold series (i.e., 10–1, 10–2, 10–3), and aliquots of 200 μl from each dilution were spread onto 10 isolation media (Supplementary Table S1). Pure colonies of fungi from the appropriate dilution were transferred into new MEA medium. Isolated strains were preserved on MEA slants at 4°C until use. Fungal species were grouped via molecular sequence data. The fungi were stored at our institute.



DNA Sequencing

DNA sequencing was performed according to the methods detailed previously (Hoffman and Arnold, 2010; Shao et al., 2015). Symbiotic fungi were transferred into ME medium (20 g malt extract, 20 g sucrose, 1 g peptone in 1 L of distilled H2O) and cultured at 28 ± 0.5°C on rotary shakers for 5–6 days. The growing fungal mycelia were used to afford samples for genomic DNA extraction. Fungal total DNA was amplified using the Fast DNA Extraction Kit (BioTeke, Beijing, China) as claimed by the manufacturer’s specification. The genomic DNA was stored at 4°C until use. The primers ITS1/ITS4 and 27F/1492R were used to amplify 5.8S rDNA and 16S rRNA based on the fungal genomic DNA. Qualified PCR samples were used for sequencing (Sangon Biotech Co., Ltd., Shanghai, China).



Fungi’s Identification and Phylogenetic Analyses

As described previously (Shao et al., 2015), all resulting sequences’ affiliation which were returned from Sangon Biotech Company were recognized by the available data in BLAST from the National Center for Biotechnology Information (NCBI) database. Sequence alignment and neighbor-joining phylogenetic analysis were carried out using MEGA software version 5.1. Bootstrap analysis of tree construction on the strength of the sequences was accustomed to estimate the neighbor-joining information based on 1,000 replicates (Felsenstein, 1985). The 5.8S rDNA sequences that had been obtained were placed in NCBI with the accession numbers MG820065–MG820103. Besides, endosymbiotic bacterial 16S rRNA sequences were deposited in NCBI with the accession numbers MG825089–MG825096.



Fermentation

Every fungus was grown on MEA medium at 28 ± 0.5°C for 3–4 days. Then, pieces of fresh mycelium were inoculated into 1-L Erlenmeyer flasks each containing 150 ml of ME liquid medium, after 2–3 days of incubation at 28 ± 0.5°C in a shaker rotating at 180 rpm. A 20-ml suspension of the fungus was transferred as seed into 1-L Erlenmeyer flasks each containing 400 ml of ME liquid medium. The flask cultures were incubated at 28 ± 0.5°C for 1 week.



Isolation of Compounds From BYCDW4 and BYCDW8

A total of 26 L of fermentation broth of BYCDW4 was filtered and extracted with EtOAc (3 × 26 L) at room temperature. The solvent was then evaporated in vacuo to give a black-brown crude extract (13.5 g). The obtained extract was separated by column chromatography (CC) using silica gel (SiO2: 200–300 mesh, 15 g) and eluting with a stepwise gradient of CH2Cl2/MeOH (100:0–100:16, v/v) to afford six primary fractions (A to F). Then the white needle crystal (compound 1, 5.84 g) were recrystallized by CH2Cl2/MeOH continuously up to no impurity.

The dark-yellow mixture of BYCDW8 (1.5 g) was obtained with the method as above. Compound 2 (14.5 mg) was isolated and purified from subfraction B-2, which was given from further chromatography over silica gel in fraction B (0.4 g, CH2Cl2/MeOH, 100:1).



Structural Elucidation of Metabolites

The structures of compounds 1 and 2 were primarily analyzed by mass and 1H/13C-nuclear magnetic resonance (NMR) spectroscopies. The electrospray ionization mass spectrometry of the purified metabolites was recorded on a TripeTOF 4600 instrument (Bruker, Billerica, MA, United States). 1H/13C NMR spectra were measured with a Bruker AVANCE-600 (Bruker, Switzerland) spectrometer, and chemical shifts were reported as parts per million (δ) by referring to tetramethylsilane as internal standards. The structure of compound 1a was further determined by single crystal X-ray.



Antimicrobial Activities

The antimicrobial activities of all the 39 fungal crude extracts and the secondary metabolites were evaluated using filter-paper method as described previously (Li et al., 2014). Three tested pathogens (Escherichia coli ATCC 8739, Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC 6538) were cultivated on NA medium (NaCl 3 g, peptone 10 g, beef extract 3 g, agar 18–20 g, distilled H2O 1,000 ml) in 37°C, whereas the pathogenic Candida albicans (ATCC 10231) was inoculated on PDA medium in 28°C. Then 200 μl of the overnight fermentation broth of the pathogens was inoculated on the corresponding plate. Next, 5 μl of the tested objects including crude extracts, metabolites, and positive control drugs which were dissolved completely by acetone with the concentration of 6 mg/ml was pipetted onto a sterile filter disk with a diameter of 5 mm. Gentamicin sulfate and amphotericin B were used as the positive control of pathogenic bacteria and yeast, respectively. Then, all the processed filter papers were placed on the above pre-prepared medium. Each test was set up three repeats. Plates were cultivated at constant temperature incubator and the inhibition zone was measured at 24–36 h.



RESULTS


Phylogenetic Diversity of Cultivable Fungi From O. formosanus

In this study, a total of 39 symbiotic fungi were isolated from O. formosanus (Table 1 and Figure 1). The ITS1-5.8S-ITS2 region of all strains were sequenced and compared with available GenBank reference sequences. Sequences analysis showed that all fungi were attached to the phyla Ascomycota and Basidiomycota, 35 strains of which were grouped into three classes [Sordariomycetes (23.1%), Dothideomycetes (53.8%), and Eurotiomycetes (15.4%)] within Ascomycota. The other three strains (8%) were distributed in the Agaricomycetes within the phylum Basidiomycota (Figure 1).


TABLE 1. Phylogenetic analysis of cultivable fungi associated with O. formosanus.
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FIGURE 1. Neighbor-joining phylogenetic tree of ITS rDNA sequences of O. formosanus fungal isolates. Bootstrap values were calculated using 1,000 replications.


The fungi of Dothideomycetes were dominant species in phylogenetic diversity of cultivable fungi from O. formosanus. The largest number (21) of isolates was distributed in three orders, including the Capnodiales, Venturiales, and Pleosporales. Among of them, two strains belonging to Capnodiales showed highly similar to Cladosporium cladosporioides with identity of 99%. The strain BYCDW30 showed only 92% similarity to O. constricta, which indicated a potential new species. The most frequent order identified was the Pleosporales, which included six genera based on phylogenetic tree analysis (Figure 1).

The strains of Sordariomycetes (9) were mainly included in the three classes (Xylariales, Pleurotheciales, and Hypocreales). Four of them were grouped into the family Hyporcreaceae and were identified as Fusarium verticillioides, Metacordyceps chlamydosporia, Nectria diminuta, and Trichoderma viride, respectively (Figure 1). Two strains showed similar to Phaeoisaria loranthacearum with a low identity of 96%. Two other strains belonging to Xylariales were identified as Pestalotiopsis hainanensis and P. microspora, respectively.

Six isolates of the class Eurotiomycetes were mainly concentrated in the genus Exophiala grouped into the order Chaetothyriales. Four strains showed highly similar to Exophiala jeanselmei with an identity of more than 99%. Another two strains were similar to E. bergeri with sequence match of 94% and 99%, respectively. What was worth mentioning was that the BYCDW17 showed a sequence match of 94% with E. bergeri, which indicated that it might not have been deposited in the GenBank database or represent a potential new species (Landeweert et al., 2003).

The fungi of class Agaricomycetes belonging to the phylum Basidiomycota were mainly distributed in the orders Agaricales and Polyporales. The strain BYCDW26 of Agaricales was a Termitomyces fungus, which had the low similar sequence with an identity of 88.10%. Another two strains belonging to Polyporales were identified as Irpex lacteus and Phellinus igniarius, respectively.



Diversity of Bacterial Symbionts

A total of nine bacterial symbionts 16S rRNA was obtained from the fungi associated with O. formosanus in this study (Supplementary Table S2). These bacterial symbionts mainly pertained to the class Dothideomycetes and identified as Bacillales (Bacillus, Paenibacillus), Rhizobiales (Methylobacterium), and Enterobacterium (Trabulsiella). Furthermore, six bacteria were putatively divided into genus Bacillus.



Antimicrobial Activities of the Crude Extracts of Fungi

The antimicrobial results are shown in Table 2. Of the all isolates, 25 extracts (64%) exhibited antibacterial activity against at least one of the tested bacterial strains. Especially, BYCDW8, BYCDW4 (Supplementary Figure S1), BYCDW13, and BYCDW19 exhibited remarkable inhibitory activities against S. aureus (ATCC 6538) with the inhibition zone diameter (IZD) of more than 20 mm. These four fungi were all attached to Pleosporales in the class Dothideomycetes. Furthermore, the strain BYCDW4 possessed notable inhibitory effect against E. coli (ATCC 8739) with the IZD of 21.07 mm, which was stronger than the positive gentamicin sulfate with the IZD of 17.67 mm. However, other strains did not express remarkable activity against E. coli. The crude extracts of BYCDW3, BYCDW4, and BYCDW25 exhibited great inhibition effect on C. albicans (ATCC 10231), which were equivalent to that of amphotericin with the IZD of 19.17 mm. And among them, the crude extract of BYCDW25 was the most prominent. Further analysis showed that the inhibition activities of the fungal extracts against gram-positive bacteria was much better than the gram-negative bacteria. In addition, the potential new isolates BYCDW24 and BYCDW25 (in the order Pleurotheciales) presented moderate antimicrobial activities against several pathogens.


TABLE 2. Antimicrobial activities of 39 fungal crude extracts against pathogenic bacteria and yeast (mm).
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Identification of the Secondary Metabolites Isolated From BYCDW4 and BYCDW8

Secondary metabolites were identified by spectroscopic analyses, including HR–ESI-MS, NMR, and comparisons with the data described in the previous literatures. The constituents were identified as compound 1 [5-hydroxyramulosin (1a): biatriosporin M (1b) = 2:1] from BYCDW4 and 1-(2,5-dihydroxyphenyl)-3-hydroxybutan-1-one (2) (Figure 2) from BYCDW8 based on the following data.


[image: image]

FIGURE 2. The structure of compounds 1 and 2.


Compound 1 was obtained as a white needle crystal, which is a mixture (5-hydroxyramulosin (Osterhage et al., 2002) and biatriosporin M (Zhou et al., 2016)) with the proportion of 2:1 from the data of 1H NMR. 5-Hydroxyramulosin (1a): HR–ESI-MS: [M + H]+ m/z 199.0964 (calcd for 199.0970), [M + Na]+ m/z 221.0785 (calcd for 221.0790); 1H NMR (CDCl3) δ: 13.30 (s, 1H), 4.48 (m, 1H), 4.05 (m, 1H), 2.68 (m, 1H), 2.59 (m, 1H), 2.38 (m, 1H), 2.05 (m, 1H), 1.72 (m, 1H), 1.96 (m, 1H), 1.84 (m, 1H), 1.42 (d, 6.3, 3H); 13C NMR (CDCl3) δ: 174.3, 172.4, 92.2, 76.2, 66.0, 37.4, 32.7, 27.9, 24.3, 21.8. Biatriosporin M (1b): HR–ESI-MS: [M + H]+ m/z 197.0807 (calcd for 197.0814), [M + Na]+ m/z 219.0625 (calcd for 219.0633); 1H NMR (CDCl3) δ: 12.70 (s, 1H), 6.66 (dd, 9.9, 5.4, 1H), 6.25 (d, 9.9, 1H), 4.50 (m, 1H), 3.99 (m, 1H), 2.81 (m, 1H), 1.88 (m, 1H), 1.80 (m, 1H), 1.47 (d, 6.3, 3H); 13C NMR (CDCl3) δ: 172.5, 166.0, 138.7, 125.8, 90.9, 75.9, 63.2, 36.0, 30.3, 21.6. Compound 1a was further identified based on single-crystal X-ray diffraction data (Supplementary Table S3 and Supplementary Figure S2). Compound 1b was a dehydrogenated derivative of 1a. Owing to their similar polarity, we were not able to isolate them by conventional separation methods. To the best of our knowledge, this was the first report that compound 1 was isolated from the fungus with high yield of 43.3% (compound/crude extract = 5.84 g:13.50 g). Worth mentioning was that compound 1a (5-hydroxyramulosin) was reported with good antifungal activity against the fungal pathogen Aspergillus niger (IC50 = 2.10 μg/ml) and remarkable cytotoxicity to murine leukemia cells (IC50 = 2.10 μg/ml) (Santiago et al., 2012).

1-(2,5-Dihydroxyphenyl)-3-hydroxybutan-1-one (2) (Hong et al., 2018): light green-orange powder. HR-ESI-MS: [M + H]+ m/z 197.0804 (calcd for 197.0814).1H NMR (acetone-d6) δ: 11.77 (br s, 1H), 8.19 (br s, 1H), 7.34 (d, 2.94, 1H), 7.09 (dd, 2.94, 8.88, 1H), 6.80 (d, 8.88, 1H), 4.37 (m, 1H), 3.92 (br s, 1H), 3.19 (dd, 8.04, 17.52, 1H), 3.03 (dd, 4.62, 17.52, 1H), 1.26 (d, 6.20, 3H). 13C NMR (acetone-d6) δ: 206.6, 156.6, 150.4, 125.6, 120.3, 119.3, 115.9, 64.8, 48.2, 23.7.



Antimicrobial Activities of Secondary Metabolites Isolated From BYCDW4 and BYCDW8

The antimicrobial activities of the compounds isolated from the strain BYCDW4 and BYCDW8 is shown in Table 3. Under the test concentration of 30 μg/filter paper, compound 1 [5-hydroxyramulosin (1a):biatriosporin M (1b) = 2:1] exhibited some inhibitory activities against all the test pathogens. More specifically, the inhibitory effect on E. coli was the most significant with the IZD of 13.7 mm, which was slightly weaker than that of positive gentamicin sulfate with IZD of 17.7 mm. Compound 1 also showed good antimicrobial activities against C. albicans, B. subtilis, and S. aureus with the IZD of 14.33, 12.17, and 11.33 mm, respectively, which were comparable with those of the positive control. Compound 2 exhibited medium inhibitory activity against B. subtilis and S. aureus, with the IZD range of 8.32–9.13 mm, while it had no inhibition effect on C. albicans.


TABLE 3. Antimicrobial activities of compounds isolated from BYCDW4 and BYCDW8 against the test pathogens (mm).
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DISCUSSION

Microorganisms isolated from the bioprospecting underexploited environments with rich microbial biodiversity has been an important source of active natural products and new microorganism resources. A great variety of cultivable microbial flora was reported to exist in insects (Douglas, 2015; Shao et al., 2017; Blackwell and Vega, 2018). These important microbial resources were increasingly reported to be important sources of new natural products (Carr et al., 2012; Adnani et al., 2017; Xiao et al., 2017). In this study, the diversity of symbiotic fungi associated with O. formosanus and endophytic bacteria were studied. Thirty-nine fungi, including some potential new species, were isolated by culture-dependent method and molecular biological identification. To our knowledge, this is the first time that the phylogenetic diversity of cultivable and biological activity screening of secondary metabolites of fungi isolated from O. formosanus was studied, which will provide an important microbial resource for the discovery of new species and natural products.

Today, multidrug resistance of pathogens represents one of the major challenges to treat infectious diseases in community- and hospital-acquired infection diseases. There is also an urgent need for new antibiotics against gram-negative bacteria which have already been resistant to existing carbapenems and third-generation cephalosporins (Luther et al., 2019). In our study, the crude extract of potential new fungus BYCDW4 showed especially notable inhibitory effect against gram-negative E. coli (ATCC 8739) with the IZD of 21.07 mm, which was stronger than that of the positive gentamicin sulfate. The inhibition effect of crude extract against E. coli was better than purified compound 1 with the IZD of 13.6 mm. This might be the result of the synergistic action of multiple compounds, or the more active compounds have not been separated from the crude extract. Further research on other metabolites of BYCDW4 will be expected to develop new antibiotics for the treatment of gram-negative bacteria.

The potential new isolates BYCDW24 and BYCDW25 (in the order Pleurotheciales) presented selectively antimicrobial activities against the pathogens. BYCDW25 had good inhibitory activity against C. albicans and nearly no inhibition to E. coli, while BYCDW24 showed certain inhibitory effect on E. coli but no effect on C. albicans. As we reported, the BYCDW24 and BYCDW25 shared the same evolutionary relationship except the BYCDW25 harboring one endophytic bacterium. Similar to endobacteria of insects, the endobacteria of fungi showed a range of behaviors from mutualism to antagonism (Bonfante and Desiro, 2017). It has been reported that endobacterium affects the activity of host fungus (Partida-Martinez and Hertweck, 2005; Lackner and Hertweck, 2011). Whether the endobacterium from BYCDW25 played an important role in the biological activity should be further explored.

It is reported that the majority of symbiotic bacteria was identified as Bacillus from the fungus-growing termite (Mathew et al., 2012; Zhu et al., 2012). In our experiments, 66.7% (6/9) symbiotic bacteria from the cultivable fungi were identified as Bacillus, which proved that these dominant bacterial symbionts can also inhabit fungi isolated from the gut of O. formosanus.



CONCLUSION

In this study, 39 fungi were isolated and identified from O. formosanus, which were belonging to two phyla and four classes. Furthermore, nine bacterial 16S rRNA sequences were obtained from total fungal genomic DNA. All bacterial symbionts belonged to four genera: Bacillus, Methylobacterium, Paenibacillus, and Trabulsiella. The antimicrobial bioassay showed that 25 fungal extracts (64%) exhibited antibacterial activities against at least one of the tested bacterial strains. Furthermore, the secondary metabolites 1 [5-hydroxyramulosin (1a):biatriosporin M (1b) = 2:1] from the Pleosporales sp. BYCDW4 exhibited potent antimicrobial activities against all tested pathogens with the IZD of more than 11.3 mm, which were comparable with those of the positive control. 1-(2,5-Dihydroxyphenyl)-3-hydroxybutan-1-one (2) from the Microdiplodia sp. BYCDW8 showed medium antibacterial activities against B. subtilis and S. aureus. In conclusion, the report showed the diversity of insect symbionts had a potential to develop the resource of new species and antibiotics.
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Microbial and non-microbial plant biostimulants have been successfully used to improve agriculture productivity in a more sustainable manner. Since the mode of action of biostimulants is still largely unknown, the present work aimed at elucidating the morpho-physiological and metabolomic changes occurring in maize (Zea mays L.) leaves and roots following seed treatment with (i) a consortium of two beneficial fungi [arbuscular mycorrhizal fungi (AMF) and Trichoderma koningii TK7] and rhizobacteria, (ii) a protein hydrolyzate-based biostimulant (PH) alone, or (iii) in combination with a consortium of T. koningii TK7 and rhizobacteria. The application of PH alone or in combination with Trichoderma elicited significant increases (+16.6%) in the shoot biomass compared to untreated maize plants, whereas inoculation with AMF + Trichoderma elicited significant increases in root dry biomass (+48.0%) compared to untreated plants. Distinctive metabolomic signatures were achieved from the different treatments, hence suggesting that different molecular processes were involved in the plants response to the biostimulants. The metabolic reprogramming triggered by the treatments including the protein hydrolyzate was hierarchically more pronounced than the application of microorganisms alone. Most of the differential metabolites could be ascribed to the secondary metabolism, with phenylpropanoids and terpenes being the most represented compounds. The application of PH triggered an accumulation of secondary metabolites, whereas the opposite trend of accumulation was seen in the case of microorganisms alone. The increase in biomass could be related to two processes, namely the modulation of the multilayer phytohormone interaction network and a possible increase in nitrogen use efficiency via the GS-GOGAT system.

Keywords: protein hydrolyzate, mycorrhiza, phytohormones, plant metabolomics, Trichoderma, Zea mays L.


INTRODUCTION

Nowadays, agriculture is facing new and concurrent challenges such as boosting crop productivity and coping with food insecurity. Considering that the global population will reach 10 billion by 2055 the environmental impact of agriculture has to be minimized and natural resources (i.e., soil quality and water) have to be preserved for future generations, both sustainability and low production costs are required to remain competitive in a globalized economy (FAO, 2009). Maize (Zea mays L.) has gained economic significance at a global level, contributing about 12.4% of the world’s food demand (38% of cereals) and ranking first in production volume worldwide (1,135 million tons) (FAO, 2017). Enhancing resource use efficiency (e.g., water and nutrients) through novel, sustainable and eco-friendly strategies, is an urgent need to secure yield stability and food security while preserving soil quality and providing new business opportunities for farmers (Searchinger et al., 2018).

An eco-friendly, sustainable and innovative method that is able to tackle the upcoming challenges is the incorporation of biostimulant technology in the cropping system, especially biostimulants of plant origin (Chiaiese et al., 2018; Rouphael et al., 2018c). In a recent EU Regulation, “plant biostimulant” has been defined as an EU fertilizing product which is applied to crop plants or rhizospheres with the aim of modulating plant physiological functions and of improving crop productivity, efficiency of nutrient use, quality of crop products and abiotic stresses tolerance (EU, 2019). Plant biostimulants by this definition include several substances with bioactive properties: humic and fulvic acids, protein hydrolyzates, seaweed extracts, plant extracts and silicon, as well as plant growth promoting microorganisms: arbuscular mycorrhizal fungi (AMF), Trichoderma, and plant growth promoting rhizobacteria (PGPR) (Calvo et al., 2014; Battacharyya et al., 2015; Canellas et al., 2015; Colla and Rouphael, 2015; Colla et al., 2015a, 2017b; du Jardin, 2015; Rouphael and Colla, 2018, 2020).

Arbuscular mycorrhizal fungi and Trichoderma represent two major classes of beneficial microbes (López-Bucio et al., 2015; Rouphael et al., 2015). The biostimulant action of these endophytic fungi under both favorable and stressful soil or environmental conditions has been associated with several putative mechanisms including: (i) the production of key enzymes such as phosphatases and/or release of small peptides, volatiles, and active metabolites that have hormone-like activity, (ii) enhancing photosynthetic efficiency and water relations, (iii) the promotion of nitrate, phosphate and ammonia transporters, (iv) the accumulation of osmoprotectants and antioxidants, and (v) the modulation of plant root architecture through the increase of root length, density and branching, resulting in enhanced nutrient uptake (P, Fe, Mn, and Zn) (Contreras-Cornejo et al., 2009; Woo et al., 2014; López-Bucio et al., 2015; Rouphael et al., 2015; Fiorentino et al., 2018; Lucini et al., 2019; Saia et al., 2019, 2020).

Another prominent category of non-microbial plant biostimulants that has demonstrated beneficial effects on shoot and root stimulation, similar to those exerted by microbial-based biostimulants, is represented by protein hydrolyzates. In particular they contain a mixture of free amino acids and peptides obtained via the chemical or enzymatic partial hydrolysis of protein sources from either animal or vegetal origin (Calvo et al., 2014; Haplern et al., 2015). Direct and indirect modes of action underlying the biostimulant activity of plant- or animal-based protein hydrolyzates include: (i) the stimulation of C and N metabolism by triggering key enzymes, (ii) the induction of hormone-like activities, in particular those of auxins and gibberellins, (iii) the stimulation of secondary metabolism by increasing antioxidant capacity, (iv) the modulation of root growth which can consequently result in a ‘nutrient acquisition response’ improving resource use efficiency (Schiavon et al., 2008; Ertani et al., 2009, 2013, 2017; Colla et al., 2015a,b, 2017a,b; Rouphael et al., 2017, 2018b; Sestili et al., 2018).

For field crop species such as maize, biostimulants (and in particular the microbial ones) are applied as a seed treatment or directly onto plant and soil. However, seed treatment has been proven to be an economical and efficient tool to introduce non-microbial and microbial biostimulants in the soil rhizosphere, compared to foliar spray or substrate/soil drench where a high quantity of the product is required (Tavares et al., 2013; Colla et al., 2015b).

Despite the significant advancements made in the last decade in terms of studying the effects of plant biostimulants on a broad spectrum of field and horticultural crops, there are two main bottlenecks that hamper scientists, private industries and farmers from extensively implementing plant biostimulants into agronomic practices. Firstly, an increase in knowledge about the molecular and physiological mechanisms underlying biostimulant action could substantially support and facilitate the diffusion of these products in the agricultural sector. Second, an increased awareness and knowledge about the combined application of microbial and/or non-microbial plant biostimulants may represent a valuable solution to render agriculture more resilient and sustainable.

From this perspective, the omics sciences, and in particular untargeted metabolomics, are considered to be a powerful tool to reveal the effects of biotic and abiotic factors on plant physiology (Tenenboim and Brotman, 2016). Metabolomics can help to shed light onto the biochemical processes involved in plant response to biostimulants (Bernardo et al., 2019; Wu et al., 2019). Therefore, the current research aims to overcome the above-reported bottlenecks by investigating the changes in shoot and root biomass and partitioning together with the metabolic reprogramming elicited on maize by either endophytic fungi (Trichoderma koningii TK7 and mycorrhiza: Rhizoglomus irregulare BEG72 and Funneliformis mosseae BEG 234), a legume-derived protein hydrolyzate, alone or as a combination of the both legume-derived protein hydrolyzate with T. koningii TK7. Finally, the insights from this work can improve the poor knowledge of the mode(s) of action and can address the development and optimization of plant biostimulants.



MATERIALS AND METHODS


Tested Crop, Greenhouse Growth Conditions, and Experimental Setup

The trial was conducted in the 2016 growing season in a polyethylene greenhouse located at the Experimental Farm ‘Nello Lupori’ of Tuscia University, central Italy (latitude 42°25′ N, longitude 12°08′ E, altitude 310 m). Inside the polyethylene greenhouse, ventilation was provided automatically when the air temperature exceeded 26°C, and light was provided only by natural solar radiation. During the experiment, daily mean values of solar radiation at crop level ranged from 16.1 to 22.3 MJ m–2. The mean air temperature and relative humidity inside the greenhouse were 20°C and 60%, respectively. The trial was performed on maize (Zea mays L.) cultivar ‘PR36B08’ (Pioner, Gadesco-Pieve Delmona, Italy) belonging to FAO class 300.

Seeds of maize were surface sterilized with a solution containing 80% of ethanol. After sterilization (10 min), the seeds were washed two times with sterile distilled water. On May 4, maize seeds were sown in plastic pots (diameter of 18 cm) filled with 4.0 L of fluvial sand at a rate of five seeds per pot. Fluvial sand was previously washed with distilled water using 5 L of water for each liter of sand, and then sterilized in an autoclave twice to kill spores of bacteria and fungi. The experiment included the following four treatments:


(1)seed treatment with 3 g of a consortium of arbuscular mycorrhizal fungi (AMF), T. koningii TK7 and rhizosphere bacteria (‘Covenant,’ produced by Atens, Agrotecnologías Naturales, S. L., Tarragona, Spain, containing 230 spores g–1 of Rhizoglomus irregulare BEG72, 230 spores g–1 of Funneliformis mosseae BEG 234, 3 × 108 Colony-forming unit [CFU] g–1 of T. koningii TK7, 4 × 107 CFU g–1 of rhizosphere bacteria such as Bacillus megaterium MHBM77) per 1 kg of seed;

(2)seed treatment with a solution containing 0.3 g of a consortium of T. koningii TK7 and rhizosphere bacteria such as Bacillus megaterium MHBM77 (‘Covenant Trichoderma,’ produced by Atens, Agrotecnologías Naturales, S. L., Tarragona, Spain, containing 2 × 109 CFU g–1 of T. koningii TK7, 1 × 107 CFU g–1 of rhizosphere bacteria such as Bacillus megaterium MHBM77) plus 0.45 ml of a protein hydrolyzate-based biostimulant (PH) (‘Coveron Stim’ produced by Italpollina s.p.a, Rivoli Veronese, Italy, containing 70 g kg–1 of organic N) per 1 kg of seed;

(3)seed treatment with 0.45 ml of a protein hydrolyzate-based biostimulant (‘Coveron Stim’) per 1 kg of seed;

(4)untreated control.



The protein hydrolyzate included in the ‘Covenant’ and ‘Coveron Stim’ products was a legume-derived protein hydrolyzate obtained through enzymatic hydrolysis of proteins derived from legume seeds. It contains 50 g kg–1 of N as free amino acids, and soluble peptides. The aminogram of the product in g kg–1 was: Ala (12), Arg (18), Asp (34), Cys (3), Glu (54), Gly (12), His (8), Ile (13), Leu (22), Lys (18), Met (4), Phe (15), Pro (15), Thr (11), Trp (3), Tyr (11), Val (14). All three products contain a green natural colorant for verifying the uniformity of product distribution on seed surface.

Seed treatments were performed with a seed-treatment machine able to automatically spray the seed surface with a water suspension/solution containing the products at a rate of 10 ml per kg of seed. Treatments were arranged in a randomized block design with three replicates. Each experimental unit consisted of six pots. Besides the required pots (18 pots per treatment), 10 extra pots per treatment were also prepared. One week after the initial emergence of seedlings, pots having less than four plants were discarded.

Plants were fertirrigated starting 1 week after sowing. The basic nutrient solution used was a modified Hoagland and Arnon formulation having the following macro and micro mineral composition: 7.0 mM N–[image: image], 1.5 mM S, 0.2 mM P, 2.7 mM K, 5.5 mM Ca, 1.5 mM Mg, 20.0 μM Fe, 9.0 μM Mn, 0.3 μM Cu, 1.6 μM Zn, 20.0 μM B, and 0.3 μM Mo. The nutrient solution was prepared using de-mineralized water. The electrical conductivity and pH of the nutrient solution were 1.8 dS m–1 and 6.0, respectively.



Biomass Determination, Partitioning, and SPAD Index Measurement

At 16 days after sowing (May 19), all maize plants per experimental plot (i.e., the replicates) were harvested and the shoots (sum of leaves and stems) were separated from the roots. Shoots and roots were dried in a forced-air oven at 70°C for 72 h until constant weight, then the shoots and roots dry matter content were recorded. The root-to-shoot ratio was also calculated.

Plant Analysis Development (SPAD) index (i.e., a non-destructive measurement of chlorophyll content) was measured on undamaged maize leaves by means of a portable SPAD-502 chlorophyll meter (Konica-Minolta, Tokyo, Japan). Ten measurements were conducted on randomly picked maize leaves per experimental plot, then averaged to a single SPAD value for each replicate as described by Kumar et al. (2015).



Sampling and Untargeted Metabolomic Analysis

The first expanded maize leaf and terminal roots samples were collected from two plants per experimental plot (i.e., replicate) from each of the four tested treatments. Samples of maize leaf and roots (six samples of leaves and sx samples of roots per each treatment) were ground with liquid nitrogen using pestle and mortar, and then extracted as previously reported (Rouphael et al., 2018b). Briefly, an aliquot (1.0 g) was extracted in 10 mL of 0.1% HCOOH in 80% aqueous methanol using an Ultra-Turrax (Ika T-25, Staufen, Germany). The extracts were centrifuged (12000 × g) and the untargeted metabolomic screening was carried out using an UHPLC liquid chromatography system and a quadrupole-time-of-flight mass spectrometer equipped with an electrospray ionization source (UHPLC/Q-TOF), according to a previously reported set up (Pretali et al., 2016). In more detail, a 1290 LC system was coupled to a G6550 quadrupole-time-of-flight mass spectrometer (Agilent Technologies Santa Clara, CA, United States). Chromatographic separation was achieved in reverse phase mode, using a C18 column (100 mm × 2.1 mm, 1.8 μm) and a binary gradient consisting of water and methanol (from 5 to 90% organic in 34 min) with a flow rate of 200 μL min–1. The mass spectrometer operated in the positive polarity and in SCAN mode (range of 100–1200 m/z in extended dynamic range settings).

Compound annotation was achieved by combining both the monoisotopic accurate mass and isotopic pattern (i.e., isotope spacing and ratio), adopting a mass accuracy tolerance of <5 ppm and using the software Profinder B.07 (Agilent technologies) and a database exported from PlantCyc 9.6 (Plant Metabolic Network1). The annotation strategy corresponded to Level 2 (putatively annotated compounds) of COSMOS Metabolomics Standards Initiative2. A filter-by-frequency algorithm was then applied, retaining only those compounds present in 75% of replicates within at least one treatment.



Statistics and Chemometrics

The statistical analysis was carried out using IBM SPSS Statistics 20 (Chicago, IL, United States). The plant biomass and partitioning, as well as SPAD index, were subjected to one-way analysis of variance (ANOVA). Mean values were separated according to a Duncan test with P = 0.05.

Interpretation of the metabolomic analysis was initially carried out using Mass Profiler Professional 12.6 (Agilent Technologies) for log2 transformation of compound abundance, normalization at the 75th percentile, and baselining against the median of each compound in the dataset. Thereafter, hierarchical cluster analysis (Euclidean distance, Ward’s linkage) was performed to investigate in an unsupervised manner the relatedness across treatments. The dataset was then imported into SIMCA 13 software (Umetrics, Malmö Municipality, Sweden) and elaborated through supervised orthogonal projection to latent structures discriminant analysis (OPLS-DA). The OPLS-DA model was cross validated (CV-ANOVA), inspected for outliers (Hotelling’s T2), and thereafter model parameters (degree of correlation and prediction ability, R2Y and Q2Y respectively) were recorded. Overfitting was excluded through a permutation test (n = 100) and discriminant compounds selected by variables importance in projection (VIP) in the OPLS predictive model. The VIP score was calculated as a weighted sum of the squared correlations between the OPLS-DA components and the original variables. Compounds possessing a score > 1.32 were selected as discriminants. To gain a more in-depth knowledge about the individual effect of each biostimulant on the plant physiology Volcano analysis was also performed (P < 0.01, Bonferroni multiple testing correction; fold-change FC ≥ 2) and the differential compounds were exported to the PlantCyc pathway Tools software (Karp et al., 2010) to highlight the metabolic pathways and processes involved in plant response to treatments.




RESULTS


Biostimulant Action of Microbial and Non-microbial Biostimulants on Growth Responses and SPAD Index

The results concerning plant biomass and partitioning as well as SPAD index in relation to microbial (AMF + Trichoderma) and non-microbial [protein hydrolyzate (PH) biostimulants alone or in combination with Trichoderma are presented in Table 1. Concerning the effects of biostimulant application on growth responses, our findings showed that the application of PH alone or in combination with Trichoderma elicited significant increases (+16.6%) in the shoots compared to untreated maize plants, whereas inoculation with AMF + Trichoderma, exhibited intermediate values. Regarding the root dry biomass, the inoculation with AMF + Trichoderma elicited significant increases (+48.0%) compared to untreated plants, whereas both PH and PH + Trichoderma combinations exhibited intermediate values (average +25% compared to the control treatment) (Table 1). The co-inoculation of maize plants with AMF and T. koningii TK7 enhanced the root-to-shoot ratio and SPAD index compared to the other three treatments (i.e., untreated or treated with PH and PH + Trichoderma; Table 1). Finally, the highest values of shoot and root dry matter content were recorded in PH and in both PH or PH + Trichoderma treatments, respectively (Table 1).


TABLE 1. Effect of seed treatments with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH), on dry weight and dry matter of shoots and roots, root-to-shoot ratio and SPAD index in maize plants.
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Implications of Microbial and Non-microbial Seed Tanning on the Metabolomic Profiling of Maize Leaves and Roots

In order to understand the effect of the different microbial and non-microbial biostimulants on maize at a molecular level, an untargeted metabolomic approach based on UHPLC-QTOF mass spectrometry was carried out. Overall, the metabolomic analysis lead us to putatively annotate more than 3,600 compounds in leaves and/or roots (Supplementary Table 1) that allowed us to discriminate the four treatments based on their metabolomic signatures.

In particular, an unsupervised hierarchical cluster analysis was first performed to identify similarities/dissimilarities among the treatments based on their metabolic profiles. The fold-change based heat map grouped the treatments in two main clusters (Figure 1). The combined treatment with microorganisms showed a less pronounced effect on both roots and leaves, as compared to the PH application, and considering that the AMF + Trichoderma treatment clustered together with the untreated control. However, a second well-separated cluster including the PH treatment and the combined PH + Trichoderma treatment was observed (Figure 1).
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FIGURE 1. Unsupervised hierarchical cluster analysis carried out from UHPLC-ESI/QTOF-MS metabolomic analysis of leaves (A) and roots (B) of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH). The fold-change based heat map was used to build hierarchical clusters (linkage rule: Ward; distance: Euclidean).


After the unsupervised analysis, a supervised multivariate analysis of the metabolomics-based data was produced to better highlight the differences between treatments and identify discriminant compounds. Indeed, OPLS discriminant analysis was more effective in separating all the biostimulant-treated maize plants from the untreated control (Figure 2). The OPLS model indicators emphasized the predictivity of the model with R2Y (the goodness-of-fit) = 0.98 and 0.99 and Q2Y (goodness-of-prediction) = 0.52 and 0.64 for leaves and roots, respectively. The first latent vector could discriminate between the PH-containing treatment and the other groups, while the second vector accounted for the differences between the combined treatment with microbial biostimulants (AMF + Trichoderma) and the control treatment. Although the application of microorganisms induced a distinctive metabolic reprogramming, the PH-containing treatment showed the highest effect since the replicates were found to be completely separated from the other treatments in both leaves and roots. However, no separation was achieved between the PH treatment alone and the combined PH + Trichoderma treatment, thus strengthening the hypothesis of a hierarchically more pronounced effect of the PH-based products.
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FIGURE 2. Orthogonal projection to latent structures discriminant analysis (OPLS-DA) supervised modeling of leaves (A) and roots (B) of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH). The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was Pareto scaled and then used for the multivariate OPLS-DA modeling.


Overall, 216 compounds were recorded as discriminant in leaves by VIP analysis (Supplementary Table 2). Isoprenoids and phenylpropanoids were the most represented class of metabolites. Among isoprenoids, our results highlighted diterpenoids related to hormones biosynthetic such as kauralexin andent-kaurenal, as well as gibberellins, sesquiterpenes, and carotenoids. However, 133 compounds were pointed out as markers by VIP analysis in roots (Supplementary Table 3). Among these compounds, we underlined the presence of hormones including gibberellins, brassinosteroids and abscisic acid, together with jasmonate-related compounds.

The complete list of significant metabolites derived from Volcano analysis was consistent with the outcome of VIP analysis and is provided as Supplementary material (Supplementary Tables 4, 5). Interestingly, secondary metabolism was affected by all treatments in both leaves (Figure 3) and roots (Figure 4). Irrespective from the plant organ considered, the treatment with microorganisms in combination (AMF + Trichoderma) showed an effect on secondary metabolism with a general down-regulation, while PH alone or in combination with Trichoderma showed an up-regulation of secondary metabolism in leaves (Figure 3). It can be seen that secondary metabolism related compounds were the most involved, since over 150 compounds in leaves were affected by the treatments (Table 2). This PH-mediated response was characterized by the marked increase of phenylpropanoids (up-accumulated following PH application), at the expense of other phytoalexins, in contrast to the microorganism-treated plants. In fact L-phenylalanine, the upstream key compound in the phenylpropanoid biosynthetic pathway, as well as other amino acids and intermediate compounds, were up-regulated in leaves in the presence of PH. The omics viewer built-into PlantCyc allowed the visualization of some other groups of small molecules altered by the treatments including cofactors and prosthetic groups (tetrapyrroles and porphyrins), electron carriers (quinols and quinones), and vitamins. Similar metabolic trends could be observed in both the PH and PH + Trichoderma treatments. Although apparently displaying a similar response, the AMF + Trichoderma treatment showed a general down-accumulation of secondary metabolism, with several compounds (not affected by PH) being strongly decreased. In addition, the profile of phytohormones was also altered by the treatments. Gibberellin-related compounds were more abundant in the presence of PH alone or in combination with Trichoderma, whereas an opposite trend could be observed for abscisic acid. Although less evident, an accumulation of both brassinosteroids and cytokinins could be observed following PH application.


TABLE 2. Summarized biosynthesis processes highlighted in leaves of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH).
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FIGURE 3. Biosynthesis processes which take place in leaves of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH). The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis (P < 0.01, fold-change > 1.2) and differential metabolites were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The x-axis represents each set of subcategories while the y-axis corresponds to the cumulative fold-change.
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FIGURE 4. Biosynthesis processes which take place in roots of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH). The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis (P < 0.01, fold-change > 1.2) and differential metabolites were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The x-axis represents each set of subcategories while the y-axis corresponds to the cumulative fold-change.


On the other hand, the treatments seemed to have a more pronounced effect on roots, since more than 500 compounds were found as discriminants by the Volcano analysis (as compared to about 330 compounds significantly affected in leaves) (Supplementary Tables 4, 5). The effect of PH and PH + Trichoderma on the root metabolome was very similar (Figure 4) even though plants treated with AMF + Trichoderma showed a distinct signature. Consistently with leaves, the biosynthesis plot of PlantCyc showed that secondary metabolism was the most affected by the treatments. Indeed, over 200 metabolites involved in secondary pathways were identified overall (Table 3). The AMF + Trichoderma combined treatment caused a general decrease in secondary metabolites while the roots in the presence of PH, alone or in combination, showed an increase in this class of metabolites. Phenylpropanoids, N-containing compounds and terpenoids were the most down-regulated groups in the AMF + Trichoderma treatment. In contrast, these compounds together with other phytoalexins and polyketides, were the most up-regulated secondary compounds in the presence of PHs. As noted for leaves, the quinol and quinones pathway was significantly up-regulated in the presence of PH. The metabolic reprogramming induced by the treatments on phytohormones was also more pronounced in roots than leaves. A generalized increase of auxins and a decrease in jasmonates could be observed in all treatments, whereas the opposite trends could be observed when microorganisms were applied alone, compared to the treatments including PH. Gibberellin- and cytokinin-related compounds were more abundant following PH application and less abundant in presence of the microorganisms (AMF + Trichoderma), compared to the control. The same trend could be observed for brassinosteroids.


TABLE 3. Summarized biosynthesis processes highlighted in roots of maize plants treated with a consortium of arbuscular mycorrhizal fungi (AMF), Trichoderma koningii TK7, and rhizosphere bacteria or with a consortium of Trichoderma koningii TK7 and rhizosphere bacteria (Tricho) plus a protein hydrolyzate-based biostimulant (PH), or with a protein hydrolyzate-based biostimulant (PH).
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Finally, fatty acids, amino acids and their intermediate compounds showed an up-accumulation in the presence of PH or PH + Trichoderma. Interestingly, glutamate, glutamine and asparagine were accumulated in roots, whereas only asparagine accumulated in leaves following PH application. This may indicate that glutamine synthetase – glutamine oxoglutarate aminotransferase (GS-GOGAT) was involved in the maize response to the treatments including PH, thus suggesting the involvement of nitrogen assimilation and the subsequent export to shoots.




DISCUSSION

Biostimulants are EU fertilizing products having a beneficial effect on plants in low quantities because they are able to improve one or more of the following characteristics: (i) tolerance to abiotic stress, (ii) nutrient use efficiency, and (iii) quality traits (EU, 2019). These products include both substances and beneficial microorganisms (du Jardin, 2015). Since the mode of action of biostimulants is still largely unknown, the effect of microorganisms (in particular AMF and T. koningii TK7) in combination with PHs was investigated in order to shed light onto the molecular and biochemical processes following their application to plants. Diverse responses were found in plants treated with microorganisms alone rather than with PHs, differing by the specific pathways elicited in treated plants. Our results underline the nature of biostimulants as modulators of specific plant responses, since such responses were not generalized but rather depended on the treatment considered. From a phenotypic point of view, the application of PH alone or in combination with Trichoderma had the most positive effect on shoot biomass, followed by the co-inoculation with AMF and Trichoderma. The presumed mechanisms behind the desired effects on crop traits by PH or PH + Trichoderma could be related (i) to the release of signaling molecules with auxin and ethylene-like activity, in particular bioactive volatile compounds by Trichoderma and (ii) to the hormone-like activity (i.e., auxin and gibberellin-like activities) as well as the increase in the activity of key enzymes like glutamine synthetase and nitrate reductase by PH (Schiavon et al., 2008; Vinale et al., 2008; Matsumiya and Kubo, 2011; Colla et al., 2014; Sestili et al., 2018). The former biostimulant activity of PH alone or in combination with Trichoderma may have increased nutrient bioavailability to the plants, thus boosting biomass production. On the other hand, the co-inoculation with endophytic fungi stimulated the below ground root growth (higher root biomass) compared to PH, PH + Trichoderma and especially to the untreated control. A stimulation/modulation of root auxin production after the inoculation with AMF strains (Rhizoglomus irregulare BEG72 and Funneliformis mosseae BEG 234) may explain the increase of root biomass in mycorrhized plants, as reported previously in maize, tomato, pepper, lettuce, zucchini, and wheat (Colla et al., 2015a, b; Lucini et al., 2018; Saia et al., 2019, 2020).

The metabolomic profile of both maize leaves and roots were clearly affected by microbial and non-microbial biostimulants, as highlighted by unsupervised and supervised multivariate statistics. As expected, secondary metabolism in both leaves and roots was markedly modulated by the treatments. In general, microorganisms induced a down-regulation of phenylpropanoid, terpenoids, and N-containing secondary metabolites biosynthesis. These findings are supported by the fact that phenylalanine and tryptophan biosynthesis were decreased, although it has been reported that phenylalanine derivates play an important role in plant responses to AMF (Basu et al., 2018). However, in the presence of mycorrhizal fungi, glycolipids and phospholipids, as well as the biosynthetic intermediates of sterols, were up accumulated, mainly in roots. In this sense, several studies suggest that HMG-CoA reductase, a key enzyme of sterol biosynthesis, is involved in plant responses to AMF (MacLean et al., 2017). It is also known that lipids in membranes play an important role in microbial infection and some genes related to lipid metabolism are upregulated in plants following microbial attack. Lipidic metabolites could be involved as signal molecules or by modifying the lipid bilayers. Specifically, lipidic metabolites, such as choline, are involved in the metabolism of phosphatidic acid which is an important secondary messenger. Glycolipids and galactolipids in particular have a relevant function in plant–pathogen interactions and signal transduction (Siebers et al., 2016). The accumulation of these membrane lipids in our plants (mainly in the roots) after the application of microorganisms suggests the involvement of these metabolites in the plants response to microbial biostimulants.

On the other hand, plants treated with PH-containing biostimulants showed a higher number of metabolites involved in the response, as compared to microorganisms alone. Nonetheless, the response of PH and PH + Trichoderma were comparable. Despite a direct effect of PH on Trichoderma that cannot be excluded a priori, our findings suggest a hierarchically stronger effect of PH on plant physiology compared to microorganisms. Considering the pathways affected by PH application, this biostimulant could have a stronger metabolic reprogramming effect by modifying the essential metabolism of N and C. In this sense, it has been reported that PH acts by increasing, either directly or indirectly, the plant growth and crop yield by enhancing nutrient uptake and nutrient use efficiency in plants (Paul et al., 2019a, b). Several studies reveal that PHs stimulated some enzymes involved in N assimilation and C metabolism (Ertani et al., 2009; Colla et al., 2015a, b, 2017b). In our study, PH imposed a marked remodulation of the metabolic pathways of amino acids. Particularly interesting was the upregulation of the phenylalanine biosynthetic pathway after PH application. This aromatic amino acid, biosynthesized via shikimate, is a precursor of phenylpropanoids which are linked to plant stress responses (Böttger et al., 2018). Consistently, other metabolites derived from shikimic acid such as chorismate were increased in the presence of PH, in agreement with the concurrent stimulation of the pathway of phenylpropanoid secondary metabolites.

Previous studies support the fact that the phenylpropanoid pathway is part of the reaction of plants to PHs (Lucini et al., 2015, 2018; Carillo et al., 2019). Some biostimulants are postulated to enhance the activity of PAL, a key enzyme in this pathway; Ertani et al. (2017) showed an increase in total phenolic compounds and an increase in the expression of PAL in tomato plants treated with an alfalfa-based PH. Other authors found an increase of PAL (ZmPAL1) gene expression and PAL activity in maize treated with 1 mg C/l of humic substances (Schiavon et al., 2010). These findings corroborate our results, suggesting a crucial role of phenylpropanoids in the response to PH biostimulants.

Hormones were also affected by PH, with a more evident modulation in the roots. The treatments induced reprogramming of the whole phytohormone profile. It is noteworthy that plant growth is known to be regulated by a complex and partially understood interaction network of hormones like auxins, cytokinins, and gibberellins (Liu et al., 2017). In fact, a regulation of all these hormones was triggered in maize roots by the treatments applied in this study, together with the modulation of brassinosteroids and jasmonates. Gibberellins, the most up accumulated phytohormones, play a crucial role in plant development comprising of shoot and root growth, leaf morphogenesis, germination dormancy, seed production, and flowering (Marzec, 2017). DELLA proteins have been related to the interaction between gibberellins and other hormones such as brassinosteroids, jasmonate, and ethylene (Liu et al., 2017). The concurrent increase in abscisic acid following PH treatment is also worth considering, since this hormone coordinates auxins to determine elongation, lateral root formation and architecture in general (Harris, 2015). In relation to hormones, it has been reported that PHs could affect the phytohormonal balance and elicit auxin- and gibberellin-like activities. Moreover, plant bioactive peptides has been noted to have hormone-like activities (Colla et al., 2015a, b, 2017). In particular, Ertani et al. (2009) and Colla et al. (2014) reported that PHs could have auxin-like and gibberellin-like activity. Although the depiction of this hormonal coordinated network is complicated, we can postulate that the hormonal signatures induced by the treatments are involved in the improved plant growth we observed. The more distinctive phytohormone profile gained in plants treated with the microorganisms alone can also explain the differences in root growth and root-to-shoot ratio we observed from this treatment.

Another factor pertaining to the increased biomass we observed following the biostimulant treatments is the potential involvement of the GS-GOGAT nitrogen assimilation system. Indeed, this system represents the first step of incorporating both ammonium and nitrate into organic compounds. Glutamate and glutamine are the first results of this process, while asparagine is one of the most common ways to export nitrogen to shoots. Consistently, the former accumulated in roots whereas the latter accumulated in shoots. This opens the possibility that the treatments increased nitrogen use efficiency, although specific studies are advisable with this aim. Nonetheless, preliminary evidence that protein hydrolyzates can promote nitrogen use efficiency is present in prior literature (Colla et al., 2017a).



CONCLUSION

Over the past decade, the application of microbial and non-microbial biostimulants in intensive and extensive cropping systems has been on the rise, compelled by the increasing interest of growers, scientists, and private sectors. In fact, the agriculture industry has been requested to boost crop productivity in a sustainable manner, even for extensive crops such as maize. A biostimulant activity was observed in the current study in maize, demonstrating that the application of PH alone or in combination with Trichoderma as well as the co-inoculation with endophytic fungi (AMF + Trichoderma) can generate beneficial effects in terms of plant growth promotion. Co-inoculation with endophytic fungi or the application of PH alone or in combination distinctively modulated the metabolite profile of both maize leaves and roots. Untargeted metabolomics followed by multivariate statistics allowed us to shed light onto the biochemical processes elicited by the treatments. The specific metabolomic signatures achieved from the different treatments indicate that different molecular processes are involved in plant responses to biostimulants, thereby not excluding their combined use in order to provide complementary benefits. Nonetheless, PH induced a hierarchically more pronounced metabolomic response. In general, secondary metabolism (including phenylpropanoids and terpenes) was extensively affected by the different biostimulants, although the direction of regulation was different when only microorganisms (without PH) were used. The multilayer interaction network of phytohormones was also modulated by the treatments, thus supporting the hypothesis of a hormone-like activity ascribed to several biostimulants. For the first time, the treatments considered suggested that nitrogen use efficiency might be involved in the mechanism of the increased plant growth observed. This point is of particular interest and deserves future studies based on more targeted approaches.
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Plant-parasitic-nematodes represent a major threat to the agricultural production of different crops worldwide. Due to the high toxicity of chemical nematicides, it is necessary to develop new control strategies against nematodes. In this respect, filamentous fungi can be an interesting biocontrol alternative. The genus Trichoderma, mycorrhizal and endophytic fungi are the main groups of filamentous fungi studied and used as biological control agents (BCAs) against nematodes as resistance inducers. They are able to reduce the damage caused by plant-parasitic nematodes directly by parasitism, antibiosis, paralysis and by the production of lytic enzymes. But they also minimize harm by space and resource-competition, by providing higher nutrient and water uptake to the plant, or by modifying the root morphology, and/or rhizosphere interactions, that constitutes an advantage for the plant-growth. Besides, filamentous fungi are able to induce resistance against nematodes by activating hormone-mediated (salicylic and jasmonic acid, strigolactones among others) plant-defense mechanisms. Additionally, the alteration of the transport of chemical defense components through the plant or the synthesis of plant secondary metabolites and different enzymes can also contribute to enhancing plant defenses. Therefore, the use of filamentous fungi of the mentioned groups as BCAs is a promising durable biocontrol strategy in agriculture against plant-parasitic nematodes.
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INTRODUCTION

Over 4100 species of plant-parasitic nematodes were described to date, among which, a restricted group of genera is considered as major plant-pathogens, whereas others are specific to a more limited range of crops, both causing a high impact to economically important crops. Damage caused by plant nematodes has been estimated as a projected yield loss of 12.3% ($157 billion) worldwide (Singh et al., 2015), more significant damage comparing to invasive insects (around US$70 billion; Bradshaw et al., 2016). The full extent of worldwide nematode damage is likely to be underestimated, since growers are often unaware of their presence because the symptoms caused in the plant are often non-specific, making difficult to attribute crop losses to nematode damage (Jones et al., 2013; Siddique and Grundler, 2018). Additional losses could be related to food quality and visual imperfections associated with infection symptoms (Palomares-Rius et al., 2017).

These nematodes are usually small soil-borne pathogens that can feed on all plant parts (including roots, stems, leaves, flowers and seeds), although most species feed on roots. They need a protrusible stylet for feeding that they use to penetrate the plant cells. The stylet is connected to three to five pharyngeal glands that produce effector molecules, which are often secreted, facilitating penetration, internal migration, and parasitism (Jones et al., 2013; Mejias et al., 2019). Based on their feeding habitats, plant-parasitic nematodes can be broadly categorized as either ectoparasitic or endoparasitic. However, the most important nematodes in terms of crop losses are sedentary endoparasites, the root-knot (Meloidogyne spp.) and cyst nematodes (Heterodera and Globodera spp.; Jones et al., 2013). Nowadays, there is an increasing need to supply more food to the growing population (FAO, 2017); therefore, the control of plant-parasitic nematodes is also a growing global demand.

Given the high economic impact caused by parasitic nematodes, a large number of strategies have been developed for nematode-control in agriculture, including the use of chemical nematicides. However, the need to deploy effective nematode resistance is intensified with the loss of pesticides due to EU regulations (EC No1107/2009) as they are harmful to human health and contaminant for the environment (Zhang et al., 2014, 2017). Strategies associated with biocontrol are proposed as a much safer alternative and highly practicable for plant-parasitic nematodes management. The term biological control (or biocontrol) applies to the use of living organisms to suppress the population density or impact to a specific pest organism, making it less abundant or less damaging than it would otherwise be. Specifically, biological control of nematodes is defined as the regulation of nematode populations and/or a reduction in nematode damage through the action of organisms antagonistic to them, which occur naturally or through the manipulation of the environment or the introduction of antagonists. The organism that suppresses the pathogen is referred to as the biological control agent (BCA) that can interact directly with the pathogen where we include antagonism (antibiosis and competition for nutrients or space among others) or interact indirectly with the pathogen through the host-plant as for example inducing plant-resistance (systemic acquired resistance or SAR and induced systemic resistance or ISR; Pal and Gardener, 2006; Stirling, 2018; Xiang et al., 2018). Nowadays, a wide variety of organisms are known to act as BCAs against plant-parasitic nematodes such as fungi, bacteria, viruses, protists, nematode antagonists and other invertebrates. BCAs, physical methods such as solarization and fallowing or cultural practices as crop rotation were proved in most cases viable applied in combination and/or with reduced doses of chemicals in a scenario of integrated pest management (Khan and Kim, 2007; D’Addabbo et al., 2019). Biocontrol of plant-parasitic nematodes using predatory nematodes dates back to the early 20th century; nevertheless, their potential has only begun to be studied in recent years. Apart from acting as BCAs against plant-parasitic nematodes, these nematodes play a main role in stimulating cycling of plant nutrients, which allow plants to defend themselves more effectively against the attack of pathogens. There are many examples described in the literature, among which we find for example Odontopharynx longicaudata, effective against M. incognita and M. javanica (among others) and M. gaugleri, effective against Heterodera oryzae and M. incognita (among others; Khan and Kim, 2007).

Interestingly, plant growth-promoting rhizobacterias (PGPRs) enhance plant growth by colonizing the plant root system, but some PGPR showed also nematicidal activity against plant-parasitic nematodes. One clear example is the secondary metabolites produced by Pseudomonas fluorescens CHA0 that induce mortality of nematode eggs and second-stage infective juveniles (J2s; Siddiqui and Shaukat, 2003). In a study conducted by Zhao et al. (2018), from 860 strains of bacteria collected from the rhizosphere, 5 showed high efficacy as BCAs against Meloidogyne javanica, i.e., Bacillus cereus, B. subtilis, Pseudomonas putida, P. fluorescens, and Serratia proteamaculans. Hence, PGPRs, in addition to benefit plants growth, have great potential through direct interaction against pathogens such as nematodes.

Plants also have a series of innate defensive strategies to defend themselves from the attack of pests and pathogens in a targeted manner. Once the attack occurred, the plants recognize non-specific molecules of the cell wall of the microorganisms [pathogen- and/or Microbial-Associated Molecular Patterns (PAMPs/MAMPs)], the oral secretions of the herbivores [herbivore-associated molecular patterns (HAMPs)] or signs of cell-plant damage [Damage-Associated Molecular Patterns (DAMPs)], by cell surface pattern recognition receptors (PRRs) (Mithöfer and Boland, 2008; Ramírez-Prado et al., 2018; Hou et al., 2019). Nematode-Associated Molecular Patterns (NAMPs) and its associated receptors have been scarcely described (reviewed in Ali et al., 2018). However, it is generally accepted that during the plant-pathogen interactions, the detection of PAMPs and DAMPs by PRRs triggers a complex network of intracellular signaling cascades leading to defense responses known as PAMP-triggered immunity (PTI). It involves the induction of plant responses coordinated by stress-hormones such as salicylic acid (SA), mostly associated to biotrophic pathogens, and jasmonic acid (JA), and ethylene (ET) against necrotrophic pathogens and herbivores. Additionally, the pathogens generate a diverse repertoire of effector proteins that avoid PTI, a phenomenon known as effector-triggered susceptibility (ETS), against which plants produce specific effector receptors that activate a specific effector-triggered immunity (ETI) (Shigenaga et al., 2017; Ramírez-Prado et al., 2018).

The plant innate immune system comprises local and systemic defense responses. After the attack of a biotroph pathogen and the occurrence of a programmed cell death response in plants, called hypersensitive response (HR), a broad-spectrum immunity to reinfection through the whole plant body, called systemic acquired resistance (SAR) is activated in the plant. SAR signaling is mainly mediated by SA derived compounds, such as methyl-SA (MeSA). Similarly, numerous beneficial microorganisms are capable of inducing in the plant what is known as induced systemic resistance (ISR) against necrotrophic pathogens and herbivores. ISR is regulated mainly by JA/ethylene (ET) signaling, but dependence on SA signaling has also been reported (Van Wees et al., 2008; Martinez-Medina et al., 2016). Systemic resistance mediated by JA is also induced by wounding and is referred to as wound-induced resistance. This type of systemic resistance against the recognition of molecular patterns promotes an improved state of defenses in the plant, which causes the plant to respond much more quickly and effectively against a biotic attack. This process is known as defense priming, sensitization or trained immunity (Reimer-Michalski and Conrath, 2016; Mauch-Mani et al., 2017; Bürger and Chory, 2019).

While fungal pathogens have detrimental effects on plant physiology, mutualistic fungi augment host defense responses to pathogens and herbivores. Fungal partners secrete bioactive molecules such as small peptide effectors, enzymes and secondary metabolites that facilitate colonization and contribute to both symbiotic and defense against pathogenic relationships (Zeilinger et al., 2015). Trichoderma species, arbuscular mycorrhizas, ectomycorrhizas, endophytes, yeasts, and avirulent/hypovirulent strains of certain pathogens are among the main beneficial fungi with biocontrol capacity, also by induction of ISR (Martínez-Medina et al., 2013; Ghorbanpour et al., 2018). In this context, we will focus this review in those studies of the genus Trichoderma, mycorrhizal and endophytic fungi as BCAs for nematode control.


General Characteristics of Filamentous Fungi From the Genus Trichoderma, Mycorrhizal and Endophytic Fungi as BCAs


Genus Trichoderma

The Trichoderma genus includes a group of anamorphic filamentous fungi whose teleomorphic status has been described in several species, within the Hypocrea genus (Martínez et al., 2015). Trichoderma includes fungi characterized by rapid growth that produce large amounts of conidia whose pigmentation can vary from dark to light green. They grow naturally in different habitats in a wide range of climatic zones from polar to equatorial latitudes; hence, they are the most isolated fungi from the soil (Vinale et al., 2008; Martínez et al., 2015). The species of the genus Trichoderma are ubiquitous colonizers of cellulosic materials and, therefore, can be found wherever there is decaying plant material available, as well as in the plant rhizosphere. However, there are also species specifically limited to some geographic areas (López-Bucio et al., 2015).

A comparative analysis of the genomes of three species of the genus Trichoderma, T. reesei, T. atroviride, and T. virens, has determined that mycoparasitism is the ancestral way of life of this genus and that, subsequently, the rhizosphere colonization evolved. In this respect, the presence of pathogens in the soil and the exudates from the plant-roots favored a shift toward a more generalist way of life (Kubicek et al., 2011, 2019). The comparative genomics of these three specific species suggests that the saprotrophic species T. reesei has a smaller set of genes related to mycoparasitism, thus these genes should have subsequently been lost in T. reesei and other species (Kubicek et al., 2011).

Trichoderma acts as a symbiont capable of colonizing the roots (without reaching the vascular bundle, limited only to the outermost layers) establishing a complex molecular dialogue with the plant-host. This relationship, together with its easy adaptation to various climatic and edaphic conditions, and its growth speed, give this genus an advantage over many other filamentous fungi and make them excellent candidates as BCAs. Currently, several mechanisms of action of Trichoderma are recognized as BCA: mycoparasitism, antibiosis, competition with the pathogen, promotion of plant growth, enhanced plant-tolerance against abiotic stresses and stimulation of its defenses against pathogens (Hermosa et al., 2012; Poveda, 2020).



Mycorrhizal Fungi

Mainly used as biofertilizers, mycorrhizal fungi are obligate symbionts of the roots of 97% of the vascular plants. Ectomycorrhizal fungi (ECMF) and arbuscular mycorrhizal fungi (AMF) are the main groups and of great interest in forestry and agronomy, since the AMF are capable of forming symbiotic interactions with 80% of the plant species (Berruti et al., 2016; Ferlian et al., 2018). ECMF mainly include the filum Basidiomycota, some Ascomycota, and very few Zygomycota, capable of colonizing the intercellular space of roots from forest species and forming the so-called Hartig network (Domínguez-Núñez and Albanesi, 2019). Whereas, the AMF, belong to Glomeromycota and establish a root symbiosis intracellularly where they develop specialized structures called arbuscules in intimate contact with the plant cells cytosol (Berruti et al., 2016).

At present, molecular and paleo-biological studies have shown how the origin of AMF and of terrestrial plants occurred simultaneously over time (about 470 million years ago) from epiphytic fungi that grew on the surface of the first vascular plants. They were also necessary for the success of plant terrestrial colonization (Feijen et al., 2018; Rimington et al., 2018; Strullu-Derrien et al., 2018). Thus, ECMF emerged evolutionarily after AMF, once the plants had already colonized the earth (Hoeksema et al., 2018).

Development of a mycorrhizal symbiosis requires continuous signals exchange between the two symbionts, which triggers coordinated differentiation of both partners. Moreover, the intimate interaction of the arbuscules within the root cells requires also a partial suppression of plant defense responses (Liao et al., 2018). Mycorrhizal hyphae are able to colonize places in the soil where plant roots could never reach; besides, hyphae have the ability to absorb nutrients due to active transporters. The fungus can contribute mostly to the supply of phosphorus to the plant, but also other nutrients with low mobility, such as ammonium, potassium, copper, iron, sulfur, molybdenum or zinc. In response, the plant must provide carbohydrates to the fungus, which meet their needs, although it does not have a negative impact on the plant, due to photosynthetic compensation with the fungal supply of nutrients and reduced root development (Berruti et al., 2016; Chen et al., 2018). Moreover, it is widely believed that the inoculation of mycorrhizal fungi provides tolerance to host plants against various stresses like heat, salinity, drought, metals and extremes of temperature (Begum et al., 2019).

The similarities between the fungi structural organs used for nutrient uptake between the biotrophic phytopathogenic fungi (haustoria form) and the AMF (arbuscules form), together with the establishment of a long-term relationship with their host, lead to an incorrect response by the plant. First, the plant recognizes PAMPs/MAMPs type molecular patterns (e.g., chitin), which triggers a generalist defensive response of the PTI or MAMP-triggered immunity type. Subsequently, the recognition of effectors released by the fungus in response to plant defenses activates a more specific defensive response (ETI). This part of the plant responses establishes the main difference between the pathogenic fungus and the symbiont fungi (Jacott et al., 2017). The continuous recognition of the AMF within the colonized cells causes the activation of a JA-mediated SAR through the plant termed as mycorrhizal induced resistance (MIR; Pozo and Azcón-Aguilar, 2007). Due to this mechanism, an increase in the systemic accumulation of different defense compounds, such as phytoalexins, suberin, callose, lignin, ROS, phenolic compounds, terpenoids, PR proteins and sulfur amino acids, was observed in mycorrhizal plants. Accordingly, enhanced enzymatic activity of chitinases, glucanases, proteases, ribonucleases, PALs, chalcone synthases and peroxidases was also detected (Hohmann and Messmer, 2017; Jacott et al., 2017; Hill et al., 2018).



Endophytic Fungi

The classic definition of plant endophytes refers to those microorganisms that can be isolated from plant tissues once they have been superficially disinfected. They also do not cause visible damage to plants. This group of microorganisms includes bacterial, archaeal, fungal and protist taxa. Among them, the fungal group play an important role in ecosystems, protecting plants against biotic and abiotic stresses (Lugtenberg et al., 2016; Yan et al., 2019). Numerous studies have indicated that these fungi have a wide biotechnological potential because they biosynthesize molecules, such as enzymes, that can be used as biocontrol and plant-growth-promoting agents as well as in bioremediation, biodegradation or biotransformation (Zheng et al., 2016). In turn, endophytic fungi also have a crucial role in nutrients cycling because, once the plant dies, they behave like saprophytes living from plant tissues (Saikkonen et al., 2015).

Although, endophytic fungi are found in a great variety of plants and ecosystems, there is a strong influence of the local environment in determining endophytic communities; hence, individual endophytes show a different niche occupancy (Glynou et al., 2016), accordingly, they are likely to be affected by future climate change (Giauque and Hawkes, 2016). Despite this geographical distribution, the systemic colonization of plant tissues by endophytic fungi is widely regulated by strong antagonism between the different species (which may run into hundreds), confirming that the systemic effects observed in plants by endophytic fungi are mostly due to chemical movement (Yan et al., 2015).

As mentioned before, endophytic fungi are capable of producing plant-associated metabolites and their analogs, bioactive compounds with diverse biotechnological applications, which have been extensively reviewed by numerous authors (Ludwig-Müller, 2015; Nisa et al., 2015; Saikkonen et al., 2016; Vasundhara et al., 2016; Yan et al., 2018). Among them, compounds with cytotoxic capacity against cancer cells and other diseases, such as taxol, podophyllotoxin, camptothecin, and vinca alkaloids have also been found (Gouda et al., 2016; Uzma et al., 2018). But, they are also capable of producing various mixtures of carbon-based compounds, which are known as volatile organic compounds (VOCs) with a direct application as pesticides (Kaddes et al., 2019).

The use of BCAs from endophytic fungi is a growing area of research as shown from numerous reviews on this topic (Chadha et al., 2015; Card et al., 2016; De Silva et al., 2019; Rabiey et al., 2019). The main mechanisms of direct interaction described include the production of lytic enzymes and/or secondary metabolites (antibiosis) and competition.

Endophytic fungi are also able to induce in plants SAR and ISR against the attack of pests and/or pathogens, but they also need to suppress, at least partially, the defenses of the plants to be able to colonize their tissues (Busby et al., 2016). Epichloë genus includes important endophytic fungi of grasses widely studied for their ability to protect the plants due to the synthesis of different alkaloids. Besides, these fungi enhance plant immunity against chewing insects by promoting endogenous defense responses mediated by the JA pathway (Bastias et al., 2017) and against leaf-fungi as Bipolaris sorokiniana in perennial ryegrass (Lolium perenne) by Epichloë festucae var. lolii (Li et al., 2018). JA-mediated defenses were also observed after the application of the endophytic fungus Chaetomium cochlioides on leaves of Cirsium arvense (Hartley et al., 2015). Furthermore, the application of Penicillium citrinum and Aspergillus terreus in sunflower against the stem rot caused by the fungus Sclerotium rolfsii increased the levels of SA and JA in the plant (Waqas et al., 2015).



Direct Interactions of Filamentous Fungi From the Genus Trichoderma, Mycorrhizal and Endophytic Fungi for Nematode Control


Genus Trichoderma

Sahebani and Hadavi (2008) reported that under greenhouse conditions, the inoculation of tomato seeds with T. harzianum significantly reduced the level of disease caused by the nematode Meloidogyne javanica; affecting their establishment, development and reproduction (i.e., parameters as the number of galls per plant, the number of egg masses per plant, as well as the number of eggs in each mass). Additionally, they observed a significant reduction in egg hatching, thus demonstrating that this species of the genus Trichoderma has significant potential as BCA against this plant parasite. Similarly, root colonization by T. harzianum impeded nematode performance locally at multiple stages of the parasitism: invasion, galling and reproduction in tomato (Martínez-Medina et al., 2017b).

Moreover, the effect of both the suspension culture and the exudates produced by different species of Trichoderma, in the control of M. incognita on tomato plants has been evaluated. The metabolites produced by the fungus, when growing in liquid culture, have a direct and very effective effect on M. incognita, since it significantly decreased eggs hatching and increased the mortality of the J2. Soil application of culture suspension (containing the fungus spores) affected more negatively to the population of J2s, in addition to increasing plant growth more effectively than fungus exudates (Khan et al., 2018). In both cases, the species with the best results in nematode control was T. harzianum. This study confirms the potential as BCAs against this nematode described previously by Sahebani and Hadavi (2008), but also the potential of other species of this genus as T. viride.

Furthermore, approximately 1 month after the penetration of the J2 from the root-knot nematodes (Meloidogyne spp.), the eggs are laid surrounded by a gelatinous matrix that constitutes an egg-mass secreted by the female, which is considered as a defensive envelope that protects the eggs against microorganisms allowing eggs survival on the soil. According to Sharon et al. (2007), the gelatinous matrix plays a key role in the process of Trichoderma conidial union to the nematode M. javanica, thus explaining the parasitism resulting from some species of this genus of fungi. However, it cannot be generalized for all species since, e.g., the growth of T. harzianum used in this study was inhibited by this matrix, thus not being effective in biocontrol against M. javanica.

The genus Trichoderma has an important potential as BCA, not only against root-knot nematodes but also against cyst-forming nematodes by direct parasitism of both eggs and larvae. It increase the level of extracellular enzymes like chitinase and protease, which allow the penetration of the fungus into the eggs by directly affecting very abundant structural components of the eggshell, thus reducing the number of eggs capable of hatching and therefore, the number of infective J2. Specifically, T. longibrachiatum has a strong inhibitory effect on the hatching of cysts produced by Heterodera avenae, since the spores completely cover the surface of these structures, causing their destruction, which is probably due to the production of enzymes (e.g., chitinases) that caused physiological alterations to the cysts (Zhang et al., 2014). T. longibrachiatum also showed an effect on females and on the development of both eggs and J2s of H. avenae (Zhang et al., 2017), hence T. longibrachiatum can be used as a BCA for the management of H. avenae in selected crop species. Within the cyst-forming nematodes, the specie Globodera pallida has also a high agronomic impact. Contina et al. (2017) used a strain of T. harzianum labeled with GFP as a biomarker to study the fungus-nematode interaction, confirming the reduced infection and reproduction of the nematode. The fungus was capable of negatively affecting both cysts and J2s of G. pallida, however, no effect was observed on the eggs. Besides, T. harzianum established hyphal colonization in the rhizoplane and the rhizosphere of the potato, possibly providing long-term protection to the infection. Therefore, to date, there are numerous studies that demonstrate the ability of the genus Trichoderma to effectively control plant-parasitic nematodes through direct interaction.



Mycorrhizal Fungi

Strictly direct mechanisms of mycorrhizal fungi against nematodes are not yet described as they normally act through the plant host, either providing the plant with higher nutrient and water uptake, altering root morphology by increasing root growth and branching, or making the plants more competitive for nutrients and space with other plants, or altered rhizosphere interactions (Schouteden et al., 2015; Wani et al., 2017). Recent studies have confirmed these mechanisms, for example, mycorrhizas (Rhizophagus intraradices and Funneliformis mosseae) reduce tomato root penetration by false root-knot nematode Nacobbus aberrans (Marro et al., 2018), in the same way as the application of Glomus intraradices, G. mosseae, and G. etunicatum against M. javanica in peach trees (Calvet et al., 2001). In contrast, the increment in root colonization by mycorrhizae (Rhizophagus clarus, Claroideoglomus etunicatum, Gigaspora rosea, G. margarita, Scutellospora calospora, and S. heterogama) caused an increase in the population of nematodes Pratylenchus brachyurus in maize crop (Brito et al., 2018) which is opposite to the effect in cotton (Ferreira et al., 2018). All these mechanisms and their effectiveness on the populations and the capacity of infection of the phytoparasitic nematodes will depend closely on the local environmental conditions. In this respect, alterations of potassium, phosphorus and moisture are the main factors negatively involved in the beneficial effect caused by mycorrhizal fungal (Ferreira et al., 2018). Despite some contradictory reports, the use of mycorrhizal fungi for the biological control of plant-parasitic nematodes has been widely studied in numerous crops, as maize (Alvarado-Herrejón et al., 2019), and even in energy crops such as switchgrass (Panicum virgatum) and miscanthus (Miscanthus × giganteus; Emery et al., 2017).



Endophytic Fungi

Regarding the nematode-control by endophytic fungi, there is still much speculation on the specific mechanisms by which these fungi antagonize nematodes in most cases, but they are likely quite diverse. Endophytic fungi can directly attack, kill, immobilize, or repel nematodes, confuse them when finding their host, interfere with nurse cell development, compete for resources, or employ a combination of those options (Schouten, 2016). For example, it has been observed how Acremonium implicatum can colonize the xylem of tomato roots and, in the soil, parasitize and destroy the eggs of M. incognita (Yao et al., 2015). Another example is F. oxysporum isolated from banana (Musa spp.) that paralyzes and kills the root-lesion nematode (Pratylenchus goodeyi; Mwaura et al., 2010). They can also produce nematicidal secondary metabolites, as e.g., chaetoglobosin A, chaetoglobosin B, flavipin, 3-methoxyepicoccone and 4,5,6-trihydroxy-7-methylphthalide produced by Chaetomium globosum against M. incognita (Khan et al., 2019), VOCs against M. javanica produced by Daldinia cf. concentrica (Liarzi et al., 2016), or the production of alternariol 9-methyl ether by Alternaria sp. against the pinewood nematode or pine wilt nematode Bursaphelenchus xylophilus (Lou et al., 2016). Only a few reports show opposite results, such as the application of entomopathogenic fungus, e.g., B. bassiana that increased potato nematodes reproduction and potato tubers damage caused by Ditylenchus destructor and D. dipsaci (Mwaura et al., 2017).



Filamentous Fungi From the Genus Trichoderma, Mycorrhizal and Endophytic Fungi as Systemic Resistance Inducers for Nematode Control


Genus Trichoderma

Within their capacities as BCAs, it is worth highlighting the ability of filamentous fungi to stimulate plant defenses against pathogens. Calderón et al. (1993) showed for the first time, the induction of ISR mediated by Trichoderma in the grapevine, and one of the first clear demonstrations of induced resistance by Trichoderma showed that the treatment of soil with T. harzianum improved the resistance of bean plants to diseases caused by fungal pathogens Botrytis cinerea and Colletotrichum lindemuthianu (Bigirimana et al., 1997). Subsequently, numerous studies have shown that, by colonizing the plant roots, Trichoderma stimulates their defense mechanisms against numerous phytopathogenic microorganisms, including nematodes (Hermosa et al., 2012). Numerous attempts have been made to control plant-parasitic nematodes with this genus. Trichoderma is capable of inducing resistance in a wide variety of plant species, which leads to transcriptomic, proteomic and metabolomic modifications in the plant (Mukherjee et al., 2012). This systemic defense stimulation prepares the immune response of the plant, allowing a faster response after the priming against the subsequent attack of any kind of pathogen and thus reducing the possibility of disease spread (Hermosa et al., 2012; Bisen et al., 2016; Mendoza-Mendoza et al., 2018). In most cases, this ISR is regulated by a JA/ET signaling, as described by Leonetti et al. (2014). They observed that SA signaling is down-regulated in the early stages of M. javanica infection in tomato roots while, the response mediated by JA/ET is induced in tomato roots treated with the fungus, which indicates that the presence of Trichoderma activates the ISR within the plant. However, it has recently been described that the SA pathway also participates actively in this regulation (Martínez-Medina et al., 2017a, b). Similarly, the induction of defenses in tomato against F. oxysporum f. sp. lycopersici by T. virens is also, mediated through both JA and SA (Jogaiah et al., 2018). Numerous studies have shown how both hormones coordinate the resistance and susceptibility of plants to nematodes (Martínez-Medina et al., 2017a, b). In this respect, the root-knot nematode-plant interaction is highly dynamic, as plant responses differ significantly between the initial stages and the latest infection stages. Yet, the induction of defenses by Trichoderma is a plastic phenomenon. In the first phase, the presence of T. harzianum stimulates faster SA-mediated defense responses, to protect the roots against nematode invasion. In the second phase, when M. incognita suppresses JA-related defenses in the roots, Trichoderma stimulates the expression of JA-dependent defenses, thus antagonizing the suppression of defenses mediated by M. incognita, which leads to a reduction in development and reproduction of the nematodes. Once parasitism is established, the fungus increases the activation of SA-dependent defenses probably through the recognition of eggs, which can contribute to improving defenses against the invasion of new juveniles (Martínez-Medina et al., 2017b). Recently, it was proved not only the ability of T. atroviride to induce systemic resistance in tomato plants against the nematode M. javanica, but its heritability, as the offspring of those plants inoculated with Trichoderma, inherited the resistance against M. javanica (de Medeiros et al., 2017). This heritability extends to the growth promotion induced by this fungus during its interaction with the plant that is accompanied by a significant reduction in the defenses dependent on the SA and JA pathways. In this respect, it is very interesting to highlight how fungal symbiosis and nematode infection induce epigenetic changes in the plants probably guided by small RNAs (Cabrera et al., 2016; de Medeiros et al., 2017; Medina et al., 2017; Ruiz-Ferrer et al., 2018), that includes changes in plants methylomes (Hewezi et al., 2018). It has been recently demonstrated how epigenetic and post-transcriptional modifications control the interactions between the plants and their surrounding microorganisms, that is, these regulatory mechanisms play a key role in promoting plant resistance to pathogens facilitating the establishment of symbiotic relationships. Therefore, it is important to consider the role of these modifications in the adaptation of the plant to environmental stress, including the resistance of the plant to the pathogens and the formation of symbiotic relationships, as well as in the study of the interaction between plant-pathogen-beneficial microorganism, especially because symbiosis and pathogenesis share similar signaling mechanisms (Zogli and Libault, 2017; De Palma et al., 2019). Furthermore, it has been recently described that commercial formulates of some Trichoderma spp. strains induced resistance to M. incognita in tomato in split-root system experiments and additionally, an additive effect to that of the tomato Mi 1.2 resistance gene was also observed (Pocurull et al., 2020). It opens possibilities for integrated pest management of root-knot nematodes with BCAs and other combined control methods.

The high-inoculum dose of Trichoderma can also trigger a SA-mediated SAR response similar to that caused by necrotrophic pathogens (Mukherjee et al., 2012; Bisen et al., 2016); hence, the defense induced by this genus can be mediated by ISR or SAR pathways and also by a complex signaling network that connects the SAR and ISR (Mendoza-Mendoza et al., 2018). Therefore, the induction of the SA, ET and JA pathways in the same plant when colonized by Trichoderma suggest the presence of alternative ISR pathways and a complex signaling network that connects the SAR and ISR defense response pathways. This varies upon the plant species, the Trichoderma strain and the pathogen against which the defense response is directed (Brotman et al., 2012; Nawrocka and Małolepsza, 2013).



Mycorrhizal Fungi

The control of mycorrhyzal symbiosis is a finely tuned process that involves multiple regulatory components functioning at different levels. Research over the past few years revealed the critical roles of defense phytohormones in modulating mycorrhizal interactions, from early recognition/colonization events up to the final arbuscular formation and degradation (Liao et al., 2018). The ability of mycorrhizal fungi to activate ISR in the plant against the possible attack of pathogens and/or pests has been reviewed by numerous authors, highlighting Pozo and Azcón-Aguilar (2007), Hohmann and Messmer (2017), and Jacott et al. (2017). Mycorrhizal fungi initially trigger plant defense mechanisms similar to a biotrophic pathogen, but then modulate plant responses for successful colonization. In this sense, SA is known to activate responses against biotrophic pathogens, and it is enhanced by mycorrhizal fungi, although, it is subsequently downregulated, which finally allows the symbiotic interaction. Once the symbiosis is established, the microbe-induced resistance and priming regulated by JA is activated, similarly to the responses controlled by JA and ET pathways against necrotrophic pathogens (Hohmann and Messmer, 2017).

Plant resistance by mycorrhizal fungi against phytopathogenic nematodes have been described, however, in conventional pathogenic-assays, it is difficult to distinguish to what extent the decrease in infection is due solely to systemic resistance or to a direct effect. To try to determine the ability of mycorrhiza induced resistance against nematodes a good strategy is the use of split-root methodology. In this respect, Vos et al. (2012a) showed how the inoculation of tomato roots with F. mosseae in one of the compartments reduced the infection rates of M. incognita and Pratylenchus penetrans in the compartment without fungus, through altered root exudation. The mechanisms through which this increase in the systemic defensive capacity of the roots occurs are related to the activation of genes that encode chitinases, PR proteins, enzymes involved in the detoxification of ROS (whose accumulation occurs during hypertrophy and death cell caused by nematodes) such as glutathione S-transferase or the superoxide dismutase (SOD), enzymes involved in the lignin biosynthesis, and in the shikimate pathway which in turn, produces precursors of various aromatic secondary metabolites against nematodes (Schouteden et al., 2015; Sharma and Sharma, 2017b; Balestrini et al., 2019).

Concerning hormones not directly related to plant defensive responses, it is known that strigolactones, after being exuded from the root, activate hyphal branching and enhanced growth and energy metabolism of symbiotic AMF, and once the symbiosis is established, its production by the plant roots fades (Rochange et al., 2019). Regarding the nematodes, it has been proven that the strigolactones do not contribute to cyst nematode (Heterodera schachtii) hatching but they do play a role in host attraction and subsequent invasion (Martinez et al., 2019). In rice, signaling mediated by strigolactones suppresses jasmonate accumulation and promotes RKN infection (Lahari et al., 2019). In contrast, strigolactones play a positive role in nematode defense in tomato (Xu et al., 2018). Although, further research needs to be undertaken, another way to modulate plant responses by mycorrhization could be altering strigolactones -plants production, which might influence plant-nematode interaction.

Regarding the ECMF, colonization of pines (Pinus thunbergii) promoted a lasting SAR against the pine wilt nematode Bursaphelenchus xylophilus, which is transmitted by beetles of the genus Monochamus and feeds by colonizing the vascular bundles (Nakashima et al., 2016). Interestingly, those fungi do not only act systemically controlling nematodes-infection but enhance plant defenses against pathogens transmitted by the nematodes, as it is the case with the Grapevine Fanleaf Virus (GFLV) transmitted by the nematode vector Xiphinema index, against which AMF R. intraradices induces systemic protection (Hao et al., 2018).

Other examples of systemic resistance produced by AMF are a reduced nematode infection, due to the activity of phenolics and defensive plant enzymes, i.e., peroxidase (PO), polyphenol oxidase (PPO), and SOD, together with a significant reduction of malondialdehyde (MDA) and hydrogen peroxide (H2O2) content in tomato roots inoculated with R. irregularis, that also enhanced plant growth (Sharma and Sharma, 2017a). Similarly, the application of G. mosseae using a split-root system against the sedentary nematode M. incognita and the migratory nematode P. penetrans, in tomato indicated that the infection by both different types of nematodes can be controlled by AMF, but only systemically (Vos et al., 2012b). Similar results were observed in banana (Musa spp.) with split-roots using AMF Glomus intraradices against the migratory nematodes Radopholus similis and Pratylenchus coffeae (Elsen et al., 2008). In other cases, it is not clear whether ISR or a direct mechanism are acting against nematodes or even both mechanisms simultaneously. One example is the reduction of P. penetrans infestation in apple seedlings by AMF (Ceustermans et al., 2018), and of Meloidogyne arenaria in red ginger (Alpinia purpurata) by Gigaspora albida, Claroideoglomus etunicatum, and Acaulospora longula (Da Silva-Campos et al., 2017), or the control of the migratory endoparasitic nematode Scutellonema bradys in yam (Dioscorea spp.) by F. mosseae and Glomus dussii (Tchabi et al., 2016). In contrast, Frew et al. (2018) described that the root application of Claroideoglomus entunicatum, Funneliformis coronatum, R. irregularis, and F. mosseae in wheat produced an increase of the plant-parasitic nematode Pratylenchus neglectus populations. This fact is due to a decrease of root benzoxazinoid glucoside accumulation, an important defense metabolite against the nematode, probably necessary for the root colonization of the fungus itself.



Endophytic Fungi

The split root system methodology was also used to study systemic resistance induced by endophytic fungi, as F. oxysporum against the root-knot nematode M. incognita in A. thaliana (Martinuz et al., 2015), in tomato (Dababat and Sikora, 2007), and in banana against the burrowing nematode Radopholus simili (Vu et al., 2006). Another endophytic fungi, Fusarium moniliforme also ISR toward Meloidogyne graminicola in rice (Le et al., 2016). Fusarium spp. achieve this systemic induction due to the synthesis and release of chemical compounds such as 4-hydroxybenzoicacid, indole-3-acetic acid (IAA) and gibepyrone D, which, in addition to being toxic directly to the nematodes, induce defense mechanisms against nematodes in plants (Bogner et al., 2017). But endophytic fungi act also systemically causing the synthesis and transport of chemical defense components in the plant. This is the case of the secondary metabolite forskolin synthesized in the medicinal plant Coleus forskohlii after being inoculated with the endophytic fungi of the stem Phialemoniopsis cornearis and Macrophomina pseudophaseolina and radicular Fusarium redolens, as they enhance the expression of diterpene synthases, that enhances tolerance to M. incognita (Mastan et al., 2019). The ability of P. indica to modify plant stress-hormones has been extensively studied (Le-Xu et al., 2018). Although, several studies show that the application of this fungus against M. incognita (Varkey et al., 2018) and Heterodera glycines (Bajaj et al., 2015) reduces the incidence of the disease and improves plant growth, the exact role of systemic resistance is still unsolved. Similarly, Phialemonium inflatum in cotton against M. incognita (Zhou et al., 2018), Nigrospora sp. in sengon plant (Paraserianthes falcataria) against Meloidogyne spp. (Amin, 2015), Penicillium brefeldianum in melon against M. incognita (Miao et al., 2019) or Fusarium solani and F. oxysporum in tomato against M. incognita (Bogner et al., 2016) were described.

Pochonia chlamydosporia is a nematophagous fungus, but it is also a root endophyte that can colonize the roots of higher plants due to a partial suppression of defensive responses mediated by JA. They also reduce the flowering time, stimulate plant growth and increase seed production in A. thaliana (Zavala-González et al., 2017) and a greater root colonization was directly related to a lower incidence of M. javanica in tomato roots (Escudero et al., 2017). P. chlamydosporia induces systemic resistance against M. javanica in tomato (but not in cucumber) by activating a defensive response mediated by SA (Ghahremani et al., 2019). Interestingly, in the absence of nematodes, it is observed how it promotes systemic resistance mediated by JA in barley (Larriba et al., 2015). Another example in forest plant-species is that the presence of the endophytic fungi Gaeumannomyces cylindrosporus, Paraphoma chrysanthemicola, Phialophora mustea, Exophiala salmonis and Cladosporium cladosporioides modifies the systemic defensive responses reducing the incidence of the nematode Bursaphelenchus xylophilus in pine (Chu et al., 2019). On the other side, the attack of the nematodes can systematically alter the defenses of the plant and prevent its colonization by endophytic fungi. This has been observed in Pinus tabulaeformis after the infection of the pinewood nematode (Bursaphelenchus xylophilus) where the diversity of endophytic fungi in the roots was reduced to about 80% (Chu et al., 2018).

In the same way as for mycorrhizal fungi, strigolactones were necessary for the establishment of the beneficial interaction, at least in the case of the endophytic fungus Mucor sp. on A. thaliana roots. Once the symbiosis is established, the fungi decompose strigolactones in planta and downregulate the expression of strigolactones biosynthesis genes (Rozpądek et al., 2018), preventing, therefore, root invasion by nematodes (Martinez et al., 2019).



CONCLUSION

Biocontrol strategies for plant-parasitic-nematodes constitute a valid alternative to toxic chemical nematicides. Thereby, a wide diversity of effective strategies based on the use of filamentous fungi used as BCAs are described. They work through two main kinds of mechanisms of action, i.e., those that include the production of secondary metabolites (antibiosis), lytic enzymes, and space competition by Trichoderma. AMF directly acts providing higher nutrient and water uptake to the plant, modifying root morphology and altering the rhizosphere interactions, or competing for photosynthates or colonization/infection sites. Endophytic fungi reduce the attack of the plant-parasitic nematodes by parasitism, by paralyzing the nematodes, through antibiosis, by lytic enzymes production and also by space competition. The second group of action mechanisms are the induction of plant defenses, such as the activation of SAR and ISR by Trichoderma, which seems also heritable. As well as, the modification of roots exudates, strigolactones production, plant secondary metabolites and enzymes production by AMF. Finally, the induction of SAR and ISR, the transport of chemical defense components through the plant and the strigolactones production by endophytic fungi (Figure 1).


[image: image]

FIGURE 1. Graphical representation of direct and induced resistance against plant-parasitic nematodes by filamentous fungi in a split-root system. The different tissue colonization strategies used by the three fungal groups are schematically represented in the microscopic enlargement of the roots. The mechanisms of fungus to induce resistance in plants either by direct or indirect interaction strategies against nematodes are indicated in colored boxes. The effects of the filamentous fungi on nematodes basically are: To increase J2 mortality, to decrease the hatching and/or nematodes infection rate, as well as to alter nematodes development inside the plant and/or their reproduction. Abbreviations correspond to arbuscular mycorrhizal fungi (AMF), salicylic acid (SA), jasmonic acid (JA), systemic acquired resistance (SAR), induced systemic resistance (ISR), strigolactones (SLs), and mycorrhizal induced resistance (MIR).


The scenario in agricultural systems is very complex as different microorganisms of the rhizosphere and plant-species are present; thus they may respond differently to BCAs. The integration of all microorganisms and plant-responses will determine the final output after the BCA treatment as it is a multifactorial response. Additionally, the strong influence of the local environment that for example, highly determine endophytic communities, is another complexity level to include in the agricultural systems. Therefore, BCAs can have variable control ability when established in different soils, and their success can be difficult to predict. However, there are commercial formulates with some of those filamentous fungi mentioned, effective for nematodes control in experimental conditions for particular crops, but scarce scientific information is still available of experiments on the field. The integration of empirical data knowledge in the field after the treatment with a particular fungi strain or formulate, together with detailed analysis of the plant responses at the molecular level in a particular crop could help to a deep understanding of those complex interactions. Yet, holistic approaches for soil-rhizosphere microbiota detection and characterization of specific plant responses could assist in identifying and predicting major problems as the presence of BCA antagonist in the soil or changes in the rhizosphere biota that may influence the final output. This would allow better practices for an effective nematode-control on a particular crop. Moreover, an in-depth knowledge on the molecular mechanisms of induced resistance by BCAs could allow perhaps to manipulate the plants directly, however, synergic effects derived for example of secondary metabolites induced also by some BCAs should also be integrated. Another question is that usually, BCAs based control methods are slow to implement as they may need time to increase their population up to the level required to be effective for PPN control. Yet, the growers need alternative control methods during this period. The durability of those BCA-based techniques is also a great interrogate because of the mentioned complexity of the agricultural systems.

Perhaps, a feasible scenario would be to design integrated pest management based first on a well stablished method on a ground base, such as those chemically based, and slowly to introduce BCAs together with a detailed monitoring plan with the intention to gradually decrease the dependence on chemical control. We should not also discard the possible implementation of other complementary alternative control methods, including those based on host plant genotypes that may have an enhanced response in combination with BCAs.

In summary, the use of filamentous fungi of the genus Trichoderma, mycorrhizal and endophytic fungi as BCAs is a promising durable biocontrol strategy in agriculture against plant-parasitic nematodes (Figure 1) due mainly to the wide diversity of mechanisms of action described above, that in most of the cases act also in combination. However, there are still major question to address with further research. Moreover, recent reports point to a heritable biocontrol after BCAs infection possibly driven by still not well-known epigenetic mechanisms, opening a new field of research with special applied interest.
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Whole Genome Sequencing Reveals Major Deletions in the Genome of M7, a Gamma Ray-Induced Mutant of Trichoderma virens That Is Repressed in Conidiation, Secondary Metabolism, and Mycoparasitism
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Trichoderma virens is a commercial biofungicide used in agriculture. We have earlier isolated a mutant of T. virens using gamma ray-induced mutagenesis. This mutant, designated as M7, is defective in morphogenesis, secondary metabolism, and mycoparasitism. The mutant does not produce conidia, and the colony is hydrophilic. M7 cannot utilize cellulose and chitin as a sole carbon source and is unable to parasitize the plant pathogens Rhizoctonia solani and Pythium aphanidermatum in confrontation assay. Several volatile (germacrenes, beta-caryophyllene, alloaromadendrene, gamma-muurolene) and non-volatile (viridin, viridiol, gliovirin, heptelidic acid) metabolites are not detected in M7. In transcriptome analysis, many genes related to secondary metabolism, carbohydrate metabolism, hydrophobicity, and transportation, among others, were found to be downregulated in the mutant. Using whole genome sequencing, we identified five deletions in the mutant genome, totaling about 250 kb (encompassing 71 predicted ORFs), which was confirmed by PCR. This study provides novel insight into genetics of morphogenesis, secondary metabolism, and mycoparasitism and eventually could lead to the identification of novel regulators of beneficial traits in plant beneficial fungi Trichoderma spp. We also suggest that this mutant can be developed as a microbial cell factory for the production of secondary metabolites and proteins.

Keywords: Trichoderma virens, mutant, transcriptome, NGS, secondary metabolism


INTRODUCTION

Trichoderma virens is an agriculturally important fungus used for plant growth promotion and biocontrol of pathogens in commercial settings (Mukherjee et al., 2013b)1,2. Two strains of this fungus exist in nature: the “P” strains and the “Q” strains (Howell et al., 1993). Two isolates of T. virens have been widely used for genetic and biocontrol studies: Gv29-8, a “Q” strain, and IMI304061, a “P” strain (Mukhopadhyay et al., 1992; Djonović et al., 2006a, b, 2007a,b; Mukherjee et al., 2006, 2007; Bansal et al., 2018). T. virens is a mycoparasite on many plant pathogenic fungi and also produces several secondary metabolites, both volatile and non-volatile. Among these are gliotoxin (produced by “Q” strains), gliovirin (produced by “P” strains), viridin, viridiol, and heptelidic (koningic) acid, and several volatile sesquiterpenes, including beta-caryophyllene and germacrenes (Mukherjee et al., 2006; Crutcher et al., 2013; Zeilinger et al., 2016; Pachauri et al., 2019b). T. virens is also reported to induce systemic defense responses in plants (Djonović et al., 2007a; Gaderer et al., 2015; Mukherjee et al., 2018).

Whole genome of Gv29-8 and IMI304061 have been sequenced and analyzed, resulting in the identification of biosynthesis gene clusters for many unknown metabolites as well as for gliotoxin, gliovirin, viridin/viridiol, siderophores, and volatile sesquiterpenes (Kubicek et al., 2011; Crutcher et al., 2013; Sherkhane et al., 2017; Bansal et al., 2018; Mukherjee et al., 2018). Many hydrolytic enzymes and signal transduction proteins have been implicated to be involved in mycoparasitism of Trichoderma spp. on plant pathogenic fungi (Haran et al., 1996; Carsolio et al., 1999; Mendoza-Mendoza et al., 2003; Mukherjee et al., 2003; Druzhinina et al., 2011). A few elicitor proteins/peptides have been identified to be involved in triggering of plant defense (Djonović et al., 2006a; Viterbo et al., 2007; Mendoza-Mendoza et al., 2018). T. virens has also been studied for genomic presence and biological role of hydrophobins (Przylucka et al., 2006, 2017; Kubicek et al., 2008; Guzmán-Guzmán et al., 2017; Mendoza-Mendoza et al., 2018). Most of these studies involved bioinformatically identifying candidate genes, obtaining knockout mutants, and comparative phenotyping. Classical mutagenesis followed by complementation had earlier led to the discovery of several novel genes in many fungi (Mattern et al., 1992; Casselton and Zolan, 2002). In recent years, the advancements in whole genome sequencing tools have allowed for identification of mutations in classically induced mutants of fungi (McCluskey et al., 2011). The Trichoderma reesei strain RutC30 that is the major source of industrial cellulases was originally obtained by repeated chemical and physical mutagenesis of the wild type T. reesei strain QM6a. Using whole genome sequence analysis, a large deletion of 100 kb, 15 small deletions or insertions, and 223 single nucleotide variants were identified in RutC30 (Le Crom et al., 2009). We earlier obtained a mutant of T. virens, induced by gamma ray that does not produce conidia or detectable amounts of non-volatile secondary metabolites but has normal vegetative growth and produces excess chlamydospores (Mukherjee et al., 2006). Using SSH and this mutant, we identified a few genes involved in secondary metabolism and conidiation (Mukherjee et al., 2006; Crutcher et al., 2013; Bansal et al., 2019). Here, we describe several novel phenotypes associated with T. virens mutant M7, expand the repertoire of genes that are downregulated in this mutant by RNAseq and, using whole genome sequencing, attempt to identify the alterations in the genome composition of the mutant.



MATERIALS AND METHODS


Fungal Strains and Growth Conditions

Trichoderma virens (IMI 304061), Pythium aphanidermatum, and Rhizactonia solani (ITCC 4110) were used from our previous studies (Mukherjee et al., 2007). The non-conidiating mutant M7 of T. virens was obtained from our previous study (Mukherjee et al., 2006). The fungal cultures were grown in potato dextrose medium at 28°C and maintained at −80°C for long-term storage.



Test of Hydrophobicity

Wild-type T. virens and M7 mutant were grown for 5 days on PDA at 28°C, and hydrophobicity was tested by adding 0.5% aqueous aniline blue dye or water and recording the disappearance of the drop after 1 h.



Assays for Mycoparasitism

The mycoparasitic ability of wild-type and mutant M7 was determined using confrontation assay by pairing the Trichoderma and the test pathogens simultaneously on the same plate, placed opposite each other. Because T. virens wild-type takes 4–5 days to completely overgrow these test pathogens (Mukherjee et al., 2007), ability of wild-type or mutant to overgrow and lyse the mycelia of P. aphanidermatum and R. solani was recorded after 5 days of co-inoculation. P. aphanidermatum and R. solani cell walls are primarily composed of cellulose and chitin, respectively, and hence, we assessed the ability of wild-type and M7 to utilize chitin and cellulose as a carbon source by growing them in Vogel’s minimal medium containing chitin or cellulose as the sole carbon source in liquid shake culture at 28°C and 150 rpm. For initiation of growth, 0.1% sucrose was added to the medium. All the experiments were conducted in four replicates.



Identification of Secondary Metabolites Produced by Wild-Type and M7

The non-volatile compounds were detected in wild-type T. virens and M7 using thin layer chromatography as described earlier (Mukherjee and Kenerley, 2010). WT and M7 cultures were grown for 3 days in potato dextrose broth and extracted with equal volumes of ethyl acetate. The extract was dried and reconstituted in 0.1 volume methanol, and 100 μl was spotted on precoated TLC plate. TLC plate was developed in acetone:chloroform:formic acid (28:70:2) and visualized under short-wavelength UV (254 nm). The spots were eluted with 100% methanol and subjected to LC-MS/MS analysis as described earlier (Bansal et al., 2018). For confirmation, LC-MS/MS analysis of standard viridin and viridiol (a kind gift from the late Dr. C. R. Howell) and heptelidic acid (Cayman Chemical Company, United States) were also analyzed and matched with the sample.

The head space solid-phase microextraction (HS-SPME) and gas chromatography–mass spectrometry (GC–MS) technique was used for volatile compound detection in wild-type T. virens and M7. The instrument used for analysis was GC–MS 2010 Plus (Shimadzu, Kyoto, Japan). The GC–MS instrument was equipped with an injection port having SPME glass liner (Supelco) and RTX-5 column (5% diphenyl dimethyl polysiloxane, 10 m × 0.1 mm I.D.; Restek Corporation, Bellefonte, PA, United States). The injection port was maintained at 270°C with no solvent cut. Helium was used as a carrier gas. GC column temperature was programmed as follows: 40°C for 5 min and then increased to 200°C at 4°C min–1, held for 5 min and then increased to 280°C at 10°C min–1 with a final hold of 10 min. MS parameters were ionization voltage 70 eV, electron multiplier voltage 1 kV, and scan mode from m/z 35 to 350. Identification of the peaks was done by comparing their mass fragmentation pattern, Kovats retention indices and from the data available in the spectral (Wiley/NIST) libraries of the instrument. The experiments were conducted in three replicates and repeated once.



Transcriptome Analysis

Wild-type and M7 were grown on PDA plates overlaid with dialysis membrane (MWCO 12 kDa) opposite of R. solani for 2 days. For control, wild-type T. virens and M7 were confronted with self. Mycelial mat from the zone of contact was harvested with a sterile spatula and frozen in liquid nitrogen and stored at −80°C until further use. Cultures were grown in four replicates, and samples were pooled before RNA extraction. RNA was extracted with TriReagent, and transcriptome sequencing was performed on Illumina HiSeq 2500 platform at M/S Scigenom, Cochin, Kerala, India, as discussed earlier (Mukherjee et al., 2019). A paired-end library was prepared and sequenced, and Trinity software was used for assembly of the cleaned reads produced by standard data preprocessing methods, including adaptor trimming, quality filtering, and end trimming. Gene expression estimation was performed by aligning the trimmed reads to the assembled transcriptome using Bowtie2 program. DESeq program was employed for differential gene expression analysis, and an in-house pipeline CANoPI (Contig Annotator Pipeline) was used for transcriptome annotation. FPKM values were considered for fold-change calculation, and log2 fold change ≥ 2 was considered for comparison of gene expression.



Whole Genome Sequencing and Analysis

Total genomic DNA was extracted, and whole genome sequencing of the M7 mutant was performed using Illumina platform at M/S Xcelris Genomics, Ahmedabad, India. Illumina TruSeq Nano DNA HT Library Preparation Kit was used for paired end sequencing library preparation. The generated libraries were sequenced on Illumina Nextseq 500 using 2 × 150 bp chemistry. T. virens wild-type sequence (LQCH00000000) was used as a reference genome for M7 genome mapping using a Burrows-Wheeler Aligner (BWA) (v. 0.7.5a) program with optimized mapping parameters. The genome coverage, gene prediction, and total number of single nucleotide polymorphisms (SNPs) and insertion/deletion polymorphisms (INDELs) were analyzed and compared with the reference genome. Absence of the genes in the deleted regions was further confirmed by PCR amplification using gene specific primers (Supplementary Table S1) of representative genes using the following conditions: denaturation at 95°C for 5 min, annealing at 57°C for 45 s, extension at 72°C for 1 min, and 30 cycles.



RESULTS


M7 Mutant Is Deficient in Hydrophobicity in Addition to Conidiation

As reported earlier (Mukherjee et al., 2006), the M7 mutant does not conidiate while wild-type T. virens produces green pigmented conidia (Supplementary Figure S1). The deficiency in conidiation is associated with loss of hydrophobicity. Aqueous aniline blue dye or water drops stay on the wild-type colony for several hours but diffuse through M7 colony immediately after application (Figure 1).
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FIGURE 1. Culture of Trichoderma virens wild-type and M7 with aniline blue dye and water placed on it. (A) Wild-type. (B) M7.




M7 Is Defective in Mycoparasitism

A confrontation assay demonstrated that M7 is not able to overgrow the plant pathogens R. solani and P. aphanidermatum while wild-type T. virens completely overgrew the colonies in 5 days (Figure 2). Although wild-type showed mycoparasitic coiling on R. solani and P. aphanidermatum, M7 failed to do so (Supplementary Figure S2). Moreover, M7 could not utilize chitin and cellulose as a carbon source even when the medium was supplemented with 0.01% sucrose (Supplementary Figure S3).
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FIGURE 2. Confrontation assay demonstrating that M7 is non-mycoparasitic in nature as it cannot overgrow and lyse Rhizoctonia solani (Rs) and Pythium aphanidermatum (Pa) after 5 days of co-inoculation, and wild-type (WT) T. virens is able to overgrow the test pathogens.




M7 Is Downregulated in the Biosynthesis of Secondary Metabolites

The TLC profile of wild-type and M7 culture filtrate shows that none of the non-volatile metabolites, including viridin, viridiol, and heptelidic acid, are detected in M7 (Figure 3A). Similarly, GC–MS analysis of head-space gas shows that M7 is downregulated in biosynthesis of volatile metabolites that are present in wild-type T. virens; only 13 of 73 metabolites being detected in M7 mutant (Figure 3B and Supplementary Table S2).
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FIGURE 3. Secondary metabolite profile of T. virens wild-type (WT) and M7. (A) Thin layer chromatography analysis of WT and M7 filtrate. (B) GC–MS analysis of WT and M7 head-space gas. The peak numbers correspond to the volatile metabolites detected as described in Supplementary Table S2.




Several Genes for Secondary Metabolism, Hydrolytic Enzymes, and Hydrophobicity Are Downregulated in M7

De novo transcriptome analysis of wild-type and M7, while interacting with self or R. solani (Supplementary Figure S4), indicated that as many as 463 genes are downregulated in M7 (Supplementary Tables S3, S4, Supplementary Figures S5, S6, and Figures 4, 5). In self-confrontation, 294 genes were downregulated in M7 compared to wild-type (Supplementary Table S3). Among these are genes for secondary metabolism (including genes coding for NRPSs, PKSs, and terpene cyclases, modifying enzymes, transporters, and transcription factors), other cytochrome P450s (not associated with secondary metabolism gene clusters), carbohydrate-active enzymes (CAZymes), peptidases, and hydrophobins (Figure 4). In confrontation with the plant pathogen R. solani, a larger set of genes (375) were downregulated in M7, 206 genes being common under both the conditions (Supplementary Table S4 and Supplementary Figure S7). A large number of genes involved in secondary metabolism (69), carbohydrate utilization (31), and transporters (30) are downregulated in M7 in confrontation with R. solani (Figure 5). This is in agreement with the fact that M7 does not produce detectable amount of secondary metabolites and also does not parasitize the plant pathogens P. aphanidermatum and R. solani. Six of the genes (protein IDs. TRIVIDRAFT_49849, TRIVIDRAFT_74289, TRIVIDRAFT_74291, TRIVIDRAFT_56195, TRIVIDRAFT_23 0740, TRIVIDRAFT_53375) that are downregulated in M7 were identified in our earlier study as under-expressed in M7 in RT-PCR analysis (Mukherjee et al., 2006).
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FIGURE 4. Pie chart representing genes downregulated in M7 compared to the wild-type T. virens.
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FIGURE 5. Pie chart representing genes downregulated in M7 in confrontation with Rhizoctonia solani.




M7 Genome Has Large Deletions

Whole genome sequencing of the M7 mutant was performed using the Illumina platform to generate 2.1 GB data. The paired end sequencing library was of mean size 624 bp. The generated library was sequenced and mapped to T. virens wild-type assembly as a reference genome. A genome alignment revealed five deletions across three scaffolds (scaffold 1, 20, and 58) totaling about 250 Kb, comprising 71 genes (Table 1). Among the genes that are absent in the M7 genome are two large secondary metabolism gene clusters (PKS6 and Tex9 clusters), eight transcription factors (two associated with secondary metabolism gene clusters), five genes for carbohydrate metabolism, two genes related to cell signaling and as many as 11 oxidoreductases (Table 1 and Supplementary Figure S8). To further confirm these deletions, PCR of representative genes was performed using wild-type and M7 genomic DNA as template. No amplification of these genes was obtained in M7, confirming the gene deletions (Figure 6). In addition, 118 SNPs and 57 small INDELs were also detected in M7 (Supplementary Table S5).


TABLE 1. Genes deleted in Trichoderma virens mutant (M7) genome.
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FIGURE 6. PCR analysis of representative genes that are deleted in M7, using genomic DNA as template. Histone 3 was used as a positive control. The number corresponds to gene IDs as per Table 1. Ladder: Quick-Load Purple 1 kb Plus DNA Ladder (NEB).




DISCUSSION

Trichoderma spp. are commercially important filamentous fungi and are used extensively in agriculture (Lorito et al., 2010; Mukherjee et al., 2013a). We had earlier isolated a non-conidiating mutant of the biocontrol agent T. virens that is also downregulated in secondary metabolite biosynthesis (Mukherjee et al., 2006). In the present study, we provide evidence that the mutant also lacks hydrophobicity. Hydrophobicity is imparted in fungi by small secreted cysteine-rich proteins known as hydrophobins. One hydrophobin (Trividraft_49849) was reported earlier to be downregulated in M7 (Mukherjee et al., 2006). In the transcriptome data, we noted one additional hydrophobin to be downregulated in the mutant. Hydrophobins are associated with conidiation (Wessels, 1996; Bayry et al., 2012) and loss of hydrophobicity in this non-conidiating mutant is not unexpected. Trichoderma hydrophobins also play important roles in attachment to root (Viterbo and Chet, 2006), elicitation of plant defense (Zhang et al., 2019), and tolerance to biotic and abiotic stresses (Przylucka et al., 2017). Hydrophobins are also involved in mycoparasitic interactions in Trichoderma (Guzmán-Guzmán et al., 2017). We have noticed two additional hydrophobins to be downregulated in the mutant in interaction with R. solani (Supplementary Table S4). These hydrophobins might, thus, be involved in mycoparasitism of T. virens on R. solani.

Trichoderma virens is an aggressive mycoparasite on many plant pathogenic fungi (Druzhinina et al., 2011). The mutant, however, has lost this property (Figure 2 and Supplementary Figure S2), which can be explained by the lack of upregulation of a large number of CAZymes known to be involved in parasitism on other fungi (Haran et al., 1996; Carsolio et al., 1999; Djonović et al., 2006b, 2007b). CAZymes of glycoside hydrolase 2 (GH-2), GH-3, GH-18, GH-30, GH-47, GH-55, GH-75, and GH-92 families were downregulated in M7. Furthermore, the downregulation of CAZymes of GH-16, GH-20, GH-78, and GH-79 families only during confrontation with R. solani suggests the role of these CAZymes in mycoparasitism. Atanasova et al. (2013a) reported upregulation of many gene families, such as those involved in metabolism, transporters, signal transduction, transcriptional regulators, defense, etc., in T. virens during confrontation with R. solani. Similarly, in our study, we have detected downregulation of different groups of genes involved in secondary metabolism (69), genes for oxidoreductases (42), CAZymes (31), peptidases (21), transporters (30), transcription factors (13), transferases (14), and defense-related genes (14) in T. virens during confrontation with R. solani. Approximately twice the number of genes for transporters (30) and carbohydrate utilization groups (31) were downregulated in M7 during confrontation with R. solani as compared to confrontation with self, where only 18 genes for transporter and 17 for carbohydrate utilization were downregulated (Figure 4). These results indicate that the mutant, which cannot parasitize the host fungus R. solani, fails to respond to its presence. The role of most of these genes in mycoparasitism is not known, and further studies on the role of these genes could throw novel insights into the phenomenon of fungus–fungus interactions.

Trichoderma spp. produce a large number of useful secondary metabolites with diverse biological activities (Zeilinger et al., 2016; Pachauri et al., 2019b). A large number of genes for secondary metabolism (69) were downregulated in M7 during confrontation with R. solani. Viridin is one of the oldest known metabolites produced by T. virens possessing anti-cancer and anti-fungal activities, and viridiol is a phytotoxic agent produced by irreversible enzymatic conversion of viridin (Jones and Hancock, 1987; Howell et al., 1993). Gliovirin is a ‘P’ strain-specific non-ribosomal peptide with anti-oomycete activities (Howell and Stipanovic, 1983). Non-volatile compounds, such as viridin, viridiol, and heptelidic acid, were detected by TLC followed by LC-MS/MS analysis, and gliovirin was detected by LC-MS in T. virens wild-type (data not presented); the mutant does not produce these metabolites. In addition, M7 is downregulated in biosynthesis of volatile organic compounds, including volatile sesquiterpenes, such as germacrenes, caryphyllene, alloaromadendrene, and gamma-muurolene, all having important biological activities (Figure 3 and Supplementary Table S2). Volatile compounds produced by Trichoderma spp. promote plant growth and have antimicrobial effects against plant pathogens (Vinale et al., 2008; Hung et al., 2013). In transcriptome analysis, many secondary metabolism-related genes and gene clusters were downregulated in M7 (Supplementary Tables S3, S4). The viridin biosynthesis gene cluster comprises of 21 genes (Bansal et al., 2018), out of which, 16 genes were detected to be downregulated in M7. Similarly, the gliovirin biosynthetic gene cluster has 22 genes (Sherkhane et al., 2017), of which 16 genes were detected to be downregulated in M7. All the eight genes from the “vir” cluster, which are associated with volatile sesquiterpene compound production (Crutcher et al., 2013; Pachauri et al., 2019a), were downregulated in M7. In addition, eight NRPSs, one NRPS/PKS, seven PKSs, and three terpene cyclase genes were downregulated in M7. The NRPS genes that are downregulated in transcriptome analysis of M7 are Tex1, Tex2, Tex5, Tex7, Tex21, Glv21, NRPS (Trividraft 50383), NRPS-like (Trividraft_222800) (NRPSs), and Tex14 (NRPS/PKS). In addition, certain genes belonging to the Tex6, Tex8, Tex10 (NRPSs), and Tex12 (NRPS/PKS) clusters were also downregulated in M7. Tex1 and Tex2 code for peptaibol synthetase (Wiest et al., 2002; Mukherjee et al., 2011). Tex10 is involved in the biosynthesis of intracellular siderophore ferricrocin while Tex21 is responsible for the biosynthesis of extracellular siderophores (Mukherjee et al., 2018). The metabolites produced by Tex5 and Tex7-NRPS genes and Tex12 and Tex14-NRPS/PKS hybrid genes are not known. Of these NRPS genes, Tex5, Tex14, and Tex21 are downregulated in M7 during confrontation with R. solani (Supplementary Table S4). Seven PKS genes, namely PKS4, PKS8, PKS14, and PKS17, one un-annotated PKS (Trividraft_53518), and two orthologs of Arthroderma benhamiae (Acc. Nos. DAA76265 and EGE05473) PKSs were downregulated in M7 during confrontation with R. solani. The biosynthetic products of none of these PKS genes are known. In addition, some members of PKS3 and PKS6 gene clusters were also found to be downregulated in M7. PKS4 is an ortholog of pigment-forming PKS from T. reesei responsible for green conidial pigment biosynthesis and is involved in mechanical stability and stress tolerance (Atanasova et al., 2013a). Because M7 does not produce conidia, it is not surprising that the pigment PKS4 gene is downregulated in M7. In addition to PKS4, another gene (con6) that is associated with conidiation in Neurospora crassa (White and Yanofsky, 1993) was also downregulated in M7.

Having noted that the mutant M7 has a deficiency in conidiation, hydrophobicity, secondary metabolism, and mycoparasitism (all traits that dictate the success of Trichoderma spp. as plant beneficial fungi), which was apparent from the phenotyping and transcriptome data analysis, we did a whole genome sequence analysis of the mutant vis-à-vis the wild-type strain. It was interesting to note that the M7 genome has five deletions comprising as many as 71 genes. Because the mutant was generated using gamma ray-induced mutagenesis, deletions may be expected. Two large secondary metabolism-related gene clusters (PKS6 and Tex9) are deleted in the mutant. Four genes for glycoside hydrolase (GH) are also deleted, and so are several oxidoreductases. Because the data set of genes that are under-expressed in M7 is much larger that the number of genes that are deleted in the genome, it is likely that one or a few of these genes that are deleted or affected due to other mutations (Table 1 and Supplementary Table S5) could have a pleiotropic phenotype regulating a big set of genes. Our findings identify possible candidates for future research leading to identification of master regulator gene(s) in Trichoderma, a biotechnologically important fungal genus. Also, because the mutant is under-regulated in secondary metabolism and a large number of carbohydrate active enzymes, it could be possible to develop this mutant as a microbial cell factory for production of secondary metabolites and proteins.

We have recently reported the isolation and characterization of a mutant (G2) of T. virens that is upregulated in secondary metabolite biosynthesis (Mukherjee et al., 2019). A total of 140 genes were found to be upregulated in G2 over wild-type when grown on PDA medium. Of these, as many as 45 genes are downregulated in M7, including genes for CAZymes (13), secondary metabolism (5), Cytochrome P450 (3), SSCPs (2), oxidoreductase (3), peptidases (3), metabolism (5), hydrophobins (3), hypothetical proteins (5), transporter (1), and others (2). G2 and M7, thus, seem to be two contrasting “gene-regulation” mutants of T. virens. Although G2 has been developed as an improved biocontrol formulation (Mukherjee et al., 2019), M7 can serve as an excellent genetic tool for understanding Trichoderma biology.



CONCLUSION

We have identified a mutant of the plant beneficial fungus T. virens that is downregulated in conidiation, hydrophobicity, secondary metabolism, carbohydrate metabolism, and mycoparasitism. These traits are important for development of formulations, enzyme production, plant interactions, and biocontrol applications. By transcriptome analysis, we have also identified novel candidate genes for future research. We have also been able to identify 71 ORFs that are deleted in the mutant, which could be further studied for a role as novel regulator(s) of morphogenesis, secondary metabolism, and biocontrol properties in these plant beneficial fungal bioagents.
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Antifungal activities of plant-beneficial Bacillus have been widely studied in recent years. Numerous studies have studied the antifungal mechanisms of soluble non-volatile bioactive compounds such as lipopeptides and proteins produced by Bacillus against soil-borne diseases. However, the antagonistic mechanisms of volatile organic compounds (VOCs) from Bacillus against airborne phytopathogens are still largely unknown, and the function of Alternaria solani pathogenic genes has not been well identified. Here, we first isolated a Bacillus strain with strong antifungal activity and finally identified it as B. subtilis ZD01. Then, the antagonistic mechanisms of VOCs produced by strain ZD01, against A. solani, an airborne fungal pathogen that can cause early blight diseases of potato, were studied. We showed that VOCs produced by strain ZD01 can reduce the colony size and mycelial penetration and can cause serious morphological changes of A. solani. Scanning electron microscope (SEM) observation showed that VOCs released by ZD01 could cause more flaccid and gapped hyphae of A. solani. Also, we found that VOCs produced by ZD01 can inhibit the conidia germination and reduce the lesion areas and number of A. solani in vivo significantly. Meanwhile, based on gas chromatography/mass spectrometry (GC/MS) analysis, 29 volatile compounds produced by strain ZD01 were identified. Out of 29 identified VOCs, 9 VOCs showed complete growth inhibition activities against A. solani. Moreover, we identified two virulence-associated genes (slt2 and sod) in A. solani. slt2 is a key gene that regulates the mycelial growth, penetration, sporulation, and virulence in vivo in A. solani. In addition, sod plays a significant role in the SOD synthetic pathway in A. solani. Results from qRT-PCR showed that the transcriptional expression of these two genes was down-regulated after being treated by VOCs produced by ZD01. These results are useful for a better understanding of the biocontrol mechanism of Bacillus and offer a potential method for potato early blight disease control.
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INTRODUCTION

Alternaria solani is a kind of fungal pathogen that can cause early blight disease of tomato, potato, tobacco, and many other vegetables and crops, and lead to huge losses in agricultural production. Potato is one of the most important crops in the world. Early blight disease on potato can cause up to 80% of annual yield losses in some regions of the world (Morgan et al., 2002; Pasche et al., 2004; Peters et al., 2008). Nowadays, chemical fungicides are the most effective agents to control early blight. However, the indiscriminate using and even abuse of chemical fungicides have already caused the appearance of resistant pathogens, which will further threaten the food safety and human health. Due to this, there is a rising interest to seek for alternative antifungal agents for plant disease control.

Bacillus species are known for their capacity to produce a great variety of antifungal compounds to suppress or kill fungal pathogens (Chaurasia et al., 2005). Among them, non-ribosomal cyclic lipopeptides (Nakano et al., 1988; Munimbazi and Bullerman, 1998; Kim et al., 2004; Timmusk et al., 2005) are the most well-studied ones. However, these non-volatile antibiotics cannot spread over long distances. In recent years, volatile organic compounds (VOCs) produced by Bacillus have been evaluated as a new approach for plant fungal disease control. Due to their capability of diffusing between the soil particles and spreading into the atmosphere over very large distances from their original application point, VOCs can exert their inhibitory activity without direct or physical contact between the VOC-producing microorganisms and the target pathogens (Minerdi et al., 2009; Heydari and Pessarakli, 2010). Their strong antifungal activities, along with the characteristic of harmless to both environment and human beings, make VOCs a promising and sustainable agent to replace fungicides for plant pathogen control in the future (Fialho et al., 2010; Parafati et al., 2017; Tilocca et al., 2020).

In many previous studies, VOCs emitted by Bacillus species were shown to be potential antifungal agent against many soil-borne pathogens. For instance, VOCs produced by B. amyloliquefaciens NJN-6 could hinder growth and spore germination of the pathogenic Fusarium oxysporum f. sp. cubense causing fusarium wilt on banana (Yuan et al., 2012). Moreover, numerous identified volatiles released by Bacillus have demonstrated to inhibit fungal growth, including dimethyl disulfide, 1-undecene, benzaldehyde, benzothiazole, dimethyl trisulfide, cyclohexanol, decanal, 2-ethyl-1-hexanol (Kai et al., 2009). For instance, co-cultured with 2-nonone and 2-heptanone released by B. amyloliquefaciens, the mycelia of F. oxysporum f. sp. niveum stopped growth completely (Wu et al., 2019).

However, limited knowledge is known about bacterial VOCs controlling airborne plant fungal pathogens, especially A. solani. In several recent studies, VOCs produced by Bacillus species have been identified to inhibit the airborne pathogens, mainly as Botrytis cinerea, the causal agent of tomato gray mold. Two Bacillus velezensis strains 5YN8 and DSN012 could suppress the growth and spore formation of B. cinerea by releasing numbers of VOCs (Jiang et al., 2018). The VOCs of B. velezensis ZSY-1 strain exhibit significant antifungal activity against B. cinerea (Gao et al., 2017). The mixed volatiles produced by B. atrophaeus CAB-1 strains, mainly composed of hexadecane, 2,3-dimethoxybenzamide, and oanisaldehyde, resulted in an effective inhibition of B. cinerea (Zhang et al., 2013).

In this study, B. subtilis ZD01, an effective antifungal strain, was isolated and identified from potato rhizosphere, and the antifungal effects of VOCs produced by it on A. solani were investigated by both in vivo and in vitro experiments. We demonstrated that VOCs of B. subtilis have great potential to be used as a biologically synthesized fungicide in the agricultural field.



RESULTS


B. subtilis ZD01 Showed Strong Inhibitory Activity Against A. solani

A total of 103 isolated Bacillus strains were obtained from rhizosphere of potato in Shandong and Hebei Province in China. Among them, 34 isolates showed a certain inhibition effect on A. solani (Supplementary Table S1). Notably, strain ZD01 showed the strongest antagonistic activity against A. solani (Supplementary Table S1). Then, ZD01 were tested for inhibitory activity mediated by volatile against A. solani using face-to-face Petri dish method (Gao et al., 2017). The result showed that the growth rates of A. solani mycelia were reduced by 50.1 ± 2.1% in the presence of volatiles released by ZD01 (Figure 1A). Figures 1C,D showed that a broad range of pathogens were also inhibited by the volatiles released from strain ZD01.
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FIGURE 1. Isolation and identification of ZD01 volatiles for A. solani control. (A) Antagonistic activity of ZD01 volatiles against A. solani. (B) The circularized genome map of Bacillus subtilis ZD01. (C,D) Antagonistic activity of VOCs produced by ZD01 against nine plant pathogens, including Bipolaris sorokinianum, Rhizoctonia solani, Botrytis cinerea, Alternaria mali roberts, Alternaria alternata, Fusarium solani, Fusarium oxysporum f. sp. vasinfectum, Verticillium dahliae Kleb, and Fusarium graminearum. Control represents A. solani without treatment of ZD01 VOCs; ZD01 represents A. solani with treatment of ZD01 VOCs.


Strain ZD01 was then identified by 16s rRNA and complete genome sequencing. We performed BLAST search using the DNA sequence of the16S rRNA gene of ZD01 as a query against the NCBI GenBank database. Furthermore, we sequenced the complete genome of ZD01 by Pacbio RSII. After that, a single circularized chromosome of 4,015,360 bp in length with a GC content of 43.71% from ZD01 was obtained (Figure 1B, CP046448). According to the BLAST and complete genome sequencing results, we found that strain ZD01 showed extremely high similarity (identity 99%, E-value = 0) to B. subtilis. We finally classified the strain ZD01 as B. subtilis.



VOCs Produced by ZD01 Changed the Mycelia Morphology and Inhibited the Conidia Germination of A. solani

Inhibition of fungal mycelia growth and spore germination is conventional mechanism of biocontrol agents for disease controlling. So, the suppression of VOCs produced by ZD01 on mycelia growth and conidia germination were evaluated. The result showed that the inhibition rate of A. solani growth by VOCs was 50.1 ± 2.1% compared with the control after 6 days, suggesting that the VOCs from ZD01 showed a strong inhibitory activity on fungal mycelia growth. Moreover, with the treatment of VOCs produced by B. subtilis ZD01, the mycelia of A. solani became denser and thicker, and the color of the colony turned into white (Figure 1A). In addition, strong decrease in mycelial penetration was observed after treatment. Mycelia in control groups were able to penetrate cellophane sheets during the cellophane penetration assay with the colony diameter of 5.5 ± 1.6 cm. However, the A. solani colony co-cultured with VOCs produced by ZD01 did not grow after the cellophane was removed, which indicated that the penetration ability of mycelia lost completely (Figure 2A).
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FIGURE 2. Effects of strain ZD01 volatiles on mycelia penetration and morphology as well as conidia germination of A. solani. (A) Mycelia penetration inhibition by ZD01 volatiles. (B) Scanning electron micrographs of A. solani co-cultured with ZD01 volatiles. (C,D) Reduction of conidia germination of A. solani with the treatment of ZD01 volatiles. Control represents A. solani without treatment of ZD01 VOCs; ZD01 represents A. solani with treatment of ZD01 VOCs. Data presented are the mean ± s.d. (n = 3). The same letter on the bars for each column indicates no significant difference according to a LSD test at P = 0.05.


A scanning electron microscope (SEM) was used to investigate detailed morphological changes of A. solani hyphae caused by VOCs. Morphological changes in A. solani cells are shown in Figure 2B. Regular length and intact cell walls with uniform composition and structure were present in the hyphae of A. solani in the control group (Figure 2B). However, hyphae treated with VOCs from ZD01 exhibited substantial structural destruction (Figure 2B). In detail, some of the hyphae became expanded, and the formation of empty segments was presented (red arrows, Figure 2B). Treated mycelium appeared with a more flaccid hyphae, and the surface of the cell walls became uneven (yellow arrows, Figure 2B). Also, thin or gapped structures presenting a retracted protoplasm were seen in Figure 2B (green arrows). The broken structures might lead to the leakage of cytoplasmic components. Thus, volatiles produced by ZD01 could change the morphology of A. solani seriously, and decompose the cell walls and membrane.

Spore germination plays a crucial role during the infection of fungal pathogens, so the conidia germination suppression capacity of VOCs produced by B. subtilis ZD01 was evaluated. As shown in Figures 2C,D, the B. subtilis ZD01 could inhibit the germination of A. solani conidia significantly (P < 0.05) by releasing some VOCs compared with the control group. In the control group, conidia began to germinate and germ tube formed. Then, the germ tubes formed regular hyphae (black arrow, Figure 2C), which can directly penetrate the host epidermal cell junctions and formed infection hyphae on leaf. However, some conidia treated with VOCs from ZD01 could not germinate completely (blue arrow, Figure 2C), and some conidia formed irregular germ tubes, which were much shorter than those in the control group (red arrows, Figure 2C). The inhibition rate of VOCs from ZD01 on conidia germination was 19.2 ± 2.1% (Figure 2D).



VOCs Produced by B. subtilis ZD01 Reduced the Symptoms of Early Blight Disease on Potato Leaf

The development and expansion of disease symptom induced by A. solani was inhibited effectively by VOCs produced by strain ZD01 in in vivo leaf test. As shown in Figure 3A, the lesion areas on potato leaves (cultivar Helan 15) inoculated by A. solani were significantly reduced (P < 0.05) after co-cultivation with ZD01 volatiles by divided plate method. For leaves in the control group with no treatment of ZD01 volatiles, the lesion areas extended to 5.2 ± 1.7 cm2 after 5–7 days incubation at 25°C, whereas for the leaves exposed to volatiles from ZD01, the lesion areas were limited to 0.8 ± 0.3 cm2 (Figure 3B). These results corresponded to relative pathogen copy numbers per milligram leaf of 3.98 ± 0.67 × 108 and 1.08 ± 0.22 × 108 for control and treatment, respectively (Figure 3C).
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FIGURE 3. Antagonistic effects of VOCs produced by strain ZD01 against A. solani on potato leaf. (A) Effect of VOCs produced by ZD01 on development of early blight symptoms on Potato leaf. (B) Lesion areas of potato leaf with or without the treatment by ZD01 volatiles. (C) A. solani copy numbers per leaf were detected in potato leaf. Control represents A. solani without treatment of ZD01 VOCs; ZD01 represents A. solani with treatment of ZD01 VOCs. Data presented are the mean ± s.d. (n = 3). The same letter on the bars for each column indicates no significant difference according to a LSD test at P = 0.05.




Identification and Antifungal Activity of VOCs Produced by B. subtilis ZD01

The VOCs produced by strain ZD01 were analyzed by solid-phase microextraction–gas chromatography/mass spectrometry (SPME-GC/MS). In total, 29 VOCs were identified from ZD01, including 6 ketones, 17 aromatic compounds, 1 furan, 1 pyrazine, 3 alcohols, and 1 ester (Figures 4A,B and Table 1).
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FIGURE 4. Identification of ZD01 volatiles and inhibition effects of selected VOCs on A. solani. (A) Classification of VOCs produced by ZD01. (B) Peak area of six identified classes of VOCs from ZD01. (C) Inhibition rate of 25 identified VOCs against A. solani. (D) Colony diameter of A. solani co-cultured with 25 identified VOCs. Control represents A. solani without treatment of pure identified VOCs.



TABLE 1. Volatile compounds produced by B. subtilis ZD01.

[image: Table 1]To determine the antagonistic effect of VOCs produced by ZD01, 25 of the identified VOCs were tested using face-to-face plate method (Gong et al., 2015). Among the 25 volatile chemicals, nine chemicals including acetophenone, 2-nonanone, m-tolunitrile, 2-ethylhexanol, 2-heptanone, benzylacetone, 6-methyl-2-heptanone, benzothiazole, and 5-methyl-2-hexanone completely inhibited the growth of A. solani. Aniline, 4-methylanisole, benzoxazole, valerophenone, and 2,5-dimethylpyrazine showed strong antagonistic effect, and their inhibition rates against A. solani were 93.6 ± 0.3, 91.7 ± 1.6, 88.5 ± 4.6, 88.8 ± 0.5, and 77.7 ± 6.0%, respectively. The remaining compounds showed weak or no inhibitory activity (Figures 4C,D). Among these active VOCs, acetophenone, 6-methyl-2-heptanone, and aniline have larger peak areas than others, with 18.5, 8.9, and 31.4%, respectively (Table 1), which indicated that these compounds are potential agents for controlling potato early blight.



slt2 and sod Are Virulence-Associated Genes in A. solani

Identification of virulence-associated genes is important to reveal the pathogenic mechanisms and biological control approaches of fungal pathogens. The complete genome sequence of A. solani HWC-168 has been sequenced and analyzed in our previous study (Zhang et al., 2018). We compared the whole genome sequence of HWC-168 with its well-studied Saccharomyces cerevisiae (EF058927.1) and close relative A. alternate (GQ414510.1). After that, two typical pathogenic genes (slt2 and sod) were found in the genome of HWC-168. Then, the functions of these two genes were determined through gene knockout and phenotype verification.

To determine whether slt2 and sod affects the pathogenicity of A. solani, we compared the deletion mutants with the wild-type strain and complementation strains in mycelia growth, sporulation, and virulence by in vivo potato leaf tests. Compared with the wild-type strain and complementation strains, the mycelium of slt2 mutant was significantly denser, and the color of colony was gray-white without pigments (Figure 5A). The colony diameter of slt2 deletion mutants was 2.79 ± 0.52 cm, while that of wild-type strain and complementation strains were 6.18 ± 0.14 and 6.18 ± 0.08 cm, respectively (Figure 5E). No obvious changes of the colony morphology and diameter of sod deletion mutant were observed (Figures 5A,E), while the colony diameter of Δsod and its complementation strain (Δsod-C) were 6.04 ± 0.14 and 6.11 ± 0.27 cm, respectively. These results suggested that slt2 is the key gene involved in the regulation of mycelium growth and development. Also, we found that the slt2 gene was critical for the penetration ability of A. solani. As shown in Figure 5B, the wild-type and complemented strains of slt2 but not the mutants were able to penetrate cellophane sheets in the cellophane penetration assay.
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FIGURE 5. slt2 and sod are key virulence related genes in A. solani. (A) Colony morphology of wild-type A. solani (WT), mutants (Δslt2 and Δsod) and complementation strains (Δslt2-C and Δsod-C). (B) Mycelia penetration ability of wild-type A. solani (WT), mutants (Δslt2 and Δsod), and complementation strains (Δslt2-C and Δsod-C). (C) Symptoms of early blight disease on potato leaf caused by sterile water (Control), wild-type A. solani (WT), mutants (Δslt2 and Δsod), and complementation strains (Δslt2-C and Δsod-C). (D,E) Conidia production and colony diameter of wild-type A. solani (WT), mutants (Δslt2 and Δsod), and complementation strains (Δslt2-C and Δsod-C). (F) Lesion diameter early blight disease on potato leaf caused by wild-type A. solani (WT), mutants (Δslt2 and Δsod), and complementation strains (Δslt2-C and Δsod-C). (G) SOD contents in wild-type A. solani (WT), mutants (Δslt2 and Δsod), and complementation strains (Δslt2-C and Δsod-C). (H) Transcriptional expression profiles of slt2 and sod after co-culture with ZD01 VOCs for 3 and 4 days. WT represents A. solani without treatment of ZD01 VOCs; ZD01 represents A. solani with treatment of ZD01 VOCs. Data presented are the mean ± s.d. (n = 3). The same letter on the bars for each column indicates no significant difference according to a LSD test at P = 0.05.


We next tested whether the slt2 and sod genes are also responsible for the sporulation of A. solani. The results showed that slt2 mutant lost the capacity of conidia production and the yield of conidia of sod deletion mutant per area was 514 ± 149/cm2, while the wild-type strain was 2131 ± 301/cm2 (Figure 5D). Compared with the wild-type strain, the sporulation yield of slt2 and sod deletion mutants per area decreased significantly (P < 0.05). Through the complementation strain, the yield of sporulation increased to 2073 ± 415/cm2 and 1709 ± 171/cm2, respectively. The sporulation ability of the slt2 deletion mutant was completely lost, and the sporulation ability of the sod deletion mutants was weakened compared to that of the wild-type strain, suggesting that slt2 is a key gene regulating the sporulation in A. solani. Meanwhile, a reduction of Δsod mutant in superoxide dismutase (SOD) content was detected. The content of SOD in mutant was 86.8 ± 1.4 and 89.6 ± 3.2 ng/L, respectively, after 1 and 2 days incubation as compared to the wild-type HWC-168, which was 127.7 ± 9.2 and 134.2 ± 12.0 ng/L, respectively (Figure 5G). In addition, SOD contents in complementation strains were similar to those of the wild type (124.0 ± 3.2 ng/L, 133.5 ± 3.9 ng/L). These results suggested that sod has a significant role in the SOD synthetic pathway in A. solani.

In in vivo tests, potato leaves inoculated with wild-type HWC-168, and complementation strains of Δslt2-C and Δsod-C showed obvious lesions and yellow halos (Figure 5C). The lesion diameter extended to 0.99 ± 0.16, 1.01 ± 0.02, and 1.03 ± 0.09 cm after 7 days incubation at 25°C, whereas for the leaves inoculated with Δslt2 and Δsod mutants, the lesion diameters were limited to 0.00 ± 0.00 cm and 0.73 ± 0.07 cm, respectively (Figure 5F). The result showed that the deletion of slt2 and sod can significantly reduce the pathogenicity of A. solani (P < 0.05).



B. subtilis ZD01 Volatiles Down-Regulated the Expression of Virulence-Associated Genes in A. solani

The transcriptional expression profiles of slt2 and sod under condition of co-culture with ZD01 volatiles were investigated by real-time RT-PCR. The results showed that after A. solani strain HWC-168 was exposed to volatiles emitted by ZD01 for 3 days, the transcriptional expression of sod was strongly induced (∼2.45-fold) compared with the control group and then repressed (∼0.61-fold) after 4 days (Figure 5H). The expression of slt2 was strongly repressed (∼0.83- and 0.40-fold) in the presence of VOCs after 3- and 4-day co-culture (Figure 5H). The down-regulated expression of slt2 was consistent with the virulence reduction in A. solani.



DISCUSSION

Many plant-beneficial Bacillus species exhibit their biocontrol capacity to plant pathogens through non-volatile antibiotic production, nutrients, and niche competitions, as well as induction of plant systemic resistance (Pliego et al., 2008; Lemfack et al., 2014; Farag et al., 2017; Xie et al., 2018). However, limited knowledge is known about the antifungal mechanisms of volatiles produced by Bacillus strains. Most studies just focus on mycelia morphology and penetration and spore germination at a cellular level. However, the molecular mechanisms of antifungal activity have not been revealed. For example, transmission electron microscopy observation of fumigated and untreated B. cinerea showed excessive vesication or thickened cell walls in exposed conidia and increased strong retraction of plasma membrane in exposed hyphae (Li et al., 2012). The VOCs of B. velezensis 5YN8 can suppress the mycelium growth and conidia formation of B. cinerea BC1301 (Jiang et al., 2018). In this study, the insights into the mechanisms of B. subtilis ZD01 volatiles against A. solani showed similar biocontrol strategies. The hyphae penetration, conidia germination, and virulence of A. solani were significantly reduced when treated with VOCs produced by ZD01 (P < 0.05). Scanning electron microscopy showed thin, inward or gapped structures and altered surface morphology in the majority of A. solani cells after co-culture with strain ZD01 volatiles. Meanwhile, A. solani cells exposed to VOCs produced by strain ZD01 formed swollen part of hyphae with defective ability, leading to aborted invasion to the plant barrier. These results were consistent with the reduced pathogenicity in vivo. All of these findings indicated that the mode of action of volatiles can be explained, at least in part, by their activities that lead to the functional degradation through the damage of mycelium structure, killing A. solani cells partially, and the reduction of spore germination (Figure 6).
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FIGURE 6. A model for the mode of action of VOCs produced by ZD01 against A. solani. Volatiles produced by ZD01 mediate the conidia germination and mycelium penetration of A. solani. Acetophenone, 6-methyl-2-heptanone, and aniline biosynthesized by ZD01 is the major antifungal compounds against A. solani. These volatiles produced by ZD01 target the conidia and mycelium, which subsequently leads to suppression of fungal growth, mycelium penetration, conidia germination, and pathogenicity of A. solani as well as virulence gene expression.


All of the active volatiles produced by bacteria so far can be grouped into alcohols, ketones, aldehydes, alkenes, alkynes, benzenes, esters, terpenoids, heterocycles, and sulfur-containing compounds (Fernando et al., 2005; Corcuff et al., 2011; Lemfack et al., 2014). Among nine identified chemicals with strong antifungal effects, the antifungal effects of 6-methyl-2-heptanone, acetophenone, 2-pentylfuran, 2,5-dimethyl pyrazine, and benzothiazole have also been analyzed. 6-Methyl-2-heptanone produced by B. subtilis completely inhibited mycelial growth of F. oxysporum f. sp. lactucae (Liu et al., 2018). Acetophenone released by Streptomyces globisporus and Paenibacillus polymyxa can inhibit Penicillium italicum and F. oxysporum growth, respectively (Li et al., 2010; Raza et al., 2015). The multiple functions of 2-pentylfuran have also been identified. 2-Pentylfuran isolated from the volatile products of bacterial strains presented strong inhibition on both mycelial growth and conidia germination of F. oxysporum (Wu et al., 2015; Liu et al., 2018). 2-Pentylfuran fumigated from Bacillus megaterium strain XTBG34 could significantly promote plant growth of Arabidopsis thaliana (Zou et al., 2010). Moreover, 2,5-dimethylpyrazine can significantly inhibit growth of several plant pathogens such as Magnaporthe oryzae, Phytophthora capsici, and A. solani (Munjal et al., 2016; Gao et al., 2017), and it can also be used as a food additive at low concentration (Müller and Rappert, 2010). Benzothiazole produced by Bacillus species can inhibit growth of F. oxysporum (Raza et al., 2015), and it can also be used to produce riluzole and pramipexole (Powell, 2015; Faridbod et al., 2016).

In this study, benzenes and ketones are the most abundant volatiles produced by strain ZD01. The aniline and acetophenone, which belonged to benzene compounds, could completely inhibit the growth of A. solani at certain concentrations and also exhibited high yield, as indicated by the peak areas of the GCs, so it was likely that they are main VOCs that play key roles during the antifungal process. For the VOCs that belong to ketones, 2-nonanone, 5-methyl-2-hexone, and 2-heptanone exhibited 100% inhibition of A. solani under certain concentrations when we did in vitro inhibition test, but their yields were relatively low among VOCs produced by ZD01, as indicated by GC-MS. However, 6-methyl-2-heptanone exhibited large peak areas on the GCs, and it did show strong antifungal effects against A. solani with 100% inhibition. Considering both contents and antifungal effects, aniline, acetophenone, and 6-methyl-2-heptanone might be considered active antifungal compounds.

Based on whole genome sequences and annotation of A. solani strain HWC-168 (Zhang et al., 2018), two virulence-related genes slt2 and sod were predicted. In some fungal pathogens, like Colletotrichum lagenarium, B. cinerea, and Mycosphaerella graminicola, the role of virulence-related gene slt2 has also been well studied, involved in the maintenance of cell-wall integrity and various aspects of saprotrophic and pathogenic growth (Kojima et al., 2002; Mehrabi et al., 2006; Rui and Hahn, 2007). In B. cinerea, a mutant defective in the slt2 homolog mp3 was defective in penetration and non-pathogenic infection (Rui and Hahn, 2007). Meanwhile, the biological role of sod gene has been extensively investigated in the model organism S. cerevisiae. However, the roles of these two genes in A. solani are still unclear. Here, we present the functions of slt2 and sod in A. solani identified by knock-out mutant construction and phenotypical characterization. We found that slt2 is a key gene involved in mycelial growth, hyphae penetration, and sporulation of A. solani, which could further affect its pathogenicity. Meanwhile, we also found that sod is responsible for the synthesis of SOD in A. solani and its deletion mutant can reduce virulence of A. solani to some extent. Furthermore, we found that VOCs produced by B. subtilis ZD01 can decrease the transcriptional expression of these two genes. The down-regulated expression of slt2 was consistent with the reduced virulence in A. solani. However, the expression of sod was induced co-cultured with VOCs produced by strain ZD01 after 3 days. A. solani responds to and resists the biocontrol agent, B. subtilis VOCs, resulting to produce the high level of reactive oxygen species (ROS). SOD, encoded by sod, is involved in scavenging the high level of ROS into molecular oxygen and hydrogen peroxide. Then, with the accumulation of VOCs emitted by strain ZD01, the pathogenicity of sod decreased along with the increasing VOCs. In addition, VOC composition of a given species is highly dynamic over time, resulting in a changing composition of the produced VOCs depending on the age of the VOC-producing species (Wang et al., 2013). That would be the reason for the induced sod response after 3 days and repression after 4 days. These results reveal the molecular mechanism by which VOCs antagonize A. solani.

This study shed light on the interaction mechanisms between A. solani and VOCs produced by B. subtilis, and a potential biocontrol method for potato early blight disease caused by A. solani.



EXPERIMENTAL PROCEDURES


Strains and Culture Conditions

Soil samples were collected from four different fields (Chengde, Hebei; Zhang Jiakou, Hebei; Qinhuangdao, Hebei; Tengzhou, Shandong) which had serious potato early blight disease by a five-spot sampling method (Chen et al., 2018) in China. Briefly, five soil samples that were 0–20 cm away from infected potato plants (Helan 15) were collected and then pooled as one sample. After that, the dilution plating method with miner modification was used for spore-forming bacteria isolation (López-Berges et al., 2010). In brief, soil sample was homogenized and placed in a sterilized beaker. Macerated samples were heated in a water bath for 15 min at 80°C to kill non-spore-forming bacteria and vegetative cells of spore-forming bacteria. The resulting supernatants were serially diluted in sterile 0.85% NaCl solution and plated onto LB agar plates. Plates were incubated at 37°C for 1 day.

Collected strains were tested for antagonistic activity. Briefly, bacterial antagonistic activities toward A. solani were tested by dual-culture assay on PDA (Hu et al., 2014), which support the vegetative growth of either bacteria or fungi. The bacterial strains (5 μl, 1 × 108 CFU/ml) were inoculated 2 cm away from A. solani. Four strains were spotted in each dish, and the blank control without bacterial strains was set. All isolates were tested in triplicate, and their inhibition zones were measured after 7 days of dual culture at 25°C.

Isolated bacterial strains were cultured in LB medium at 37°C. Strain ZD01 was then identified by 16S rRNA gene analysis and whole genome sequencing (CP046448). The genome of ZD01 was sequenced using the PacBio RSII sequencing platform (Pacific Biomarkers, CA, United States). All the strains used in this study are listed in Supplementary Table S2.



Antagonistic Assay of VOCs Against Fungal Pathogens

By following the methods of Gong et al. (2015), two Petri dishes were placed face to face. The bottom Petri dish contained LB agar (1.5%, wt/vol), which was inoculated with ZD01 (200 μl, 1 × 108 CFU/ml), or pure identified VOCs (100 μl; 1 g/ml) were added. All the commercial solid VOCs were dissolved in dimethyl sulfoxide (DMSO). Purchase information of all the used reagents is listed in Supplementary Table S3. The top Petri dish contained 1.5% of potato dextrose agar (PDA). For the growth inhibition test, plugs (5 mm in diameter) of plant pathogenic fungi were placed onto the center of PDA plates. All the used fungal pathogens are listed in Supplementary Table S2. For the conidia germination inhibition test, 100 μl of conidia solution (105 CFU/ml) was added. The top and bottom Petri dishes were sealed together with parafilm and incubated at 25°C. After 4–7 days, the diameters of the fungal colonies were measured. Inhibition of A. solani conidia germination by VOCs was determined after 8 h of incubation. LB plates without bacterial inoculum were used as control. Inhibition rate of mycelium growth and conidia germination was calculated by the following formulas:
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Penetrability Assays

The penetration ability of each A. solani strain was examined on grown PDA plates covered with cellophane membranes, as described previously (López-Berges et al., 2010). Briefly, each strain was grown on PDA plates covered with a cellophane membrane. For the VOC treatment groups, plugs (5 mm in diameter) of wild-type A. solani were spotted onto the center of PDA plate with a cellophane. Then, the wild-type strains were co-cultured with VOCs produced by strain ZD01 in LB plate (200 μl, 108 CFU/ml) for 3 days at 25°C using the face-to-face Petri dishes. For another 3 days, the wild-type strain was grown without VOC treatment and the cellophane membrane on the PDA plate was removed. Then, the penetrability halo was examined. LB plates without bacterial inoculum were used as control. For mutants and complementation strains, plugs (5 mm in diameter) of wild type, mutants of Δslt2 and Δsod, and complementation strains of A. solani were spotted onto the center of the PDA plate covered with the cellophane, respectively. After 3 days of incubation at 25°C, the cellophane membrane with the colony was removed from each plate. Each strain was grown for another 3 days at 25°C. Then, penetrated mycelial growth on each plate was examined after incubation. The experiment was repeated three times.



Scanning Electron Microscopy

The mycelia morphologies of A. solani in control groups or those treated with VOCs released by ZD01 were visualized by SEM. To observe structural changes on A. solani, the wild-type strains were co-cultured with VOCs produced by strain ZD01 for 6 days at 25°C using the face-to-face Petri dishes. Mycelia of each group were harvested and fixed in 2% glutaraldehyde at 4°C and then dehydrated with gradient ethanol solutions (30, 50, 80, 90, and 100%). After that, ethanol was replaced by 100% tertiary butyl ethanol. Cells were then freeze-dried, coated with gold, and imaged using a Hitachi S-3500N field emission SEM (Hitachi, Tokyo, Japan). The experiment was repeated three times.



In vivo Antagonistic Activity of VOCs Produced by ZD01

Strain ZD01 was inoculated in 2 ml of LB broth and grown overnight. 1% of overnight culture was re-inoculated into 50 ml of fresh LB broth and incubated at 37°C under the shaking condition of 200 rpm for 12 h. Subsequently, 200 μl of cell-free supernatant was transferred into one compartment of the divided Petri dish with 1.5% of LB agar and spread out. One piece of fresh potato leaf (Helan 15) was placed onto the other compartment with 0.5% water agar containing 10 μg/ml tetracycline hydrochloride and 20 μl of A. solani conidia suspension (105 CFU/ml) was inoculated onto the center of the leaf. LB plates without ZD01 were used as control. For the pathogenicity of different A. solani strains, 5-mm plugs of the wild type, Δslt2 and Δsod mutants, and complementation strains were inoculated onto the center of one piece of fresh potato leaf. After 5 days of growth with 12 h of light and 12 h of darkness alternately at 25°C, the lesion areas were measured.



SOD Concentration Measurement of A. solani

The concentrations of SOD in wild-type, Δsod mutant, and complementation strains of A. solani were determined by double antibody sandwich method using a commercial kit. One gram of ground mycelium was resuspended in 9 ml of PBS buffer (pH 7.2–7.4) and then centrifuged at 3,000 rpm for 20 min. The supernatant was then collected for SOD concentration measurement using the Enzyme Immunoassay Kit for Superoxide Dismutase (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions.



Collection of VOCs With SPME and Analysis by GC-MS

For VOC extraction, the Bacillus strain was inoculated into 6 ml of LB medium in a 20-ml vial. After incubation at 37°C for 4 days, samples were used for analysis. To provide a repeatability of the experiment, four samples were prepared and the LB medium without the antagonistic bacteria was set up as a control.

Volatile organic compounds were analyzed using solid phase microextraction (SPME) coupled with gas-chromatography tandem mass spectrometry (GC-MS) analysis. The SPME fiber (2 cm, 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane fiber, DVB/CAR/PDMS) was inserted into the headspace of the vial and then placed at 50°C for 40 min. Compounds were then desorbed for 10 min in the injection port of the gas chromatograph at 220°C with the purge valve off (split-less mode).

An HP-5 capillary column (30.0 m × 0.25 mm × 0.25 μm, Thermo) and helium as the carrier gas were used for GC-MS. A Thermo Trace 1300-ISQ MS was used for peak separation and detection. Each run was performed for 45 min. The initial oven temperature of 40°C was held for 4 min, ramped up at a rate of 5°C/min to 150°C holding for 1 min, further ramped up at a rate of 10°C/min to 280°C, and held for 5 min. The mass spectrometer was operated in the electron ionization mode at 70 eV with a source temperature of 280°C, and a continuous scan from 35 to 400 m/z was used. The analysis was performed in full-scan mode. Mass spectral data of the volatile compounds were compared with data in the National Institute of Standards and Technology (NIST) Mass Spectrum Library.



Construction of Fungal Deletion and Complementation Strains

Gene deletion vector construction and transformation of A. solani were generated by the double-joint PCR method with minor modification (Yu et al., 2004). The primers used for flanking sequences amplification for each gene are listed in Supplementary Table S4. Open reading frames (ORFs) of slt2 and sod were replaced with a hygromycin resistance cassette (hyg) and the constructed fragment was inserted into the pEASY-T1 cloning vector (Supplementary Table S2). After transforming the constructed plasmid into HWC-168, the subsequent deletion mutants were verified by PCR with slt2-F/R and sod-F/R (Supplementary Table S4). For complementation, the respective ORFs were fused to a neomycin selection marker (neo) and introduced into the corresponding deletion mutants. Specific primers slt2-F/R and sod-F/R and marker gene primers neo-F/R (Supplementary Table S4) were used for verification.



Quantitative Real-Time PCR

Total RNAs of A. solani cells co-cultured with volatiles produced by ZD01 after 3 and 4 days were extracted by using the Bacterial RNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions. First-strand cDNA was obtained using reverse transcriptase (TransGen Biotech, Beijing, China) with random hexamer primers. Real-time PCR was performed with SYBR Premix Ex TaqTM (TransGen Biotech, Beijing, China). ITS gene was used as an internal reference gene. The specific primers used are listed in Supplementary Table S4. The relative expression of specific genes was calculated by using the 2–ΔΔCT method (Livak and Schmittgen, 2001).



Statistical Analysis

Three independent experiments were performed for each assay. Data were analyzed by SPSS20.0 Windows Software (SPSS Inc., Chicago, IL, United States). Least significant differences (LSD) were calculated to compare the results at the 0.05 level.
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Many Trichoderma spp. are successful plant beneficial microbial inoculants due to their ability to act as biocontrol agents with direct antagonistic activities to phytopathogens, and as biostimulants capable of promoting plant growth. This work investigated the effects of treatments with three selected Trichoderma strains (T22, TH1, and GV41) to strawberry plants on the productivity, metabolites and proteome of the formed fruits. Trichoderma applications stimulated plant growth, increased strawberry fruit yield, and favored selective accumulation of anthocyanins and other antioxidants in red ripened fruits. Proteomic analysis of fruits harvested from the plants previously treated with Trichoderma demonstrated that the microbial inoculants highly affected the representation of proteins associated with responses to stress/external stimuli, nutrient uptake, protein metabolism, carbon/energy metabolism and secondary metabolism, also providing a possible explanation to the presence of specific metabolites in fruits. Bioinformatic analysis of these differential proteins revealed a central network of interacting molecular species, providing a rationale to the concomitant modulation of different plant physiological processes following the microbial inoculation. These findings indicated that the application of Trichoderma-based products exerts a positive impact on strawberry, integrating well with previous observations on the molecular mechanisms activated in roots and leaves of other tested plant species, demonstrating that the efficacy of using a biological approach with beneficial microbes on the maturing plant is also able to transfer advantages to the developing fruits.

Keywords: Fragaria x ananassa, Trichoderma, proteomics, antioxidant, phenolics, anthocyanins


INTRODUCTION

For centuries, the fruits of strawberry (Fragaria x ananassa Duch.) have been consumed, appreciated for their taste and nutritional properties. Their cultivation has augmented in recent years, with productivity increasing to more than 9 million tons worldwide in 2017 (Food and Agriculture Organization of the United Nations, 2018)1. Human health benefits derived from eating strawberry fruits include heart protection, reduced blood pressure, as well as anticancer and anti-inflammatory activities (Liu et al., 2000; Joseph et al., 2014). These effects are related to the high content of phenolic compounds, vitamin C, anthocyanins, proanthocyanidins (cyanidin and pelargonidin derivatives) and other antioxidants, which contrast oxidative stress and retard cellular aging (Hanhineva et al., 2011; Giampieri et al., 2012; Joseph et al., 2014; Park et al., 2017). Anthocyanins represent the main flavonoid class in strawberry fruits that play an active role in the determination of the red pigmentation and in the evaluation of fruit ripeness (da Silva et al., 2007). Ripened strawberries contain high concentrations of pelargonidin glycosides, including pelargonidin 3-O-glucoside, pelargonidin 3-O-malonyl-glucoside, pelargonidin 3-O-rutinoside and cyanidin 3-O-glucoside, which may represent up to 95, 33, 7, and 6%, respectively, of the total anthocyanins (Aaby and Remberg, 2015). Previous studies reported that the biosynthesis of antioxidant metabolites (and the corresponding concentration in the fruit) is strongly influenced by the interaction of the plant genotype and cultivation practices, i.e., fertilization, with the growth environment (Anttonen et al., 2006; Buendia et al., 2010; Aaby et al., 2012). The metabolomic dynamics are also affected by the nutritional status of the plant, as noted with iron- and phosphorus- deficiencies in the rhizosphere, often compensated by the regulation of root exudates that influence nutrient bioavailability and uptake determining fruit quality (Valentinuzzi et al., 2015). Furthermore, metabolite composition of strawberry are also associated with the phenology of the plant, developmental stages of the fruit, vegetative structure and interactions with biotic and abiotic stress factors that correspond to plant responses to the pathogen/pest attack and to adverse factors in the environment (Hanhineva et al., 2011).

Recent findings reinforce the concept that some microbial biological control agents (BCAs) may have multiple beneficial effects on plants, that not only include disease control, but also the stimulation of plant growth, increased yield, enhanced bioavailability and uptake of nutrients, as well as improvement of crop quality (Pascale et al., 2017; Woo and Pepe, 2018; Marra et al., 2019). Numerous fungi belonging to the genus Trichoderma have been widely studied as BCAs for their antagonistic and plant biostimulant activities; they are present as active ingredients in more than 200 products marketed worldwide as biofungicides, biofertilizers, biostimulants, and soil probiotics for agriculture (Woo et al., 2014). Furthermore, many Trichoderma spp. applied as biofungicides and considered as alternatives to chemical phytosanitary products of synthesis, are proven efficient antagonists of many causal disease agents of strawberry such as Botrytis or Colletotrichum (Tronsmo and Dennis, 1977; Freeman et al., 2004; Porras et al., 2007).

Several Trichoderma strains are endophytes able to establish a complex molecular crosstalk network in interactions with other rhizosphere microorganisms and the plant, which improve plant feedback to different stresses, and the ability to improve crop development and productivity (Vinale et al., 2008; Hermosa et al., 2012; Lombardi et al., 2018).

Since the early observations of the plant growth promotion effects by Trichoderma treatments to the plant (Baker, 1988; Klefield and Chet, 1992; Ousley et al., 1994), investigations in this field of research have been steadily intensified in an attempt to understand the mechanisms involved. Root colonization by Trichoderma spp. was found to be associated with enhanced plant nutrient uptake as result of an improved efficient solubilization of macro- and micro-nutrients (Altomare et al., 1999; Yedidia et al., 2001; de Santiago et al., 2011) that modified the metabolism of several crops (Harman, 2004; Vinale et al., 2008, 2012; Hermosa et al., 2012). Modern technologies in the “omics” era permitted functional studies on the beneficial fungus (Lorito et al., 2010), the host plant (Harman et al., 2004a), as well as on the interactions between Trichoderma, plant and pathogens (Marra et al., 2006). Proteomic and transcriptomic approaches were used to characterize metabolic pathways and molecular processes underlying the plant response to treatments with Trichoderma preparations, specifically regarding the plant defense responses (Yedidia et al., 2000) and induced systemic resistance (Shoresh et al., 2010). The various studies that described the plant responses to these beneficial microbes were performed on root and leaf tissues obtained from diverse plant species, i.e., bean, maize, tomato, cucumber and grapevine. These plants were treated with T. harzianum or T. virens in order to evaluate the differential quantitative changes in proteins/genes related to specific signaling cascades and metabolic pathways involved in defense responses, redox stresses and carbon/energy metabolism (Marra et al., 2006; Segarra et al., 2007; Shoresh and Harman, 2008; Perazzolli et al., 2016; Manganiello et al., 2018; Nogueira-Lopez et al., 2018; De Palma et al., 2019). Although proteomics and metabolomics have found a large application in the characterization of the physiological changes occurring during development, ripening and post-harvest of diverse fruits (Guarino et al., 2007; D’Ambrosio et al., 2013; Molassiotis et al., 2013; Salzano et al., 2018, 2019), including strawberry (Bianco et al., 2009; Li et al., 2013, 2015), the objectives have been largely focused on the quality of the harvested products and the effects of conservation conditions.

The principle method to administer the biological products containing Trichoderma in agricultural production is by direct applications to the seed or the developing plant (Woo et al., 2014), and any positive changes noted by the treatments are observed on the growing plant (biomass) and the developing fruit, which are reflected in the biometric parameters important for evaluating yield quantity. However, only a very few reports have provided information on specific genes or enzymatic activities in the fruits, when the corresponding plants have been inoculated with T. harzianum preparations; the only case is for tomato (Chacón et al., 2007; Singh et al., 2018). No dedicated investigations have been performed on fruits collected from plants treated with microbial BCAs in order to evaluate the metabolic pathways and molecular changes that can influence the quality and beneficial health characteristics in the harvested products.

To investigate the outcome of Trichoderma on strawberry, in particular on the fruit, this study was undertaken to determine the effects of treatments with different Trichoderma strains on the productivity of strawberry, on the plant growth promotion of above/below ground vegetative structures, and the reproductive structures determining fruit yield. Moreover, multiple approaches assayed the physiological characteristics of strawberry after the application of these beneficial fungi to the mother plant, which could have an effect on the corresponding formed fruits, anthocyanin and antioxidant compound content, and the representation of proteins associated with signaling, energetic and metabolic processes, as well as with plant response to biotic/abiotic stresses. This study provides evidences that Trichoderma can have positive effects on above-mentioned plant physiological parameters, as well as on beneficial compounds that highly influence food quality and consumer health.



MATERIALS AND METHODS


Fungal Strains

Trichoderma harzianum strains T22 and TH1, and T. virens strain GV41 were obtained from a microbial collection available at the Department of Agricultural Sciences of the University of Naples Federico II, Portici, Italy, and cultivated bimonthly on Potato Dextrose Agar (HI-MEDIA, Pvt. Ltd., Mumbai, India), at 25°C. Trichoderma propagules were produced by solid-state fermentation on sterile rice bran (500 g) inoculated with a spore suspension (1 × 106 spores/mL), and incubated at 25°C. After 7 days, the spores were collected washing the rice bran with sterile water. Spore suspensions were adjusted to the desired concentration by using a haemocytometer. T. harzianum strain T-22 and T. virens strain G-41 (GV41) are registered mBCA Plant Protection Products, components biofungicides on the agricultural market that meet safety criteria established by EPA and EU governing bodies. T. harzianum strain TH1 does not produce noted toxic compounds as determined by metabolomic analysis (Vinale and Woo, data not shown).



Plant Material, Treatments and Sampling

Experiments were carried out in the greenhouse at the Department of Agricultural Sciences of the University of Naples Federico II, Portici, Italy, under natural, seasonal environmental conditions. Fresh transplants of uniform size of Fragaria x ananassa cv. Sabrina were transplanted in October 2016 into 25 cm-diameter pots (one plant per pot) filled with sterile soil. The trial was arranged in a completely randomized block design with 2 biological replicates per treatment and 10 plants in each replicate. Fungal spore suspensions (T22, TH1, and GV41) were tested at 107 spores/mL in water. They were applied once by root dip (15 min) immediately prior to transplanting, and monthly by irrigation (25 mL) until 7 days before the first harvest. Controls consisted in water-treated plants (CTR). Throughout the duration of the field experiment, the disease incidence of the most common strawberry pathogens was monitored on plants and fruits.

Ripe fruits were harvested at the commercial stage from Trichoderma-treated and control plants once per week from April to June 2017 and individually counted and weighed. All strawberry plants were harvested at the end of June 2017, and thoroughly washed under running tap water to remove soil particles. Plants were dried in oven at 65°C for about 72 h, until achieving a constant weight. For each treatment, total yield (TY), number of fruits/plant (NF), root length (RL), root fresh weight (RFW), and root dry weight (RDW) were measured.



Preparation of Fruit Samples for Chemical and Proteomic Analyses

Red ripe fruits from Trichoderma-treated and control plants were immediately ground in liquid N2 and stored at −80°C until their use. For chemical analyses, individual freeze-dried strawberries were stored in a desiccator, at room temperature, in the dark, and then pulverized by using a knife mill Grindomix GM 200 (Retsch, Haan, Germany). Powdered strawberry samples were pooled according to treatment and used for further chemical analyses.

For proteomic analysis, individual frozen strawberries were pooled according to treatment, grounded in a blender and finally grinded in a mortar, using copious liquid N2 to avoid tissue defrosting. Samples were then lyophilized, and immediately processed for further proteomic analysis.



Determination of Total Antioxidant Capacity and Total Phenolic Content in Fruits

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical assay was used to measure total antioxidant capacity (TAC) of strawberry fruit hydroalcoholic extracts (Sharma and Bhat, 2009). Briefly, 1 mL of a solution 1% v/v formic acid in methanol:water (70:30 v/v) was added to 10 mg of each sample, which was then homogenized; the suspension was vortexed and then centrifuged (14800 rpm, 4°C, for 10 min). DPPH was dissolved in methanol (0.4 mg/mL) and the absorbance at a wavelength of 517 nm was adjusted to 0.9 ± 0.02 by using a T92+ UV double beam spectrophotometer (PG Instruments, Leicester, United Kingdom). Scavenging capacity was evaluated by dissolving 0.2 mL of each hydroalcoholic extract in 0.9 mL of DPPH solution; after incubation at 25°C, for 10 min, the absorbance was measured at 517 nm. Percentage of inhibition was calculated with respect to a solution of 1% v/v formic acid in methanol:water (70:30 v/v). A trolox calibration curve was built in the range 10-120 μM, and TAC was expressed as μmol of trolox equivalent per gram of dry matter. Each extraction was performed in duplicate for a whole of eight observations for each sample.

Total phenolic content (TPC) was measured through the colorimetric Folin-Ciocalteu method, following the procedure of Singleton et al. (1998). Gallic acid was used as a standard, and a series of calibration solutions was prepared in the concentration range 0.020–0.150 mg/mL. Sample hydroalcoholic suspensions were prepared as described above. A 0.1 mL sample aliquot was mixed with 0.5 mL of distilled water and 125 μL of Folin-Ciocalteu solution. The mixture was vortexed (1000 rpm), left for 6 min at room temperature and added with 1.25 mL of 0.70 M sodium carbonate. The mixture was vigorously vortexed and incubated for 90 min, at room temperature. The absorbance of samples was measured at 760 nm.



Determination of Ascorbic Acid Content in Fruits

Strawberry samples (500 mg) were extracted with 5 mL of an aqueous solution containing 3% v/v metaphosphoric acid and 8% v/v acetic acid. Upon vortexing and centrifugation (4000 rpm, at 4°C, for 10 min), acid extracts were titrated using an indophenol solution (25% w/v 2,6-dichloroindophenol, 21% w/v NaHCO3), until a light pink color appeared. Different concentrations of ascorbic acid were titrated with above-mentioned indophenol solution in order to build up a standard calibration curve (Ramirez et al., 1996).



Analysis of Anthocyanins in Fruits by LC–DAD–ESI-MS/MS

Samples were extracted according to Holzwarth et al. (2012), with minor modifications. Strawberry dried samples (50 mg) were suspended in 3 mL of 5% v/v formic acid in methanol, sonicated for 10 min, at 40°C, and finally placed in a water bath (40°C), under agitation. Samples were centrifuged (4000 rpm, at 4°C, for 10 min), and 1 mL of each supernatant was dried at 40°C in a Savant centrifugal evaporator (Thermo-Fisher, Bremen, Germany). Dried extracts were dissolved in 0.3 mL of 5% v/v formic acid, filtered with modified cellulose filters (0.22 μm, Phenomenex, Torrance, CA, United States), and 10 μL of each solution was injected into the LC system. Quantitative analysis of anthocyanins was performed by using a Shimadzu LC10AD binary system (Shimadzu, Kyoto, Japan) equipped with a SPD-M10A diode array detector (DAD, Shimadzu) and a Series 200 autosampler (Perkin Elmer, Billerica, MA, United States). Chromatographic separation was achieved through a Kinetex XB-C18 column (150 × 4.6 mm, 5 μm, 100 Å, Phenomenex) equipped with a C18 ODS guard column (4.0 × 3.0 mm), at 25°C, with a flow rate of 0.8 mL/min. Mobile phase A was 5% v/v formic acid and mobile phase B was 5% v/v formic acid in methanol. The following binary gradient (min/%B) was used: (0/20), (3/20), (15/55), (18/55), (22/90), (25/90). Typical benzopyrylium and flavylium ions of anthocyanins were monitored at 520 nm.

For peak assignment, samples were injected into an API2000 triple quadrupole tandem mass spectrometer (AB Sciex, Carlsbad, CA, United States) by using the same chromatographic conditions listed above. Positive electrospray ionization was used for the detection; source parameters were as follows: spray voltage 5.5 kV; capillary temperature 300°C, dwell time 100 ms. The chromatographic profile was recorded in multiple reaction monitoring mode (MRM). Tentative identification of individual anthocyanins was achieved according to Määttä-Riihinen et al. (2004) by using mass transitions given in parentheses: cyanidin 3-O-glucoside (m/z 449 → 287), pelargonidin 3-O-glucoside (m/z 433 → 271), pelargonidin 3-O-rutinoside (m/z 579 → 271), pelargonidin 3-O-malonyl-glucoside (m/z 519 → 271), pelargonidin 3-O-acetyl-glucoside (m/z 475 → 271) and cyanidin derivative (m/z 449 → 287). Individual anthocyanins were quantified using calibration curves of pelargonidin 3-O-glucoside, while cyanidin was used for the quantification of anthocyanidins (aglycone form). Three sets of calibration curves were built in the range 0.1–50 μg/mL according to the limit of detection and the limit of quantitation (Armbruster and Pry, 2008). Three replicates of the solutions 50 ng/mL were injected into the LC-DAD system to verify the lowest concentration for which the signal to noise ratio was higher than three. The r2 value was calculated plotting the area counts against the injected concentrations. Each point of the calibration curves was injected three times in the same day (intraday assay for the repeatability) and three times in three different days (interday assay for the reproducibility); the accuracy was reported as the discrepancies between nine calibration curves performed intraday and interday. Slope among the calibration curves was calculated and compared to each point of each calibration curve. Results were expressed as relative standard deviation (%). Each sample was extracted and injected twice for a total of 4 observations; results were reported as μg/g of fruit sample. In case of lacking standards, the calibration of structurally related compounds was used and corrected by a molecular weight factor (Chandra et al., 2001).



Fruit Protein Extraction, Digestion and Peptide Fractionation

Lyophilized samples from pooled frozen fruits of Trichoderma-treated and control strawberry plants (9 fruits collected from 3 plants for each condition) were quickly extracted in parallel for proteins through a slightly modified phenol-extraction method followed by ammonium acetate–methanol precipitation (Li et al., 2015). Thus, 1 g of lyophilized powder of each sample was mixed in a mortar with 1% w/w polyvinylpyrrolidone, and resuspended in 10 mL of 0.7 M sucrose, 0.1 M KCl, 0.5 M Tris–HCl, 50 mM EDTA, 40 mM DTT, pH 8.5, containing a protease inhibitors cocktail for plant tissues (Sigma-Aldrich, United States). Homogenization was performed in an Ultra-Turrax tissue processor (IKA, Werke GmbH, Germany) for 1 min, at 6000 rpm. Tris-buffered phenol, pH 8.0 (Sigma-Aldrich) was added to the suspension (1:1, v/v) and the sample was mixed thoroughly and centrifuged at 10,000 × g, for 15 min, at 4°C. The extraction was repeated twice and phenol phases were collected and precipitated with 5 vol of cold 0.1 M ammonium acetate in methanol, at −20°C, overnight. Protein pellets were washed twice with ice-cold methanol and finally with cold acetone containing 20 mM DTT, and then air-dried. Protein pellets (5 mg) were solubilized in 250 μL of 7 M urea, 2 M thiourea, 50 mM triethylammonium bicarbonate (TEAB), 2% SDS, 10 mM DTT, pH 8.5, and added with plant specific protease inhibitors (Sigma-Aldrich). Samples were vortexed and incubated for 1 h, at 30°C, under shaking. Samples were centrifuged at 12,000 × g for 5 min, at 5°C, and the taken of the supernatant containing the corresponding protein extract. Protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, United States), according to manufacturer’s instructions. Relative quantification of individual proteins was obtained by a tandem mass tagging (TMT)-labeling experiment using a TMT10plex Isobaric Label Reagent Kit (Thermo-Fisher Scientific, United States); protein samples were prepared according to manufacturer’s instructions. Thus, an aliquot of each protein sample (100 μg) was adjusted to a 100 μL final volume with 100 mM TEAB, and then treated as reported in the manufacturer’s instructions. Each sample was digested with freshly prepared trypsin (enzyme to protein ratio 1:50 w/w) in 100 mM TEAB, at 37°C, overnight. Resulting peptides from each protein sample were labeled with the TMT10plex Label Reagent Set (Thermo-Fisher Scientific), at 25°C, following manufacturer’s instructions, according to the labeling scheme: Ctrl-TMT10-126, T22-2-TMT10-127N, TH1-TMT10-127C, and GV41-TMT10-128N. After 1 h of reaction, 8 μL of 5% w/v hydroxylamine was added in each tube and mixed for 15 min, in order to quench the derivatization reaction. For a set of comparative experiments, tagged peptide mixtures were mixed in equal-molar ratios (1:1:1:1) and vacuum-dried under rotation. Then, pooled TMT-labeled peptide mixtures were suspended in 0.1% v/v trifluoroacetic acid, and fractionated by using the Pierce High pH Reversed-Phase Peptide fractionation kit (Thermo-Fisher Scientific) according to manufacturer’s instructions. After fractionation, eight fractions of TMT-labeled peptides were collected, vacuum-dried and finally reconstituted in 0.1% v/v formic acid for subsequent mass spectrometric analysis.



NanoLC-ESI-Q-Orbitrap MS/MS Analysis of Fruit Protein Digests

Tandem mass tagging-labeled peptide fractions were analyzed with a nanoLC-ESI-Q-Orbitrap-MS/MS platform consisting of an UltiMate 3000 HPLC RSLC nano system (Dionex, United States) coupled to a Q Exactive Plus mass spectrometer through a Nanoflex ion source (Thermo-Fisher Scientific). Peptides were loaded on an Acclaim PepMap RSLC C18 column (150 mm × 75 μm ID, 2 μm particles, 100 Å pore size, Thermo-Fisher Scientific), and eluted with a gradient of solvent B (19.92/80/0.08 v/v/v water/acetonitrile/formic acid) in solvent A (99.9/0.1 v/v water/formic acid), at a flow rate of 300 nL/min. The gradient of solvent B started at 5%, increased to 60% over 125 min, raised to 95% over 1 min, remained at 95% for 8 min. The mass spectrometer operated in data-dependent mode, using a full scan (m/z range 375–1500, nominal resolution of 70,000), followed by MS/MS scans of the 10 most abundant ions. MS/MS spectra were acquired in a scan m/z range 110–2000, using a normalized collision energy of 32%, an automatic gain control target of 100,000, a maximum ion target of 120 ms, and a resolution of 17,500. A dynamic exclusion value of 30 s was also used.



Bioinformatics for Protein Identification and Quantitation

Raw data files were analyzed for protein identification and relative protein quantification with Proteome Discoverer v. 2.1 software (Thermo Scientific), enabling the database search by Mascot algorithm v. 2.6 (Matrix Science, United Kingdom) using the following criteria: NCBI protein database (Viridiplantae, 6216064 protein sequences, 12/2018) including the most common protein contaminants; carbamidomethylation of Cys and TMT modification of lysine and peptide N-terminal as fixed modifications; oxidation of Met, deamidation of Asn and Gln, pyroglutamate formation of Gln as variable modifications. Peptide mass tolerance was set to ±10 ppm and fragment mass tolerance to ±0.02 Da. Proteolytic enzyme and maximum number of missed cleavages were set to trypsin and 2, respectively. Protein candidates assigned on the basis of at least 2 sequenced peptides and an individual Mascot Score ≥ 30 were considered as confidently identified. For quantification, ratios of TMT reporter ion intensities in the MS/MS spectra from raw datasets were used to calculate fold changes between samples. Results were filtered to 1% false discovery rate. Proteomic data have been deposited to the ProteomeXchange consortium (Vizcaíno et al., 2016) with the PRIDE partner repository with the dataset identifier PXD016951.



Bioinformatics for Protein Functional Analysis

Identified proteins were subjected to BLAST sequence homology search using command line NCBI applications against the Arabidopsis thaliana protein sequence database TAIR 10 from The Arabidopsis Information Resource repository2. Functional categorization of differentially represented proteins (DRPs) was obtained using Mercator pipeline3 for automated sequence annotation. Final outputs were integrated with data from available literature. Hierarchical clustering analysis of log2 transformed abundance ratios of DRPs from Trichoderma-treated strawberry plants was performed using Genesis 1.8.1 platform (Sturn et al., 2002). Person’s correlation as distance and average linkage clustering were chosen as parameters. Protein interaction networks were obtained with STRING v. 114 using the A. thaliana database. Venn diagrams were depicted using a web tool at http://bioinformatics.psb.ugent.be/webtools/Venn.



Statistical Analysis

Biometric data (TY, NF, RL, RFW, and RDW), and total antioxidant capacity, ascorbic acid, total phenolic compounds, total anthocyanins and single anthocyanin content of samples were examined by one-way ANOVA using SPSS software (v.15.0 IBM, Armonk, NY, United States). Significant differences among treatments were separated using SNK (Student–Newman–Keuls) and Fisher’s Least Significant Difference (LSD) post hoc tests, at the 0.05 level of significance.



RESULTS


Strawberry Growth and Yield of Strawberry Plants

Treatments with Trichoderma harzianum strains T22 and TH1, and T. virens strain GV41 significantly enhanced total yield (TY) (P < 0.05) of strawberry plants, as compared to control (CTR) (Table 1). In particular, the strains T22, TH1, and GV41 increased TY by 35, 38, and 29%, respectively. Applications of T. harzianum strains T22 and TH1 were also found to significantly increase (P < 0.05) the number of fruits per plant (NF) by 17 and 39%, respectively, while a lower effect (6%) was observed in the case of T. virens strain GV41.


TABLE 1. Effects of different Trichoderma strains (T22, TH1, and GV41) on the growth and productivity of strawberry plants under greenhouse conditions.

[image: Table 1]All Trichoderma treatments slightly enhanced root length (RL), root fresh weight (RFW) and root dry weight (RDW), and GV41 showed the highest increase of RL (11%), RFW (17%) and RDW (21%) compared to CTR, as outlined in Table 1.

In addition, no incidence of disease was observed on the plants or fruits subjected to the Trichoderma biological treatments monitored for the duration of the experiment (data not shown).



Antioxidant Properties of Strawberry Fruits

Treatments with Trichoderma strains variably affected the antioxidant capacity of fruits, as well as the corresponding total polyphenol, ascorbic acid and total anthocyanin content. In particular, application of the strain GV41 exhibited a slight increase (8%) of antioxidant activity in strawberry samples respect to CTR (P < 0.05), together with a significant accumulation of ascorbic acid (23%) and total anthocyanins (31%) (P < 0.05) (Table 2). Conversely, strain TH1 only promoted a significant increase (66%) of total anthocyanin levels (P < 0.05).


TABLE 2. Effects of the application of different Trichoderma strains (T22, TH1, and GV41) on the antioxidant properties of strawberry fruits.
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Quali-Quantitative Characterization of Individual Anthocyanins in Strawberry Fruits

To better evaluate anthocyanin content in strawberry fruits from Trichoderma-treated plants, a dedicated quali-quantitative characterization of individual compounds was undertaken. To this purpose, mass spectrometry (MS) transitions were tentatively identified and assigned according to previous studies (Chandra et al., 2001; Määttä-Riihinen et al., 2004; Holzwarth et al., 2012); the results are reported in Supplementary Table S1, while Supplementary Figure S1 depicts a representative anthocyanin profile of a fruit sample recorded at 520 nm. Peaks 1 and 6 were assigned to cyanidin 3-O-glucoside (cya 3-O-glc) and cyanidin derivative (cya der), respectively; both compounds exhibited an [M+] signal at m/z 449, releasing cyanidin as fragment at m/z 287 in MS/MS experiments. As expected based on chromatographic gradient and cationic selectivity of the column, cya 3-O-glc eluted earlier than cya der. Peaks 2, 3, 4, and 5 were tentatively assigned to pelargonidin glycosides since each component showed the flavylium ion signal at m/z 271 (pelargonidin flavylium ion) in MS/MS experiments. In agreement with previous investigations (Holzwarth et al., 2012), the predominant anthocyanin (peak 2) was pelargonidin 3-O-glucoside (pel 3-O-glc) with a [M+] signal at m/z 433. On the other hand, peak 3, 4 and 5 were assigned to pelargonidin 3-O-rutinoside (pel 3-O-rut), pelargonidin 3-O-malonyl-glucoside (pel 3-O-mal-glc) and pelargonidin 3-O-acetyl-glucoside (pel 3-O-ac-glc) based on corresponding [M+] signals at m/z 579, 519 and 475, respectively.

Based on above-mentioned results, LC–DAD-assisted quantitative measurements of individual anthocyanins in fruits from plants exposed to the Trichoderma spore suspensions (Figure 1) confirmed the increment of total compounds already detected by colorimetric test (Table 2). The highest increases were observed with the application of strain TH1, which promoted the accumulation of cya 3-O-glc (82%), pel 3-O-glc (70%), pel 3-O-rut (77%), pel 3-O-ac-glc (24%) and cya der (72%) (P < 0.05), compared to CTR; no significant differences were envisaged for pel 3-O-mal-glc. Similarly, the strain GV41 increased the accumulation of all the individual anthocyanins (P < 0.05), with the exception of cya der. Finally, the application of strain T22 only determined a 24% increase in pel 3-O-ac-glc content (P < 0.05).
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FIGURE 1. Concentration of individual anthocyanins in strawberry fruits produced by plants subjected to the treatment with Trichoderma strains (T22, TH1, and GV41), as compared to control (CTR). Results on cyanidin 3-O-glucoside (cya 3-O-glc), pelargonidin 3-O-glucoside (pel 3-O-glc), pelargonidin 3-O-rutinoside (pel 3-O-rut), pelargonidin 3-O-malonyl-glucoside (pel 3-O-mal-glc), pelargonidin 3-O-acetyl-glucoside (pel 3-O-ac-glc) and cyanidin derivative (cya der) are shown. Data were reported as μg/g sample, and represent the mean value of 8 biological replicates ± standard deviation (SD). Different letters on the bars indicate statistically significant differences (P < 0.05).




Proteomic Analysis of Strawberry Fruits

With the aim of evaluating molecular effectors/metabolic pathways that underlie the above-mentioned effects of Trichoderma spp. on strawberry fruits, and obtaining original information on fruits from a plant treated with BCAs, protein extracts from berry samples of plants inoculated with Trichoderma strains T22, TH1, and GV41 were comparatively evaluated to the control by a TMT-based proteomic approach. This quantitative analysis allowed the identification of 3294 proteins and measuring the relative quantitative levels of 3014 plant proteins (data available in PRIDE repository with dataset identifier PXD016951) that found a counterpart in 3262 and 2982 redundant Arabidopsis thaliana entries in TAIR 10 database, respectively, plus additional 32 plant sequence entries not having a homolog in the same sequence data inventory. This proteomic analysis of the strawberry did not note the presence of Trichoderma proteins in the fruit extracts. Above-mentioned proteins were further filtered for abundance fold changes ≥1.50 or ≤0.66 (T22, TH1, and GV41 vs. CTR) (P ≤ 0.05) and accession redundancy, thus ascertaining 333 differentially represented proteins (DRPs) associated with various Trichoderma treatments (Supplementary Table S2). The latter corresponded to 323 non-redundant A. thaliana sequence entries in TAIR 10 database plus additional 10 plant sequence entries not having an A. thaliana counterpart. In particular, 75, 45, and 253 DRPs were observed for Trichoderma strains T22, TH1, and GV41, respectively. A Venn diagram representation of these DRPs showed a number of unique and shared components between different Trichoderma treatments (Figure 2). Hierarchical clustering of abundance ratios and distribution of DRPs between different Trichoderma strains highlighted that most significant quantitative changes occurred after treatment with T. virens GV41, followed by that with T. harzianum T22 and TH1 (data not shown and Figure 2). Resultant DRPs were functionally indexed through an initial assignment obtained with Mercator software, followed by a functional group cataloguing including information from the Bevan classification (Bevan et al., 1998) and recent literature data (Figure 3 and Supplementary Table S3). This analysis attributed a function to all proteins, except 23 molecular species that were not assigned to any known ontology or functional group. Thus, DRPs were mostly related to the functional category of protein metabolism (including components involved in protein biosynthesis, protein degradation and protein translocation) (20%), stress response (including components associated with redox homeostasis, external stimuli response and protein modification) (17%), carbon and energy metabolism (including enzymes related to carbohydrate metabolism, energy and photosynthesis) (14%), vesicle trafficking (9%), and secondary metabolism (including enzymes catalyzing biosynthesis/degradation of secondary metabolites and phytohormones) (7%), thus highlighting prominent molecular mechanisms and metabolic pathways modified following Trichoderma treatments. No major differences in the functional distribution were observed when DPRs from plants treated with strains T22, TH1, and GV41 were considered singularly (data not shown). Functional enrichments of above-mentioned proteins for biological processes, and molecular functions and KEGG pathways confirmed the involvement of most DRPs in the response to different chemical stimuli, in binding to ions/small molecules and catalytic activity, or in the biosynthesis of secondary metabolites, oxidative phosphorylation, and carbon and protein metabolism, respectively (Supplementary Table S4). Heat-map pictures originated from hierarchical clustering of quantity ratios of DRPs for each functional group were reported in Figure 4 and Supplementary Figures S2–S9. These figures describe the relative quantitative representation profile of the different strawberry proteins as result of the different Trichoderma treatments, as related to CTR. A general coherent qualitative trend of DRPs between the various treatments with Trichoderma strains was observed, with a very limited number of exceptions. In the subsequent sections focused on the most represented protein functional groups, these heat-map pictures are discoursed together with corresponding DRPs and metabolic pathways/molecular processes.
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FIGURE 2. Venn diagram showing differentially represented proteins present in strawberry fruits produced by plants subjected to the treatment with Trichoderma strains (T22, TH1, and GV41), as compared to control. Diagrams refer to all differentially represented proteins (left), those down-represented (middle) and over-represented (right), respectively.
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FIGURE 3. Functional distribution of differentially represented proteins present in strawberry fruits produced by plants subjected to the treatment with Trichoderma strains (T22, TH1, and GV41), as compared to control (CTR). Identified protein species were initially assigned with Mercator software (Supplementary Table S3), followed by a functional group cataloguing including information from the Bevan classification (Bevan et al., 1998) and recent literature data.



[image: image]

FIGURE 4. Heat-map representation and hierarchical clustering analysis of proteins related to phytohormone metabolism (upper panel) and secondary metabolism (lower panel), which were differentially represented in strawberry fruits produced by plants subjected to the treatments with Trichoderma strains (T22, TH1, and GV41), as compared to control (CTR). Proteins shown are those with abundance fold changes ≥1.50 or ≤0.66 compared to control (P ≤ 0.05) (Supplementary Table S3). Data are reported as log2 transformed abundance ratio values. Hierarchical clustering analysis of DRPs was performed using Genesis 1.8.1 platform (Institute for Genomics and Bioinformatics, Graz University of Technology).


Bioinformatic analysis of DRPs with STRING allowed predicting a strawberry functional protein association map based on A. thaliana homolog counterparts, which at high confidence (0.7) revealed a predominant highly ramified network linking together 182 components, plus twelve binary/ternary molecular complexes (Figure 5 and Supplementary Table S5). The involvement of most DRPs (54.6% of total number) in this major network emphasized the occurrence of a functional assembly bridging different deregulated metabolic pathways and molecular processes, which underlies the physiological adaptation of strawberry fruits to the occurrence of Trichoderma strains in plant roots. As mentioned above, most of the knots present in this network were associated with DRPs from treatment with T. virens GV41. When a medium confidence (0.4) was used, a unique highly ramified network linking together 287 DRPs (86.2% of their total number) was observed (data not shown). Overall, above-mentioned proteomic results suggested that various metabolic, energetic and signaling processes, together with a number of plant external stimuli-/stress-responsive mechanisms, are simultaneously regulated in strawberry fruits as result of the plant treatment with different Trichoderma strains.
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FIGURE 5. STRING analysis of differentially represented proteins present in strawberry fruits produced by plants subjected to the treatments with Trichoderma strains (T22, TH1, and GV41), as compared to control (CTR). Functional protein associations were based on data recorded for A. thaliana protein homologs. Only high-confidence interactions (0.7) are shown. Protein codes are reported in Supplementary Table S5.




DISCUSSION

Fungi belonging to the genus Trichoderma are used as successful plant growth enhancers, biostimulants, biofertilizers, and as effective biocontrol agents against various pathogens (Woo et al., 2014; Lorito and Woo, 2015). Some of these positive effects have been related to the microbial release of bioactive metabolites and elicitor proteins in the plant rhizosphere (Harman et al., 2004a, b; Vinale et al., 2014). Proteomic and transcriptomic studies on plant root, leaf tissues, and seedlings suggested that this growth-promoting activity of Trichoderma spp. is associated with different molecular events in the host, such as: (i) an increased nutrient uptake (Altomare et al., 1999); (ii) variations in phytohormone levels and corresponding induced metabolic processes (Harman et al., 2004a; Caporale et al., 2014); (iii) a general augmented carbon and energy metabolism (Shoresh et al., 2010); (iv) a higher photosynthetic efficiency (Shoresh et al., 2010). Molecular data on fruit tissues are scant in the literature and mainly limited to specific genes/proteins/metabolites (Singh et al., 2018).


Growth Promotion and Related Molecular Mechanisms

This study on strawberry plants and fruits confirmed the ability of the selected T. harzianum (T22 and TH1) and T. virens (GV41) strains to act as growth-promoting agents. In fact, these treatments increased significantly strawberry plant total yield (from a value of 29% for GV41 to 38% for TH1), augmented the number of corresponding fruits (from a value of 6% for GV41 to 39% for TH1) and promoted corresponding root growth (from a value of 12% for TH1 and T22 to 38% for GV41), when compared to control.

It has already been reported that the yield in strawberry plants is strongly dependent on micronutrient availability in the soil (Valentinuzzi et al., 2015). Our proteomic results on strawberry fruits confirmed the positive effect of Trichoderma strains in facilitating plant nutrient uptake, as demonstrated by the observed over-representation of membrane proteins devoted to (neutral and ionic) solute transport (Supplementary Table S4) and, in general, by the functional enrichment of biological processes related to the response to various chemicals (Supplementary Table S4). This phenomenon was more evident for GV41, but also detectable in T22 and TH1. Among the above-mentioned augmented proteins, worth mentioning are plasma membrane intrinsic proteins 1;4, 2, 2A and 2;5 allowing the cellular import of water and small neutral molecules (Wang et al., 2016), as well as membrane transporters for ATP/ADP, malate, nucleotide derivatives, and xanthine/uracil/ascorbate (Supplementary Figure S2). The selective over-representation of the latter protein in Trichoderma GV41-treated plants may be related to the augmented levels of ascorbic acid measured in the corresponding fruit (Table 2). In the above-mentioned context, it could also be considered the observed over-representation of five H+-translocating and two Ca2+-translocating ATPases, which couple the well-known ion fluxes associated with plant response to BCAs (Shoresh et al., 2010) to energy production (Supplementary Figure S2). Additional over-represented membrane components devoted to phytohormone, oxidant and proton translocation were ABCG transporters (3 pleiotropic drug resistance proteins) (see below) and two H+-exporting pyrophosphatases. The latter proteins have been widely recognized to play an essential role in auxin-mediated leaf/fruit development, biomass accumulation and crop yield increase (Li et al., 2005; Schilling et al., 2014; Yang et al., 2014). On the other hand, the observed down-representation of the nutrient-related chloroplast nitrogen regulatory protein PII (GlnB) in fruits from treated plants was in line with previous observations on the reduced transcription of the corresponding gene in the presence of elevated levels of N-containing metabolites (Hsieh et al., 1998; Supplementary Figure S2). GlnB also played an essential role in regulating target proteins in response to cellular ADP/ATP levels and 2-oxoglutarate status, thereby coordinating the plant carbon/nitrogen balance and regulating specific metabolic pathways (Uhrig et al., 2009). In the whole, our gel-free proteomic approach revealed abundance changes of membrane nutrient transporter proteins already ascertained by transcriptomic studies (De Palma et al., 2016, 2019), but whose solubility hampered corresponding detection in previous gel-based methods.

In addition to above-mentioned H+- and Ca2+-translocating ATPase machineries, proteomic analysis of strawberry fruits also provided information on additional mechanisms ensuring the greater energy supply requested in Trichoderma-treated plants to sustain the observed plant growth and development. Thus, different proteins involved in carbohydrate (starch, sucrose and nucleotide-sugar) metabolism (β-galactosidase, β-fructofuranosidase, granule-bound starch synthase 1, sucrose synthase 1F, 4 and 6, xyloglucan 6-xylosyltransferase, UDP-glucuronate 4-epimerase 1, glucuronokinase 1, UDP-glucose 6-dehydrogenase, sorbitol dehydrogenase and arabinose kinase), glycolysis and tricarboxylic acid cycle (two phosphofructokinase isoforms, pyruvate kinase, isocitrate dehydrogenase, ATP lyase and 2-oxoglutarate dehydrogenase), and alcoholic fermentation (two pyruvate decarboxylase isoforms) showed augmented levels in fruit after Trichoderma treatments (Supplementary Figure S3). This effect was again more evident in Trichoderma GV41-treated plants, confirming the already-mentioned strain-dependent potential of BCAs (Tucci et al., 2011; Fiorentino et al., 2018; Marra et al., 2019). These results were in good agreement with previous proteomic observations on root and leaf tissues from maize, tomato, cucumber and grapevine plants (Segarra et al., 2007; Shoresh and Harman, 2008; Shoresh et al., 2010; Palmieri et al., 2012; Manganiello et al., 2018). Conversely, all mitochondrial components of the mitochondrial ATP synthase and cytochrome C reductase complexes showed reduced levels after microbial treatments (Supplementary Figure S3), while a mixed behavior was observed for proteins involved in photosynthesis. The first phenomenon may be related to a cell attempt to limit generation of reactive oxygen species (ROS) side products during oxidative phosphorylation, in a physiological plant condition where plant cells are already exposed to significant oxidant fluxes (see below) (Shoresh et al., 2010). On the other hand, components of the NADH dehydrogenase complex (complex I), which is believed to belong to the minimal assembly required for the transfer of electrons from NADH to the respiratory chain, showed augmented levels after Trichoderma treatments.

Observed plant growth and development in Trichoderma-treated plants also corresponded to increased fruit representation levels of a number of components present in protein biosynthetic machineries involved in: (i) RNA biosynthesis and processing (2 and 8 in number, respectively); (ii) production of amino acid-tRNAs (8 in number); (iii) assembling of large/small ribosomal subunits (8 in number); (iv) polypeptide chain translation initiation/elongation activities (translation initiation factor 3 subunits G and L, and elongation factor G); (v) protein translocation from cytoplasm to cell nucleus and endoplasmic reticulum (3 and 7 in number, respectively) (Supplementary Figures S6, S7). Sporadic proteins showing an opposite quantitative trend were also observed. Above-mentioned components seemed essential to fuel novel enzymes and structural proteins to developing fruit cells and growing tissues (Shoresh and Harman, 2008), as revealed by the number of over-represented species mentioned in the previous paragraphs and the augmented levels of constitutive elements present in evolving cell wall (5 in number) and cytoskeleton (5 in number) compartments (Supplementary Figure S8). In the latter group can also be included the cell division protein FtsZ that, together with all other strawberry deregulated components present in the cell cycle catalog, also showed augmented levels after Trichoderma treatment. This protein is a structural homolog of tubulin and mediates ring formation at the chloroplast division site, and thus is essential for plant growth (Vitha et al., 2001). A request for augmented protein levels in treated plants has also to be considered in light of the need of additional defensive components (see below).



Secondary Metabolites and Related Biosynthetic Pathways

This study also showed that Trichoderma spp. treatment of plants favored accumulation of anthocyanins and other antioxidants in strawberry fruits, with a pattern that was strain-dependent. In particular, application of two microorganisms increased significantly total content of anthocyanins (31 and 66% for GV41 and TH1, respectively), ascorbic acid (23% for GV41) and corresponding antioxidant capacity (8% for GV41). Chromatographic measurements of individual anthocyanins confirmed the above-mentioned total increment, highlighting the accumulation of all measured compounds except pel 3-O-mal-glc and pel 3-O-ac-glc in TH1 and GV41, respectively. Induction of antioxidant metabolites in plant tissues of BCA-treated plants has already been reported; for example, T. harzianum inoculation was described to increase polyphenolic content and antioxidant activity in grape (Pascale et al., 2017), as well as GSH/GSSG and ASA/DHA ratios in tomato seedlings (Mastouri et al., 2012). Similarly, T. asperellum root colonization of cucumber plants augmented total antimicrobial polyphenols (Yedidia et al., 2003). Our proteomic measurement of enzymes involved in biosynthesis of secondary metabolites provided a rationale to the above-mentioned increase of anthocyanins in strawberry fruits. Indeed, it demonstrated augmented levels of phenylalanine-ammonia lyase (PAL) and chorismate synthase, which control the first reaction steps of the phenylpropanoid pathway yielding phenolic compounds (including anthocyanins), and other enzymes (chalcone and stilbene synthase, UDP-glucuronate 4-epimerase, glucokinase, UDP-glucose 6-dehydrogenase, arabinose kinase) assisting the conversion of corresponding intermediates into final compounds, or forming UDP-sugar moieties to be included into corresponding structures (Figure 4). To increase anabolic efficiency toward anthocyanin production, proteins (elicitor-activated gene 3-1 and 3-2, and two isoflavone reductases) catalyzing transformation of above-mentioned secondary metabolites into lignin derivatives were also down-represented. These results well resembled the augmented PAL levels already reported in roots and leaves of other Trichoderma-treated plants (Shoresh and Harman, 2008; Shoresh et al., 2010; De Palma et al., 2016).

Additional deregulated secondary metabolism enzymes showing augmented levels after Trichoderma application were squalene synthase and β-amyrin synthase, which are involved in the biosynthesis of sesquiterpenoids/triterpenoids (Figure 4). Terpenoids represent important constituents of herbivore-induced plant volatiles that deter herbivores and/or attract their predators (Sharma et al., 2017). They serve as airborne signals that can induce defense responses in systemic undamaged parts of the plant, and prime defense responses in neighboring plants. Our determinations were in good agreement with those on corresponding metabolic pathways and metabolites in tomato plants challenged with T. harzianum (Manganiello et al., 2018), confirming that fungal treatment can influence the plant defensive volatilome.



Antioxidant Enzymes and Related Molecular Processes

Augmented production of antioxidant metabolites in strawberry fruits may occur as consequence of the induction of different defense mechanisms (Contreras-Cornejo et al., 2011), which follow plant interactions with specific BCAs or pathogens. For example, expression of Pal genes is induced by jasmonic acid (JA)/ethylene (ET) signaling during plant defense response (Shoresh et al., 2010), and augmented levels of anthocyanins have already been reported to attenuate the effects of ROS produced to generate an hostile environment in plant tissues after microorganism challenge (Figueroa-Balderas et al., 2006; Senthil-Kumar and Mysore, 2010; Mathys et al., 2012). In particular, it has already been demonstrated that plant co-cultivation with T. asperellum increased anthocyanin production in A. thaliana leaves (Contreras-Cornejo et al., 2011). Our proteomic experiments showed that this augmented production of antioxidants in fruits from treated plants corresponded to a widespread down-representation of enzymes limiting the detrimental effects of ROS (15 in number and corresponding to different redox protective machineries) (Supplementary Figure S4). These findings apparently contrast with previous observations on root and leaf tissues of Trichoderma-challenged plants, which report an over-representation of antioxidant and toxicant-scavenging enzymes therein [Segarra et al., 2007; Shoresh and Harman, 2008; Shoresh et al., 2010; Mastouri et al., 2012; De Palma et al., 2016, 2019; Perazzolli et al., 2016; Zhang et al., 2017; Manganiello et al., 2018), although in some cases a coherent quantitative trend was also described (Vitti et al., 2015; Rubio et al., 2017). Thus, our results on this antioxidant metabolite-rich fruit suggested that either the increased concentration of these small protective compounds after fungal challenge was enough to remodulate ROS levels, without the need of augmented antioxidant protein machineries that are repressed to save plant energy, or the biosynthesis of the latter components was selectively down-regulated to allow high basal levels of detrimental oxidants to contrast bacterial challenge. Future investigations are required in this context.



Defense Processes and Related Molecular Mechanisms

Proteomic analysis of Trichoderma-treated plants also highlighted defensive signaling pathways and corresponding down-stream mechanisms modulated following fungus-plant interaction; a number of them have already been reported to prevent pathogen colonization (Shoresh et al., 2010; Pérez and Goossens, 2013; Guerreiro et al., 2016; Yuan et al., 2017; Aldon et al., 2018; Yu et al., 2018). In particular, signaling pathways involving Ca2+, JA, ET and brassinosteroid (BR) effectors appear to be modulated in strawberry fruits following the interaction with Trichoderma. This was suggested from the observed modified levels of: (i) a number of Ca2+-binding sensors and a MAP3K (10 in number, all showing down-representation except coherent Ca2+-translocating ATPase concentrations ensuring ion expulsion from the cell); (ii) lipoxygenase 2 involved in JA biosynthesis (showing over-representation); (iii) S-adenosylmethionine synthase 1 and 2 involved in ET biosynthesis (showing over-representation); (iv) BR-related membrane-associated progesterone-binding proteins 2 and 3, and BRI suppressor 1 and 2 (showing a mixed but coherent quantitative trend); and (v) topless-related protein 1, 2 and 3 (Figure 4 and Supplementary Figures S2, S7). Some proteins mentioned above (especially those sensitive to Ca2+) are involved in signal decoding and transduction mechanisms leading to a rapid down-stream activation of cellular ROS burst, protein phosphorylation and transcriptional reprogramming events, as well as to the biosynthesis of defense-related phytohormones JA, ET, and salicylic acid (SA). A number of these quantitative protein changes were in agreement with those already determined in other proteomic/transcriptomic studies on root/leaf tissues from Trichoderma-treated maize, tomato and cucumber plants (Segarra et al., 2007; Shoresh et al., 2010; Manganiello et al., 2018; Nogueira-Lopez et al., 2018; De Palma et al., 2019). Notwithstanding this investigation strongly suggested the activation of JA- and ET-mediated defense processes also in fruits from Trichoderma-treated strawberry plants, a real comprehension of those involving Ca2+ and BR action will deserve future dedicated studies (on other plant tissues and according to a time-basis). In fact, Ca2+, BR, and ET concentration changes are also known to modulate plant growth and to proceed with different rates (Hepler, 2005; Yu et al., 2018), and variable levels of these molecules have been reported in other tissues after fungal challenge (Navazio et al., 2007).

This study also demonstrated a clear activation (23 over-represented proteins) of a number of protein machineries involved in cellular vesicle trafficking in fruits from treated plants (Supplementary Figure S8); these vesicles have been reported as essential structures to dump out high- and low-mass compounds involved in plant innate immunity. In fact, since antimicrobials are also toxic to plant cells themselves, they have to be safely delivered to target sites in a separate compartment (Yun and Kwon, 2017). Because immune responses generally require energy otherwise used for the other metabolic processes, it is also very important to properly control duration/strength of these secretory activities. This can be achieved by regulating the sensing of immune signals and the delivery/discharge of extracellular immune molecules, all of which are controlled by membrane trafficking in plant cells. Thus, components of the clathrin coated vesicle machinery, coat protein I and II coatomer machineries, or regulating membrane tethering and fusion were over-represented in fruits from Trichoderma-treated plants, suggesting also in this case the occurrence of this physiological phenomenon (Supplementary Figure S8). Among above-mentioned immunity-related components, worth mentioning are exocyst complexes that were already reported to transport anthocyanins between different plant cell subcellular compartments (Pecenková et al., 2017). Preliminary evidence of quantitative changes in few of the above-mentioned protein families were observed in leaves of grapevine plants challenged with T. harzianum T39 (Perazzolli et al., 2016).

Finally, a number of proteins (52 in number) known to elicit a protective action against biotic/abiotic stresses showed variable quantitative levels in fruits from fungal-treated plants, highlighting a significant remodeling of the corresponding defense effector molecular machineries (Supplementary Figures S4, S7). Significant differences were observed among either the effect of different Trichoderma strains (with most frequent changes in GV41) and components belonging to the same protein family. Regarding heat shock proteins (HSPs), chaperones and protein disulfide-isomerases (PDIs), T. virens GV41 was observed to increase the representation of different HSP70 isoforms, HSP91 and DNAJ protein, while it decreased the concentration of various chaperones and HSP20; depending on the isoform, PDIs showed variable levels (Supplementary Figure S4). No significant changes were observed in the case of T. harzianum T22 and TH1. On the other hand, a number of proteins involved in the plant response to abiotic stresses also showed quantitative variations. This is the case of some CBS domain-containing protein and late embryogenesis abundant protein isoforms, as well as temperature-induced lipocalin, stress-inducible protein, stress induced protein, universal stress protein A, stress response protein, mucin 22-like protein and metallothionein, which were generally down-represented in T. virens GV41 and over-represented in T. harzianum T22 (Supplementary Figures S4, S7). A similar quantitative trend was also observed for proteins involved in the plant response to biotic stresses, namely cysteine and serine protease inhibitors, thaumatin domain-containing protein, MLP-like protein 28, Bet v I type allergen, Fra a 1-E allergen chain A and Fra A3 allergen chain B, which generally showed reduced levels in T. virens GV41 and a higher representation in T. harzianum T22 and TH1. Data on antioxidant proteins have already been described in previous paragraphs. Various defense components reported above have already been demonstrated to show quantitative variations in root and leaf tissues of bean, maize, tomato, cucumber, and grapevine plants treated with Trichoderma strains (Marra et al., 2006; Segarra et al., 2007; Shoresh and Harman, 2008; Perazzolli et al., 2016; Manganiello et al., 2018; Nogueira-Lopez et al., 2018; De Palma et al., 2019). The distinct pattern of the allergens present in strawberry fruits depending on the Trichoderma spp. used for plant treatment prompts us to suggest the development of future investigations with the aim of evaluating novel food products with specific characteristics for human consumption.



CONCLUSION

This study demonstrated that the treatment of strawberry plants with different Trichoderma can either influence the relative yield, growth and productivity, as well as the accumulation of anthocyanins and other antioxidants in the corresponding fruits. These findings indicated that the positive effects observed by the application of Trichoderma-based products to the developing plant are also transferred to fruits, thus modulating different physiological processes and describing the molecular mechanisms that positively influence food quality and consumer health.

In recent years, with the changing perception by governing bodies to implement precautionary measures that reduce the use of chemical phytosanitary products in agriculture, a great effort has been spent in the development of alternative methods for crop protection. In addition to the valuable influence that Trichoderma treatments have demonstrated on the plant, increased strawberry fruit production and enhanced nutritional properties, plus its known success as a biological control agent and its acceptance as a natural product for use in diverse crop production systems, confirms the important role that this beneficial microbe can play in sustainable agricultural while safeguarding the well-being of the consumer and the environment.
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The species Pantoea agglomerans includes strains that are agronomically relevant for their growth-promoting or biocontrol traits. Molecular analysis demonstrated that the IPDC pathway involved in the conversion of tryptophan (Trp) to indole-3-acetic acid (IAA) is highly conserved among P. agglomerans strains at both gene and protein levels. Results also indicated that the promoter region controlling the inducible expression of ipdC gene differs from the model system Enterobacter cloacae, which is in accordance with the observation that P. agglomerans accumulates higher levels of IAA when cells are collected in the exponential phase of growth. To assess the potential applications of these microorganisms for IAA production, P. agglomerans C1, an efficient auxin-producer strain, was cultivated in 5 L fermenter so as to evaluate the effect of the medium formulation, the physiological state of the cells, and the induction timing on the volumetric productivity. Results demonstrated that higher IAA levels were obtained by using a saline medium amended with yeast extract and saccharose and by providing Trp, which acts both as a precursor and an inducer, to a culture in the exponential phase of growth. Untargeted metabolomic analysis revealed a significant effect of the carbon source on the exometabolome profile relative to IAA-related compounds and other plant bioactive signaling molecules. The IAA-enriched metabolites secreted in the culture medium by P. agglomerans C1 were used as plant biostimulants to run a series of trials at a large-scale nursery farm. Tests were carried out with in vitro and ex vitro systems following the regular protocols used for large-scale plant tree agamic propagation. Results obtained with 4,540 microcuttings of Prunus rootstock GF/677 and 1,080 plantlets of Corylus avellana L. showed that metabolites from strain C1 improved percentage of rooted-explant, number of adventitious root formation, plant survival, and quality of plant as vigor, with an increase in the leaf area between 17.5 and 42.7% compared to IBA-K (indole-3-butyric acid potassium salt)–treated plants.

Keywords: plant growth promotion, auxin, Pantoea, indole-3-pyruvate decarboxylase (ipdC) gene, culture condition, Q-TOF LC/MS, Prunus rootstock, Corylus avellana L.


INTRODUCTION

Indole-3-acetic acid (IAA) is the most abundant member of the auxin family of phytohormones, and its biosynthesis in plants and bacteria proceeds through distinct biosynthetic routes: both tryptophan (Trp)–dependent and Trp-independent pathways have been described (Eckardt, 2001; Ljung et al., 2002). Based on the distinct intermediates involved in Trp-dependent IAA biosynthesis, five different pathways have been characterized in bacteria, namely, indole-3-acetamide (IAM), indole-3-pyruvic acid (IPyA), indole-3-acetonitrile (IAN), tryptamine (TAM), and Trp side-chain oxidase pathway (Patten et al., 2013; Doktycz, 2019). Although the Trp-independent pathway is thought to occur in bacteria as well (Prinsen et al., 1993), no specific enzymes in this pathway have been characterized.

The IPyA pathway is operational in plant-beneficial bacteria, such as Azospirillum brasilense and representative members of Enterobacter cloacae complex and is subjected to extremely tight regulation. In this pathway, there is transamination of Trp to IPyA, followed by decarboxylation to indole-3-acetaldehyde (IAAld) by the enzyme indole-3-pyruvate decarboxylase (IPDC; EC 4.1.1.74), and then oxidation of IAAld to IAA. The key enzyme in this pathway, IPDC, is encoded by ipdC, and deletion or functional inactivation of ipdC gene affects IAA biosynthesis in some strains, such as Enterobacter ludwigii (formerly, E. cloacae) UW5, A. brasilense, Pantoea agglomerans 299R, and Pantoea species YR343 (Koga et al., 1991; Brandl and Lindow, 1997; Malhotra and Srivastava, 2008; Garcia et al., 2019). The IPDC genes code for polypeptides of approximately 550 amino acids in length, corresponding to a molecular mass of 60 kDa per subunit. The homotetrameric IPDC from E. ludwigii UW5, characterized both at biochemical and structural levels, has a molecular mass of 240 kDa and binds four molecules of the cofactors thiamine diphosphate (ThDP) and Mg2+ (Schutz et al., 2003). The ipdC gene from E. ludwigii UW5 is activated by the transcription factor TyrR and increases in response to the aromatic amino acid Trp, tyrosine, and phenylalanine (Ryu and Patten, 2008; Coulson and Patten, 2015). However, regulation varies across bacterial species: constitutive in Agrobacterium; regulated by specific transcriptional factors, such as RpoS or RpoN, in some Pseudomonas and Enterobacter strains; regulated by the global signal transduction system GacS/GacA that controls secondary metabolism in several plant-associated gram-negative bacteria (Spaepen et al., 2007).

Indole-3-acetic acid plays an important role in the regulation of growth and development of vascular plants, including cell division, cell extension, and cell differentiation (Kasahara, 2016). It specifically plays a crucial role in root initiation, apical dominance, tropisms, and senescence (Zhao, 2010). In addition, IAA is produced by plants, as well as by some beneficial bacteria in the rhizosphere, where it acts as a signaling molecule with significant effects on the communication between plants and microorganisms, and on plant growth (Spaepen and Vanderleyden, 2011; Duca et al., 2014).

In recent years, several studies have reported alternative approaches to the application of phytohormones and plant growth regulators, such as the use of symbiotic organisms and/or natural biostimulants from microbial and non-microbial organisms in agriculture systems and in tissue cultures, which are also environment friendly, as for microbial biostimulants (Ruzzi and Aroca, 2015; Orlikowska et al., 2017; Rouphael and Colla, 2018). Within this framework, the species P. agglomerans has drawn attention for its plant growth–promoting activity.

Classification of P. agglomerans into the biosecurity group 2 and the fact that sometimes this species causes human infections particularly in immunocompromised people prevent its utilization as bioinoculant in Europe (Dutkiewicz et al., 2016a; Büyükcam et al., 2018). However, increasing evidence has shown that selected members of the P. agglomerans species can have a great potential as plant growth–promoting bacteria (Paredes-Páliz et al., 2016a, b, 2017) and comprise strains that are agronomically relevant for their growth-promoting or biocontrol traits and have been increasingly regarded as ideal candidates among plant growth–promoting rhizobacteria to be used as a biocontrol agent (Dutkiewicz et al., 2016b).

In details, P. agglomerans strain C1, isolated from the phyllosphere of lettuce plants (Lactuca sativa L.) treated with plant-derived protein hydrolysates (Luziatelli et al., 2016), has been studied for its potential as novel biostimulant in sustainable agriculture. It has been specifically characterized for its heavy metal resistance and metabolic capacities (Luziatelli et al., 2019b, 2020), as well as for its ability to solubilize phosphate, to inhibit plant pathogens, to produce IAA and siderophores, and to improve the use of rock phosphates and the growth of corn (Zea mays L.) and tomato (Solanum lycopersicum L.) in pot experiments (Luziatelli et al., 2019a, 2020; Saia et al., 2020). In particular, when P. agglomerans strain C1 is grown onto medium rich in Trp, large amounts of IAA are produced, which makes it a natural biostimulant suitable to be used in the rooting phase of micropropagation instead of the synthetic auxins (Luziatelli et al., 2020).

Micropropagation allows a rapid multiplication of several plant species in large-scale clonal plants and is becoming a widespread technique for rootstocks and crops species propagation (Loberant et al., 2010). On the nursery farming scale, micropropagation has a strong economic impact, because in a relatively short time period, reduced space and growing controlled conditions are required independently of environmental conditions and season period (Akin-Idowu et al., 2009). Micropropagation starts, in fact, from a small part of selected elite plant and allows the production thousands of plants that can be produced in a continuous process (Pierik and Scholten, 1994). However, rhizogenesis and root growth are critical morphophysiological events for plant survival in ex vitro conditions and are achieved by auxin treatment of unrooted microshoots as the last phase of in vitro culture and/or the first phase of in vivo acclimatization phase.

In micropropagation of woody crops, it has been observed that, besides IAA, synthetic molecules with strong auxin activities can be used. Among them, indole-3-butyric acid (IBA) is the compound of choice, thanks to its higher stability in the culture medium (Nissen and Sutter, 1990; Bhatti and Jha, 2010). Moreover, it has been assumed that, among the metabolites making up the pool of excreted molecules (exometabolome), there are molecules that could have a synergistic activity with auxin and/or elicitor roles, acting on the regulation pathways of adventitious rooting events and quality of roots.

The study was designed to test the biostimulant properties of metabolites excreted by P. agglomerans strain C1 on root induction and plant development of some woody fruit crop species in large-scale nurseries, at the phase of in vitro and ex vitro rooting and acclimation.



MATERIALS AND METHODS


Strain and Media

Pantoea agglomerans C1 is an environmental strain isolated from the phyllosphere of lettuce (Luziatelli et al., 2016, 2019a). Strain C1 was maintained as LB Lennox (Lennox, 1955)–glycerol 20% (vol/vol) stocks at −80°C and revived on LB broth at 30°C under agitation [180 revolutions/min (rpm)]. For production of IAA, the strain can be cultivated on both saline and rich media supplemented with Trp (4 mM). A total of six media were used: LB broth Lennox (per liter, tryptone 10 g, yeast extract 5 g, NaCl 5 g); saline M9-glucose medium (Maniatis et al., 1982); yeast extract sucrose (YES) and yeast extract glucose (YEG) medium [1 × M9 saline solution, yeast extract 5 g L–1, carbon source (sucrose or glucose), 5 g L–1]; and reinforced YES/YEG medium (rYES and rYEG medium containing double the amount of yeast extract, 10 g L–1).



Pathway and Gene Identification

As a preliminary step, a database of bacterial proteins that are associated to the five major IAA biosynthetic pathways was constructed following a comprehensive search of the literature. Then, the complete set of 4497 protein sequences encoded by P. agglomerans C1 (Luziatelli et al., 2020) was compared against this manually curated set of IAA biosynthetic genes using the Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990). Multiple protein sequence alignments were generated using ClustalW algorithm (Thompson et al., 1994). Bacterial promoter prediction program, BPROM1, was used to identify the position of the promoter, that is, -10 box and -35 box in the input sequence. The PATRIC BLASTN and BLASTP services were used to perform homology searches against P. agglomerans genomes available at PATRIC Website2 using, as queries, nucleotide/protein sequences of strain C1 corresponding to (1) the 4 kb ipdC-containing region; (2) the 5′ upstream region of ipdC gene; (3) the genes encoding aminotransferase (peg.1678), IPDC (ipdC; peg.1955), and IAAld dehydrogenase (peg.576 and peg.879); (4) the deduced protein sequences of peg.1678, peg.1955, peg.576, and peg.879. The resulting hits were filtered at 100% query coverage and ≥ 80% of sequence identity.



Growth Conditions

Seed cultures, from a freeze glycerol stock of P. agglomerans strain C1, were inoculated into 500 Erlenmeyer flasks containing 50 mL of LB medium and incubated at 30°C with agitation (180 rpm).

Seed cultures in the late exponential phase of growth [optical density at 600 nm (OD600) of 4.5–4.8] were used to inoculate, with an initial OD600 of 0.1, 25 mL of production medium amended with Trp (4 mM), and growth was monitored by measuring the wet weight of cells. In addition, LB + Trp (4 mM) was used as reference media for IAA biosynthesis.

After 24 h of growth at 30°C and 180 rpm, cells were removed by centrifugation (10 min at 8,000 g), and the supernatant was filter-sterilized through a 0.22 μm filter and stored at -20°C until use.



Fermentation and Optimization of the Induction Conditions

To evaluate the relationship between the physiological state of the cells and the IAA production level, P. agglomerans strain C1 was grown in a BioFlo 120 bench-top stirred tank reactor (Eppendorf S.r.l., Milan, Italy) equipped with a 7.5-L vessel, two Rushton impellers, digital ISM probes for dissolved oxygen (DO), and pH (Mettler-Toledo S.p.A., Milan, Italy) and a platinum RTD (Pt100) sensor for the temperature. The growth was carried out in YES medium (5 L) at 30°C under aerobic conditions. The oxygen concentration was maintained greater than 20% of saturation (oscillation between 25 and 40%), blowing sterile air at an aeration rate of 0.2–1.5 (vol/vol/m), and by regulating the impellers speed from 150 rpm (initial condition) to 525 rpm (end of the exponential phase of growth). The initial pH of the medium was adjusted to 6.6 by addition of 1 M HCl or 2 M of NaOH, and growth was carried out without pH control.

The reactor was inoculated at 5% (vol/vol) with an initial optical density (OD600) of 0.4, using an LB culture grown at 180 rpm and 30°C up to the late exponential phase. After 3, 3.5, 4, 4.5, 5, and 6 h of growth, 100 mL aliquots were collected from the fermenter, and the cells recovered by centrifugation (8,000 rpm for 10 min) were resuspended in fresh YES medium to obtain a final OD600 of 10 and used to inoculate shaken flasks containing YES medium (25 mL) amended with Trp (4 mM). All cultures were inoculated at the same initial OD600 of 0.5 and incubated at 180 rpm and 30°C for 18 h. For each time point, experiments were carried out in triplicate. To measure the accumulation of IAA in the culture medium, 1 mL samples were taken at intervals of 60 min for the first 2 h and at the end of the growth (18 h) and treated as reported before.



Spectrophotometric Determination of Indole Auxins

Auxin production was measured using Salkowski reagent as described previously (Luziatelli et al., 2020). In brief, 1 mL of filter-sterilized (0.22 μm) supernatant was added to 2 mL of Salkowski reagent (0.5 M FeCl3, 35% vol/vol HClO4), and the mixture was incubated at room temperature (in the dark) for 20 min. The presence of IAA and other indole auxins were detected measuring pink color development at 535 nm using a Cary 50 UV-Vis spectrophotometer (Agilent, Santa Clara, CA, United States). A series of IAA standard solutions of known concentrations were prepared to set up the calibration curve.



Metabolome Analysis by Quadrupole Time-of-Flight Liquid Chromatography–Mass Spectroscopy

For untargeted metabolomics, the sample (1 mL) was extracted in 5 mL of cold (−20°C) acidified (0.1% HCOOH) 80/20 methanol/water using an Ultra-Turrax Homogenizer (Ika T-25, Staufen, Germany), centrifuged at 1200 rpm and filtered through a 0.2 μm cellulose membrane. The analysis was carried out on an Agilent 6550 Q-TOF with ESI source, coupled with an Agilent 1290 UHPLC. A BEH C18 column from Waters (100 × 2.1 mm internal diameter, 1.7 μm) was used according to the procedure and gradient described in Tsugawa et al. (2019). Injection volume was 2 μL for all samples. A pooled quality control was obtained by mixing 10 μL of each sample and acquired in tandem mass spectroscopy mode using iterative function five consecutive times to increase the number of compounds with associate MS2 spectra. Blank filtering, alignment, and identification were accomplished using MS-DIAL (Tsugawa et al., 2015) and MS-FINDER (Tsugawa et al., 2016), with the procedure described by Blaženović et al. (2019).

The table with all compound peaks height was exported from MS-DIAL into MS-FLO (DeFelice et al., 2017) to reduce false positives and duplicates. Then, an internal developed workflow in R was employed for fold change and Benjamini-Hochberg corrected p-value, PLSDA analysis (Thévenot et al., 2015), and chemical enrichment analysis (Barupal et al., 2012).



Plant Inoculation

In vitro shoot tips of peach clonal rootstock “GF677” (Prunus persica × Prunus amygdalus) of 10 mm in length and in vitro shoot tips of hazelnut cv. “Fertile de Coutard” (Corylus avellana L.) of 15 mm in length were cultured on proliferation medium, containing a modified Quirin and Lepoivre (QL; Quoirin and Lepoivre, 1977) and Driver and Kuniyaki Walnut (DKW; Driver and Kuniyuki, 1984) basal salt solution, respectively, and enriched by 30 g L–1 sucrose and solidified by 6.8 g L–1 agar. The growth regulators added to the medium were as follows: 2.22 μM of 6-benzyladenine (BA), 0.05 μM of α-naphthalene acetic acid for the rootstock GF677; 10 μM of BA, 0.05 μM of IBA for the cv. Fertile de Coutard. The pH of the medium was adjusted to 6.3 ± 0.1 for the rootstock GF677, and 6.0 ± 0.1 for the cv. Fertile de Coutard, before addition of agar and sterilization at 120°C for 20 min. Shoots of rootstock GF677 were subcultured at a 4-week interval, while shoots of cv. Fertile de Coutard were subcultured at a 6-week interval, under 16 h light photoperiod, using white fluorescent lamps Philips TL-D 58/865-MASTER (Philips, Italia), at 40 μM m–2 s–1 photon flux at constant temperature of 23°C ± 1°C.

After the proliferation step, microcuttings were transferred for 15 days in Murashige and Skoog (MS) elongation medium (Murashige and Skoog, 1962), supplemented with 14 μM gibberellic acid (GA3) and 20 g L–1 sucrose. The medium was sterilized at 120°C (2 bars), for 20 min after addition of 6.8 g L–1 agar and pH titration to 6.5. Glass jars of 500 mL in volume, each containing 100 mL of culture medium, were used as culture vessels.

At the beginning of the acclimatization, before the transfer into the cell plug tray, plantlets were immersed for 10 s in an auxin solution containing either an appropriate dilution of IAA-enriched excretome from P. agglomerans strain C1 (indole auxins final concentration of 1 μM) or 10 μM IBA potassium salt (IBA-K). Ex vitro acclimatization started on April 2018 by transferring the treated plantlets into 360 cells plug tray (Jiffy, Netherlands), with a volume of each cell cavity of 7 cm3.

Trays were placed under controlled misting of the greenhouse (temperature 28°C ± 4°C, RH 90%), at natural photoperiod and photosynthetic active radiation varying daily between 300 and 500 μM m–2 s–1.

All on-farm trials, two with Prunus rootstock GF677 and one with hazelnut, were carried out in agreement with the company’s production cycle. In the first trial with rootstock GF677, 720 plants (two trays of 360 cells) were treated by dipping with secreted metabolites from strain C1, and an equal number of plants were treated with IBA-K solution. In the second trial, 3,780 plants (10.5 trays of 360 cells) were treated with C1 metabolites, and 1,800 plants (five trays of 360 cells) with IBA-K. In both experiments, after 10 days from the dip treatment, plants were treated again by spraying fine drops of the same solution until the complete wetting of the leaves was achieved.

For hazelnut adventitious rooting induction experiments, 1,440 plantlets were treated by dipping with secreted metabolites from strain C1, and 1,080 plantlets were treated with IBA-K.

On the 20th day of the ex vitro acclimatization, the percentage of rooted plantlets, the number of roots per plantlet, the root length, and the elongation of plantlet stem were recorded.

After 1 month, all plantlets were transferred into 60 preloaded cells plug tray (Jiffy), each cell plug with a volume of 117 cm3. Two weeks later, the survival ratio of plant was determined, and the total leaf area per plant was detected by Android “CANOPEO” application3 on a total of 600 randomly chosen plants (300 for control and 300 Pantoea-treated).

Since the beginning of the transfer in vivo, every 20 days, plants were fertilized with NUTRIGREEN AD (GREEN HAS ITALIA S.p.A.), through the fertigation system at the amount of 2 mL L–1.



Statistical Analysis

Statistically significant differences between the means were determined by the one-way analysis of variance using the SigmaStat 3.1 package (Systat Software Inc., San Jose, CA, United States).



RESULTS


Identification of the IAA-Biosynthetic Genes

Genes encoding enzymes involved in IAA synthesis were identified in P. agglomerans C1 genome by BLASTx analysis using the sequences of 11 different enzymes associated with alternative IAA pathways, as queries (Table 1). This analysis revealed the presence, in strain C1, of the whole set of genes of only one of the five IAA pathways occurring in bacteria and plants: the indole-3-pyruvic acid (IPyA) pathway (Table 1 and Figure 1). Noteworthy, for each of the three enzymes involved in this pathway, the identity, at amino acid level, with sequences of other Pantoea strains was between 81 and 92% along the entire protein length (Table 1). For the same proteins, the identity between sequences from strain C1 and strains belonging to other genera, including Azospirillum, Pseudomonas, Enterobacter, Azospirillum, and Arthrobacter, varied between 25 and 56% (Table 1).


TABLE 1. Identification of protein encoding genes (peg) and enzymes involved in IAA biosynthesis in P. agglomerans strain C1 based on a systematic computational approach.
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FIGURE 1. Deduced pathways for IAA biosynthesis in P. agglomerans strain C1. The solid line indicates the principal pathway for IAA biosynthesis, and the dotted ones the pathways that are not fully supported by molecular evidences (low identity with known proteins; see Table 1 for details). The names of the pathways indicate the name of their first products. The names of the protein encoding genes (peg) and the definition of the protein coding enzymes (EC number) are reported on the top and the bottom of the arrows, respectively.


Proteins with weak similarity to (i) indole acetamide hydrolase (pathway IAM) and (ii) Trp decarboxylase and amine oxidase (pathway TAM) were also identified (Table 1 and Figure 1). In contrast, no sequence related to Trp aminotransferase and YUCCA enzymes (pathway IPyA-YUCCA) or nitrilases (pathway IAN) was detected (Table 1).



Sequence Comparison of IPDC Proteins

BLAST analysis of the ThDP-binding indolepyruvate decarboxylase (IPDC EC 4.1.1.74) revealed (Table 1) that the deduced amino acid sequence encoded by C1_peg1955 from P. agglomerans C1 (IPDCPa_C1) shares a 92% of identity with IPDC from P. agglomerans (formerly Erwinia herbicola) strain 299R (IPDCPa_299R; Brandl and Lindow, 1996) and 73% of identity with IPDC1 from Pantoea species strain YR343 (IPDC1Psp_YR343; Garcia et al., 2019). To gain more information about IPDCPa_C1, a comparative analysis was carried out between this protein and IPCD from E. ludwigii (previously misidentified as Pseudomonas putida and subsequently as E. cloacae) strain UW5 (IPDCEc_UW5). The structural model of IPDCEc_UW5 has been published almost 10 years ago by Schutz et al. (2003), and the authors demonstrated that IPDCEc_UW5 is a homotetrameric enzyme in which each monomer has defined domains involved in the binding of both the substrate and the cofactors (Mg2+ and ThDP). Using the MULTALIN tool (Corpet, 1988), IPDC sequences from strain C1, E. ludwigii UW5 and other Pantoea strains were aligned as reported in Table 1. This analysis allowed demonstrating that several amino acids, which were found to be essential for the activity of IPDCEc_UW5, were conserved or conservatively replaced in all Pantoea strains (Figure 2). In detail, 90% of the active site residues of IPDCEc_UW5 are conserved in IPDCPa_C1, suggesting that the two enzymes might have a similar catalytic mechanism.
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FIGURE 2. Sequence alignment of peg.1955 encoded protein from P. agglomerans strain C1 and functionally characterized IPDC from E. ludwigii and other Pantoea strains. Residues in IPDC sequence from E. ludwigii UW5 that have been identified by crystal structure analysis as being at the active site or involved in either ThDP or substrate binding are highlighted in black. In the alignment, the amino acid residues of these regions that are conserved among all or almost all different sequences are highlighted in black or gray.




Organization of the IPDC Coding Region

DNA sequence analysis of the genomic region surrounding the ipdC gene from P. agglomerans C1 revealed the presence of two ORFs encoding a 330-amino acid protein, annotated as L-glyceraldehyde 3-phosphate reductase (ORF1), and a 322-amino acid protein, with high homology to glucokinase, respectively (Figure 3). Interestingly, a similar genetic structure occurs in E. ludwigii UW5 (Coulson and Patten, 2015) and Pantoea species YR343 (Garcia et al., 2019; Figure 3), as well as in 45 of 50 P. agglomerans genomes sequenced so far. In the latter case, the identity over the entire 4 kb sequence of the ORF1-ipdC-ORF2 gene cluster was between 88 and 100%, with a mean value of 99% (Figure 4, lane A). Surprisingly, a high sequence identity (mean value = 98%) was also observed (Figure 4, lane Cg-Fg) comparing the DNA sequence of all P. agglomerans genes of the IPyA pathway, the genes encoding amino transferase, IPDC and IAAld decarboxylase (peg.1678, peg.1955, peg.576, and peg.879 in strain C1; Figure 1). The remarkable evolutionary conservation of the IPyA pathway among the members of the P. agglomerans species was also confirmed analyzing the variability at the level of protein sequence that varied between 1 and 2% and the kernel density plot (Figure 4, lane Cp-Fp). A similar observation was done analyzing the ipdC promoter region, which, as shown by the density of the data in the violin plot reported in Figure 4 (lane B), is more conserved than the IPCD coding sequence.
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FIGURE 3. Organization of the chromosome region surrounding ipdC across different species. The boxes in the ipdC promoter region indicate the location of the sequences with partial similarity to the two TyrR binding boxes occurring in E. ludwigii EW5. The predicted -10 and -35 elements for ipdC gene are also shown.
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FIGURE 4. Distribution of sequence identity matches of P. agglomerans strain C1 to other P. agglomerans DNA and protein sequences related to IPyA pathway. The violin plots show the distribution of sequence identities of the ipdC gene cluster (A), the ipdC promoter region (B), the IPDC gene (Cg) and protein (Cp), the amino transferase gene (Dg) and protein (Dp), and the two IAAld dehydrogenase genes (Eg and Fg) and proteins (Ep and Ep).




Analysis of the ipdC Promoter

A search of functional motifs carried out with BPROM annotation package (Softberry Inc., Mount Kisco, NY, United States) revealed the presence, in the promoter region upstream of P. agglomerans C1 ipdC gene, of sequences that resemble to the Escherichia coli RpoD (s70) -10 and -35 elements, matching the E. coli consensus sequences at four of six nucleotides (-10), and five of six nucleotides (-35), respectively. Interestingly, the ipdC putative regulatory sites of C1 showed significant similarity with those predicted in the ipdC promoter of other Pantoea strains (YR343 and 299R) and E. ludwigii UW5 (Figure 5).
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FIGURE 5. Alignment of relevant elements of the ipdC promoter sequence of E. ludwigii UW5, P. agglomerans C1, P. agglomerans 299R, and Pantoea species YR343. The conserved nucleotides in the -10 and -35 region (upper panel) and putative TyrR binding sites (lower panel) are highlighted in black.


Inspection of the 5′ untranslated region upstream from the C1_ipdC start codon showed no detectable cis-regulatory element such as the inverted repeats identified in the ipdC promoter of A. brasilense (Vande Broek et al., 2005) or the two 18-bp consensus sequences (weak and strong TyrR boxes) recognized by TyrR, which regulates the expression of the ipdC gene in E. ludwigii UW5 (Coulson and Patten, 2015). Sequences with weak similarity to the TyrR consensus motif (TGTAAA-N6-TTTACA) were found in the ipdC promoter region from Pantoea strains, but they do not meet the minimum molecular requirements for TyrR-mediated regulation: the presence of a strong TyrR box or a weak box with an adjacent strong box; the presence in the TyrR box of the G-C residues, essential for TyrR binding, spaced 14 bp apart (Figure 5). These evidences strongly support the hypothesis that the transcription of the ipdC gene in P. agglomerans is not controlled by the TyrR regulatory system.



Selection of the Growth Medium for IAA Production

In preliminary experiments, it was observed that, in contrast to LB, when P. agglomerans C1 cells were grown on saline M9-glucose medium without Trp, no basal level of IAA was produced. Providing Trp (as inducer and precursor) at 4 mM concentration, no significant difference was observed in the IAA final titer (54 ± 0.9 mg L–1) shifting from LB to M9-glucose medium. To further investigate the possibility to use a medium that has equivalent performances of LB but is free of animal-derived ingredients, the ability of C1 cells to grow and produce IAA on a simplified culture medium containing a saline phosphate buffer (M9 saline solution), a sugar, as a carbon source, and yeast extract, as a source of organic nitrogen, vitamins, and other growth factors, was investigated. For this purpose, glucose or sucrose, as a carbon source, was used alternatively, in combination with two concentrations of yeast extract (5 or 10 g L–1). All four media were amended with Trp (4 mM), and LB-Trp was used as a control.

Results reported in Figure 6 indicate that IAA production occurred in all tested conditions and, independently from the carbon source and the amount of yeast extract that was used, was higher in saline medium compared to the control medium (LB-Trp). In particular, the higher level of biomass (64.1 ± 3.1 g [wet weight] L–1) and IAA (120.5 ± 0.9 μg mL–1) were obtained cultivating the microorganism in the presence of both sucrose and yeast extract at a final concentration of 0.5% (wt/vol) (SYE medium; Figure 5). Surprisingly, an increase in the organic nitrogen content, with double the amount of yeast extract [from 0.5 to 1% (wt/vol)], did not affect IAA production (80.13 ± 0.11 μg mL–1 in rGYE and 88.1 ± 0.44 μg mL–1 in rSYE) and biomass yield (47.1 ± 2.5 or 48.7 ± 2.2 g [wet weight] L–1) (Figure 6).
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FIGURE 6. Effect of culture medium on IAA production (mg L–1) and biomass concentration (g [wet weight] L–1). LB, YEG, and YES contained 5 g L–1 of yeast extract; in reinforced media (rYEG and rYES) the concentration of this ingredient is doubled (10 g L–1). Differences in letters and symbols indicate that the values are significantly different (P > 0.05).


Interestingly, there was no significant difference in the biomass yield when cells were grown on GYE or LB medium (40.8 ± 3.3 g [wet weight] L–1 and 40.3 ± 2.5 g [wet weight] L–1), but the IAA-specific productivity shifting from LB to GYE had approximately 1.8-fold increase (Figure 6). These results suggested that LB was not an optimal medium for IAA production by P. agglomerans strain C1.



Overall Impact of the Carbon Source on the Metabolites Secreted by P. agglomerans C1

Results obtained in shake-flask experiments indicated that, in contrast to previous finding obtained with P. agglomerans 299R (Brandl and Lindow, 1997), the production of IAA from strain C1 was affected by the carbon source. For this reason, the effect of the carbon source on the production of IAA and IAA-related compounds was studied in more detail by analyzing the exometabolome of P. agglomerans C1 using an untargeted metabolomics approach. Of the 528 features detected in the exhausted growth medium, when cells were cultured on YES or YEG amended with Trp, a total of 381 were more than twofold higher, and 94 were more than twofold lower when sucrose was used as a carbon source. ChemRICH analysis showed that a total of 58 metabolite clusters were significantly different (P > 0.05) between YES and YEG (Figure 7 and Supplementary Table S1). For 27 of these clusters, the differences arise from an increased level in all the compounds of the cluster, and for other 10 clusters, the enriched molecules represented 75–95% of the total compounds of the cluster. As shown in Figure 7, in sucrose-grown cultures, the classes of metabolites with the highest elevated level were as follows: dipeptides and cyclic peptides; triterpenes; compounds belonging to new clusters 1, 21, and 49. Clustering analysis also revealed significant differences in the concentration level of single metabolites belonging to the indole-oligopeptides clusters and to the flavonoids cluster. In the first two clusters, we observed an increase of some bisindole alkaloids, such as the guaiaflavine (140-fold); an increase of some monoindole alkaloids, such as the indole-3-carbinol (I3C; 4.3-fold) and the IAA (2.2-fold); an increase of some amide-linked-IAA-L-amino acid conjugates (IAA-aa), such as indole-3-acetyl-L-valine (39-fold) and indole-3-acetyl-L-leucine (2.4-fold); a threefold decrease of aldehyde derivatives, such as IAAld and 1H-indole-3-carboxaldehyde (I3A) (Supplementary Table S2). In the flavonoids cluster, a significant increase in N-containing flavonoids, such as phyllospadine (54-fold increase), was observed. These results clearly indicate that in P. agglomerans C1 the levels of secreted metabolites were significantly affected by the medium carbon source.


[image: image]

FIGURE 7. ChemRich analysis of exometabolome of P. agglomerans C1 grown on YES vs. YEG medium. Red clusters associated with higher outcomes, and the blue ones associated with lower outcomes.




Optimization of the Growth Conditions in Bench-Top Fermenter

In contrast with previous findings obtained with Enterobacter and Agrobacterium, in which the ipdC gene is under the control of TyrR and the accumulation of IAA occurred only after entrance in the stationary phase (Ryu and Patten, 2008), when P. agglomerans strain C1 was grown on LB medium, as well as on M9 glucose, no significant production of IAA was detected when Trp was provided to resting cells or to stationary-phase cultures. To better understand the link between the cell physiological state and the biosynthesis of IAA in P. agglomerans, strain C1 was grown under controlled bioreactor conditions ensuring optimum oxygen uptake and temperature control and high growth rates.

Analyzing the growth profile of C1 cultures grown at 30°C on YES medium under aerobic conditions (DO level > 20% of saturation), a lag phase of 30 min was observed followed by an acceleration phase (up to 1.5 h) during which the growth rate gradually increased (Figure 8). In the exponential phase, which reached its maximum at approximately 4 h, the specific growth rate was 1.63 h–1. Between the 4th and the 5.5th hour, the specific growth rate decreased to approximately 67% (from 1.63 to 0.53 h–1) and at approximately 5.5 h the culture entered in the stationary phase (Figure 8). Interestingly, during the first 3.5 h of growth, medium pH decreased slowly from 6.6 to 6.5, at a rate of approximately 0.028 unit per hour (Figure 8). In YES medium, when the culture reached the end of the exponentially phase (4 h), the pH started to decrease rapidly (at a rate of 0.87 unit per hour) and reached a minimum value of 6.22 at 5 h. Later, at the beginning of the stationary phase, the medium pH increased from 6.22 up to 6.34 and remained constant up to the end of the fermentation (Figure 8). Variations in the medium pH between the 3.5th and the 5.5th hour occurred concurrently with changes in the oxygen consumption rate that were controlled by DO-dependent modifications of the agitation speed and the airflow using a closed-loop system. As shown in Supplementary Figures S1B,C, the oxygen demand suddenly increased between 4 and 4.5 h (agitation speed increased > 10% in 30 min, from 400 to 450 rpm) and then remained stable up the beginning of the stationary phase (5.5 h).
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FIGURE 8. Growth pattern and pH evolution during batch scale tests in YES medium under aerobic conditions at 30°C. Data points are mean values of duplicate fermentations.


The growth of P. agglomerans strain C1 in bioreactor allowed increasing the biomass yield compared to shake-flask cultures of about sixfold, up to 292.5 ± 4.8 g [wet weight] L–1.



Influence of the Physiological State of the Inoculum on IAA Production

Cells collected at different time points during the growth in bioreactor were transferred in medium containing Trp, so as to evaluate the effect of the physiological state of the cells used for inoculation on the IAA production. The growth was carried out in shake flasks at 30°C, and the IAA production was monitored during the first 2 h and at the end of the growth. In all tested conditions, no significant difference was observed in the initial rate of IAA production that was approximately 42 ± 2 g L–1 h–1. Surprisingly, at the end of the growth, a significant influence of the inoculum was observed on the IAA titer that varied between 161.58 ± 4.91 (6 h old inoculum) and 263.33 ± 8.25 mg/L (4 h old inoculum; Figure 9).
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FIGURE 9. Effect of the physiological state of the cells used for inoculation on IAA production. Pantoea agglomerans strain C1 was cultivated on YES-tryptophan medium for 18 h, and cells used for the inoculum (OD = 0.5) were collected by the fermenter at the time points indicated on the x-axis. Differences in letters indicate that the values are significantly different (P > 0.05).




Use of IAA-Enriched Excretome From P. agglomerans C1 in Plant Nursery

The efficacy of the exhausted culture medium, containing IAA and other secreted metabolites from P. agglomerans strain C1, named IAA-EC1 (for IAA-enriched Excretome from strain C1) was tested on a total of 4,540 plants of Prunus rootstock GF/677 and 1,080 plants of hazelnut cv. Fertile de Coutard. The experiments were carried out in a large-scale nursery farm (Vivai Piante Battistini, Cesena, Italy) according to the protocols used for large agamic propagation of fruit crop trees.



Plant Survival Experiments

The inductive activity of adventitious rooting of exometabolites from strain C1 was tested in vitro on two sets of 760 plantlets of rootstock GF677 treated with either a 3 μM IBA-K solution or an appropriate volume of IAA-EC1 to achieve a final concentration of auxins of 1 μM. After 10 days of rooting stage, when plantlets were transferred to 360-cell plug tray, the percentage of survival was 85% for IAA-EC1–treated plants and 97% for IBA-treated plants; after 1 month of ex vitro acclimation, this value resulted 95% for IAA-EC1–treated plants and only 80% for IBA-treated plants. Taken together, these values indicate an overall increase of about 3% in plant survival when bacterial metabolites were used in alternative to IBA-K.



Ex vitro Experiments

After 20 days of ex vitro acclimatization, regardless of the inductive treatments, the percentage of rooting was 100%. However, the number of roots per rooted explant was significantly higher for IAA-EC1–treated plants (5.2 ± 0.5 roots per explant), compared to an average of 3.6 ± 0.5 of roots for IBA-K–treated plants. The quality of the roots also resulted improved after the treatment with IAA-EC (Figure 10). No significant difference was, instead, detected for the elongation of roots, which was approximately 14 mm for all plants, as well as for the plant survival percentage that, after 3 weeks from the beginning of the experiments, was 85% ± 1%. Finally, the average total leaf area per plant was higher in IAA-EC1–treated (115 ± 2 mm2) with respect to IBA-K–treated plants (102 ± 8 mm2).
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FIGURE 10. Effect of different auxin treatments on morphology of rootstock GF677 roots. (A) IBA-K (3 μM); (B) diluted IAA-EC1 solution (IAA = 1 μM).


The inductive role of adventitious rooting by IAA-EC1 was also investigated on hazelnut microcuttings of cv. Fertile de Coutard using the same experimental protocol applied for Prunus rootstock. This experiment was carried out on two distinct pools of 1,080 and 1,440 binodal cuttings that were treated with IBA-K (3 μM solution) and IAA-EC1 (a 1:1000 diluted solution with an indole auxins final concentration of 1 μM), respectively. The percentage of rooted cuttings and number of roots per rooted explants resulted to be not significantly affected by the treatments, with the rooted ratio being between 64 and 75% and the value of root number being between 1.1 ± 0.1 and 1.3 ± 0.2 (Table 2). The root length was significantly affected by C1 metabolites and increased about 1.3-fold after treatment with IAA-EC1 compared to IBA-K (Table 2). A similar positive effect was also observed analyzing the stem elongation and the leaf area which both increase of about 1.4-fold in IAA-EC1–treated plants (Figure 11). It is worth mentioning that the treatment with C1 metabolites determined a development of adventitious roots that are not present in IBA-K–treated plants (Figure 12).


TABLE 2. Effect of different auxin treatments on plant length, leaf area, number of roots per cutting, and root length of hazelnut cv. “Fertile de Coutard.”
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FIGURE 11. Effect of different auxin treatments on plant growth of Corylus avellana L. cv. “Fertile de Coutard.” (A) IBA-K (3 μM); (B) diluted IAA-EC1 solution (IAA = 1 μM).
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FIGURE 12. Effect of different auxin treatments on morphology of Corylus avellana L. cv. “Fertile de Coutard” roots. (A) IBA-K (3 μM); (B) diluted IAA-EC1 solution (IAA = 1 μM).




DISCUSSION

Indole-3-acetic acid production is widespread among plant growth–promoting bacteria and varies from species to species and also among strains belonging to the same species (Spaepen and Vanderleyden, 2011; Duca et al., 2014). Auxins and other plant growth–promoting metabolites obtained from non-pathogenic P. agglomerans strains can be successfully applied in agriculture systems as plant biostimulants. It has been demonstrated that P. agglomerans strain C1 produces IAA and siderophores, and the metabolites secreted by this strain can be utilized as biostimulants to improve the root surface area in tomato cuttings (Luziatelli et al., 2020). This strain is also able to solubilize phosphates and can improve the use of rock phosphates by corn (Zea mays L.) and tomato (S. lycopersicum L.) (Saia et al., 2020).

The application of comparative genetics, metabolomics, and fermentation technology in this study allowed analyzing in more detail the possibility of using this strain for production of a novel cell-free biostimulants. Whole-genome analysis demonstrated that P. agglomerans C1 has several genes connected with the production of IAA from Trp and all the genes of the IPyA pathway (Table 1 and Figure 1). In GenBank, there are several sequences encoding indolepyruvate decarboxylase, the key enzyme of the IPyA pathway, and homologous enzymes, but only in few cases that the corresponding proteins have been isolated and characterized for their biochemical properties. The 1,653 bp peg1955 gene from P. agglomerans C1 encodes a 551-amino acid protein, which shares high identity with well-characterized IPDC from other Pantoea strains: 92% identity with the IPDC from P. agglomerans 299R (Brandl and Lindow, 1996) and 73% identity with IPDC1 from Pantoea species YR343 (Garcia et al., 2019; Table 1 and Figure 2). Interestingly, the results obtained in this study demonstrated that, with few exceptions, in most of the sequenced genomes of isolates belonging to P. agglomerans species (45 of 50), the genes encoding enzymes of the IPyA pathway share an identity higher than 95% over the full-length of the sequence (Figure 4). This unusually high sequence conservation among bacteria occurring in diverse natural environments has never been reported before for IAA genes belonging to other species. This is a strong evidence of the evolutionary importance of this functional trait for the interaction between P. agglomerans and host plants.

Molecular data presented in this work also indicate that strain C1 produces IAA through the IPyA route, which is usually associated to beneficial bacteria, whereas the IAM pathway, linked to plant pathogens using auxin synthesis as a virulence factor (Patten et al., 2013), is not present. These observations encourage the exploitation of strain C1 and its metabolites as a plant growth promoter.

Interestingly, comparative genomics also allowed demonstrating that the non-coding region upstream of the ipdC gene is highly conserved among member of P. agglomerans species (Figure 4) and that this gene is not regulated by TyrR (Figures 3, 5). TyrR is a transcriptional regulator that controls the expression of a number of genes involved in the biosynthesis, catabolism, and transport of aromatic amino acids in E. coli (Pittard et al., 2005) and regulates expression of ipdC gene in E. ludwigii UW5 (Coulson and Patten, 2015). The ipdC promoter from strain UW5 contains two TyrR binding motifs, a strong (highly conserved) and a weak Tyr-box, which are not present in Pantoea strains (Figure 5). This result agrees with the observation that in P. agglomerans C1 the IAA production occurs in exponential phase of growth and not in stationary phase as in species in which ipdC gene is under the control of TyrR. The regulatory mechanism that control expression of the genes involved in IPyA pathway in P. agglomerans has not been elucidated yet, although there is evidence that multiple regulatory mechanisms may exist. For example, Brandl and Lindow (1997) demonstrated that in P. agglomerans strain 299R ipdC gene was expressed at low levels when cells were cultured in in vitro liquid cultures (independently from the presence of Trp or the growth phase of the culture) and was fully induced only when cells were grown on plants under water stress. In contrast, IAA production in P. agglomerans C1 is Trp-dependent and is significantly affected from the carbon source (Figure 6) and the physiological state of the cells (Figure 9). Moreover, cultivation in bench-top fermenter indicated that with strain C1 there is a correlation between the amount of IAA produced after induction with Trp and the preparation of the inoculum (Figure 9). This observation agrees with the findings of a previous work with recombinant E. coli cells, where the production of aromatic compounds in enteric bacteria is enhanced with cells in exponential phase of growth in which the availability of ATP is higher (Luziatelli et al., 2019c).

Untargeted metabolomics allowed demonstrating that P. agglomerans C1, on medium containing sucrose as a carbon source, produces, together with IAA, other IAA-related compounds, such as I3C and IAA-leucine, which can either modulate the effect of an excess of IAA (Katz et al., 2015) or increase the availability of this compound (Sanchez Carranza et al., 2016). In the exometabolome of P. agglomerans C1, other classes of compounds are also present, such as peptides and cyclopeptides that crosstalk with auxins or affect auxin transport or turnover.

Finally, the results obtained from studies run on a large scale on both one of the most diffuse Prunus rootstock and plant hazelnut confirmed that metabolites secreted by indole auxin–producing cells of P. agglomerans C1 have a high stimulating effect on adventitious rooting induction and adaption and plant growth in vitro. Interestingly, the excretome of strain C1 can also play relevant roles in root morphology (Figures 10, 12) and plant growth (Figure 11) in ex vitro conditions. It is worth noting that these effects, as shown by the control experiments with IBA-K, are only in part dependent on auxins and with IAA-EC1 can be achieved at a molar concentration of IAAequ threefold lower than the synthetic auxin (1 vs. 3 μM). Both in vitro and extra vitro procedures have shown that IAA-EC1 improved the performance and quality of micropropagated plant production. It should be emphasized that evaluation of the applicability of Pantoea metabolites in plant nursery industry was carried out following standard operation procedures used for large-scale production. Best practices for plant production rely on a careful control of microbial contamination of the production lines and equipment, the growing media, and the plant containers. In this specific context, the use of microbial inocula that can be beneficial for some plant cultures and not appropriate for others is always questionable and potentially dangerous. Under this respect, the use of liquid products, which are cell-free and contain only microbial metabolites, reduces contamination risks, is more compatible with the automation systems, and facilitates the adoption of this technology in plant nurseries.



CONCLUSION

In conclusion, the use of metabolites secreted by selected strains of P. agglomerans species can provide a valuable contribute for production of innovative biostimulants that can comply with current EU legislation. Further studies on gene expression will help to decipher the regulatory network that control IAA biosynthesis in P. agglomerans and provide more insight into the mechanisms by which Pantoea metabolites elicit plant growth promotion.
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The use of beneficial microbes as inoculants able to improve fitness, growth and health of plants also in stress conditions is an attractive low-cost and eco-friendly alternative strategy to harmful chemical inputs. Thirteen potential plant growth-promoting bacteria were isolated from the rhizosphere of wheat plants cultivated under drought stress and nitrogen deficiency. Among these, the two isolates TL8 and TL13 showed multiple plant growth promotion activities as production of indole-3-acetic acid (IAA), siderophores, ammonia, and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase production, the ability to solubilize phosphate as well as exerted antimicrobial activity against plant pathogens as Botrytis spp. and Phytophthora spp. The two selected strains were identified as Kosakonia pseudosacchari by sequencing of 16S rRNA gene. They resulted also tolerant to abiotic stress and were able to efficiently colonize plant roots as observed in vitro assay under fluorescence microscope. Based on the best PGP properties, the strain K. pseudosacchari TL13 was selected to develop a new microbial based formulate. A sustainable and environmentally friendly process for inoculant production was developed using agro-industrial by-products for microbial growth. Moreover, the application of K. pseudosacchari TL13- based formulates in pot experiment improved growth performance of maize plants.

Keywords: inoculant, PGPR, rhizocompetence, bio-formulate, organic by-products


INTRODUCTION

According to the Food and Agriculture Organization (FAO), the estimated world population for 2025 will be nearly 8.5 × 109 inhabitants (Timmusk et al., 2017). Such an increase in agricultural production of 60% within the next years could be required to satisfy global food demand (Berger et al., 2018). Actually, in order to maintain a high quality of agricultural productions and eliminate or minimize yield loss, chemicals (fertilizers, pesticides, herbicides, etc.), hormones and antibiotics are commonly used for crops. The use of agrochemicals at industrial level allows to produce a large number of agricultural products at low costs with high profits for farmers. However, serious concerns regarding human and environmental health resulting from chemical residues in soil, water and food as well as farm workers’ exposure have posed great attention (Alori and Babalola, 2018). Indeed, in the last two decades, the demand for organically grown agricultural products increased as consequence to the request for healthy and safe products (Dorais and Alsanius, 2016). Therefore, new eco-compatible strategies to improve agricultural systems and crop production are needed. The use of plant beneficial microorganisms as inoculants offers an attractive eco-friendly alternative strategy to chemical inputs to ensure crop yield and nutritional quality (Fiorentino et al., 2018) acting as agricultural probiotics. Probiotics are live microorganisms that offer benefits to the host providing nutritional inputs and protecting it from pathogens (Hossain et al., 2017). Among the beneficial microbes employed in agriculture, plant growth-promoting rhizobacteria (PGPR) are the most commonly used. These microbes are able by a wide range of mechanisms to improve nutrient availability in soil, plant nutrient uptake and assimilation [i.e., nitrogen fixation, phosphate solubilization, siderophore, indole-3-acetic acid (IAA), and ammonia production] and/or providing protection against plant pathogens (Backer et al., 2018; Woo and Pepe, 2018). Indeed, these microbes could also act as bio-stimulants ameliorating plant growth and crop production in response to abiotic stress in hostile environments (Viscardi et al., 2016; Van Oosten et al., 2017).

Important examples of PGPR include Pseudomonas, Bacillus, Azotobacter, Azospirillum, Burkholderia, Sphingomonas (Sharma et al., 2011; Singh et al., 2013; Castanheira et al., 2017; Dal Cortivo et al., 2017; Kandel et al., 2017; Khalid et al., 2017). However, in the last few years, it is rising the interest around the genus Kosakonia for its potential PGP activities. Recently, several members of this genus have been recognized as endophyte of different agricultural plants and it was demonstrated their growth-promoting effects and crop yield improvement (Kämpfer et al., 2016; Berger et al., 2017). However, this genus being relatively young, it is poorly studied and many of its features remain still unexplored.

Actually, the establishment of a low-cost and eco-sustainable process, as well as an effective and stable formulation, are among the main biotechnological challenges for the development of microbial inoculants. The use of agro-industrial organic waste and by-products as carbon source for the growth and production of microbial biomass is an attractive strategy to reduce the production costs, to valorize organic waste and by-products and to develop a sustainable and environmentally friendly process for inoculant production at industrial level. Moreover, it is also very important the form (solid or liquid) of microbial inoculant as well as its shelf-life. In fact, the form of the inoculant could influence its cost production, affect its efficiency and determine the method of application in agriculture on large scale (Alori and Babalola, 2018). The inoculant must be easy to handle in the field but it should maintain its features during the process and an adequate viability and shelf-life since it is required that it should be stable for at least 6 months (Berger et al., 2018).

This work aimed to isolate, select and characterize rhizobacteria with multiple PGP properties and antimicrobial activity. The selected plant growth-promoting bacteria (PGPB) strains were also tested for their ability to tolerate abiotic stress and to be able to efficiently colonize plant roots in in vitro experiments. Additionally, the selected strain was used to develop a new inoculant using agro-industrial by-products as sole carbon source for microbial growth and the new low-cost and eco-sustainable bio-formulates were finally tested in two forms (solid or liquid) in pot experiment to improve growth performance of maize plant.



MATERIALS AND METHODS


Soil Sampling and Microbial Isolation

Rhizosphere samples were collected according to Romano et al. (2020) from wheat plants grown, under drought stress and nitrogen deficiency, in a greenhouse at the experimental station of the University of Naples Federico II (Bellizzi, Italy; 43°31′N, 14°58′E, 60 m a.s.l.). Ten grams of samples were shaken for 30 min in 90 mL of quarter strength Ringer’s solution (Oxoid, Milan, Italy) containing tetrasodium pyrophosphate (16% w/v) as previously described (Ventorino et al., 2012a). After shaking, tenfold serial dilutions (1:10) were performed and used to inoculate liquid Augier medium (Pepe et al., 2013) for the detection of free-living (N2)-fixing aerobic bacteria. After incubation for 14 days at 28°C, the brown rings formed by microorganisms grew in the liquid medium were used to inoculate LG agar medium (Aquilanti et al., 2004). The plates were incubated for 7 days at 28°C. Isolated colonies were picked from plates, purified by streaking on the same isolation medium, characterized by different morphologies examined by microscopy, gram staining and catalase reaction and stored at 4°C as slant cultures until their characterization.



Preliminary Screening for Plant Growth Promoting Traits

Thirteen bacterial isolates were screened on the basis of their potential plant growth promotion activities. Detection and quantification of IAA production was determined by the Salkowski colorimetric assay using Nutrient Broth (Oxoid) with and without l-tryptophan (2 mg L–1; Sigma-Aldrich, Milan, Italy) as previously described (Ventorino et al., 2014).

Semi-quantitative agar spot method was used to determine the ability of bacterial isolates to produce siderophores by Chrome azurol S (CAS) assay as described by Silva-Stenico et al. (2005). After 14–21 days of incubation at 28°C, the formation of an orange or yellow halo around the colony indicated the production of siderophores by the microorganism.

Determination of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity of isolates was performed by assessing the growth on nitrogen-free minimal medium (MM) agar supplemented with 3 mM ACC (Sigma-Aldrich) after incubation at 28°C in the dark for 7 days as described by Jaemsaeng et al. (2018). MM agar supplemented with 2 g L–1 (NH4)2SO4 was used as control.



Identification of Selected Strains

The bacterial isolates showing the highest plant growth promoting activities were selected for further investigations and identified by the sequencing of the 16S rRNA gene. In detail, total genomic DNA of selected strains was extracted by boiling for 10 min and then used as template for the PCR assay. The PCR mixture was employed according to Alfonzo et al. (2012) using the primers fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and rD1 (5′-AAGGAGGTGATCCAGCC-3′). The PCR conditions were as described by Ventorino et al. (2017). PCR products were purified using the QIAquick PCR Purification Kit (Quiagen, Milan, Italy) according to the supplier’s recommendations and sequenced as previously reported (Ventorino et al., 2016). The DNA sequences were compared to the GenBank nucleotide data library using the BLAST software at the National Centre for Biotechnology Information website1.

The nearly full-length 16S rRNA sequences of the selected bacterial strain and 31 type strains belonging to different genera related to Kosakonia pseudosacchari species as described by Kämpfer et al. (2016) and Wang et al. (2019) were used to perform multiple nucleotide alignments using the ClustalW program (Thompson et al., 1994) from MEGA version X (Kumar et al., 2018; Stecher et al., 2020). The nucleotide sequences of the type strains were retrieved from the Ribosomal Database Project (RDP)2 and from the National Center for Biotechnology Information (NCBI)3. The phylogenetic tree was inferred using the Neighbor-Joining method with the Maximum Composite Likelihood model in the MEGAX program, with bootstrap values based on 1,000 replications.

The 16S rRNA gene sequences obtained from selected bacterial strains were deposited in the GenBank nucleotide database under accession numbers MN607213 and MN607214 (see footnote 3).



Characterization of Selected Strains for PGP Traits and Antimicrobial Activity

Phosphate solubilization ability was quantified by molybdenum blue quantitative assay in Pikovskaya’s (PVK) liquid medium. Briefly, 10 mL of PVK medium was inoculated with 0.1 mL of bacterial cultures (approximately 1.5 × 108 CFU mL–1) and incubated for 15 days at 30°C. After incubation, cultures were centrifuged (5 min at 18,620 × g) and supernatant was collected to estimate released soluble phosphorus (P) as described by Murphy and Riley (1962). The concentration of P solubilized was determined by spectroscopic absorbance measurements at 430 mμ according to the standard curve (Murphy and Riley, 1962).

Ammonia production of selected strains was estimated by inoculating the microorganisms in 5 mL of peptone water according to Cappuccino and Sherman (1987) and incubating under shaking (100 rpm) at 30°C for 7 days. The presence of ammonia was detected by the development of a brown to yellow color after adding 0.5 mL of Nessler’s reagent (Sigma-Aldrich) to the culture and then quantified by spectroscopic absorbance measurements at 420 nm according to the standard curve (Passari et al., 2017).

The presence of the target gene nifH, encoding nitrogenase reductase enzyme, was assessed by PCR assay using the synthetic oligonucleotide primers nifH-F (5′-AAAGGYGGWAT CGGYAARTCCACCAC-3′; Rösch et al., 2002) and nifH-R, (5′-TTGTTSGCSGCRTACATSGCCATCAT-3′; Rösch et al., 2002) using conditions reported by Fiorentino et al. (2016). The presence of the target gene was assessed by visualization of a 475 bp band by agarose (1.5% w/v) gel electrophoresis (100 V for about 1 h).

A 1-aminocyclopropane-1-carboxylic acid deaminase activity was quantified according to Penrose and Glick (2003) by measuring the amount of α-ketobutyrate (Sigma-Aldrich) produced when the enzyme ACC deaminase cleaves ACC. In detail, bacterial strains were inoculated in 5 mL of Dworkin and Foster (DF) minimal salt medium containing (NH4)2SO4 as sole nitrogen source (Penrose and Glick, 2003). After incubation at 30°C for 48 h, the cultures were used to inoculate 5 mL of DF salt medium containing 3 mM ACC (Oxoid) as nitrogen source. The amount of α-ketobutyrate (μmol) produced was estimated by measuring the absorbance at 540 nm according to the standard curve (α-ketobutyrate concentration ranged from 0.1 to 100 μmol).

Quantitative estimation of siderophores was performed according to Arora and Verma (2017) using CAS reagent and expresses as percent siderophore unit (psu) using the following formula (Payne, 1993):
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where Ar is the absorbance of reference (CAS solution and uninoculated medium), and As is the absorbance of sample (CAS solution and cell-free sample supernatant).

Antimicrobial antagonism was evaluated using the dual culture method described by Hammami et al. (2013) against eight pathogenic eukaryotic strains belonging to the microbial collection of Division of Biology and Protection of Agricultural and Forest Systems (Department of Agricultural Sciences, University of Naples Federico II): Botrytis cinerea B11, B. cinerea B12, Fusarium oxysporum F3, F. oxysporum F5, Aspergillus niger A31, Phytophthora infestans ph1, Phytophthora cactorum ph3, and Phytophthora cryptogea ph4. Fungi were grown on Potato Dextrose Agar (PDA, Oxoid) at 28°C for 7 days, while Oomycetes were grown on V8 agar (200 mL of V8 juice, 2.5 g CaCO3, 800 mL of distilled water and 17 g of bacteriological agar) at 28°C for 21 days. Conidia were harvested from the surface of plates by flooding the cultures with 9 mL of sterilized distilled water and gently scraping with a sterilized glass rod. The conidial concentration was determined using the counting chamber Thoma (Hawksley, United Kingdom). An over-layer agar (agar 0.7%) containing a concentration of 105 conidia mL–1 of each plant pathogen was poured on Brain Heart Infusion (BHI) agar plates previously spotted with the bacterial strains. After incubation for 7 or 21 days at 28°C, the antimicrobial activity of the bacterial strains was highlighted by the presence of a halo around the colony without fungal growth.



Tolerance to Abiotic Stress

The two selected bacterial strains were tested for their salt tolerance in liquid medium as previously described Ventorino et al. (2012b). Briefly, 5 mL of BHI medium supplemented with NaCl up to 15% (w/v) was inoculated with each bacterial strain. The standard BHI medium with 0.5% (w/v) NaCl was used as control. Bacterial growth was determined by observing the development of turbidity of cultures at 24 and 48 h and comparing them with McFarland Turbidity Standard.

Similarly, temperature tolerance was investigated comparing bacterial growth in BHI liquid medium with McFarland Turbidity Standard after 24 and 48 h of incubation at 28, 30, 37, and 42°C.

Finally, pH tolerance was determined by evaluating the growth of bacterial strains in BHI liquid medium in which pH was adjusted at pH 5, 6, 7, and 8 by the addition of HCl or NaOH. After incubation, bacterial growth was estimated at 24 and 48 h comparing their turbidity to McFarland Turbidity Standard.



Rhizosphere Competence

Tomato seeds (Solanum lycopersicum var. cerasiforme) were carefully de-husked without damaging the embryo and surface sterilized as described by Banik et al. (2016). Briefly, seeds were treated with 2% sodium hypochlorite (5 min) followed by washing with sterile distilled water, then seeds were treated with 75% ethanol (5 min), washed again with sterile water and treated with 30% hydrogen peroxide (2 min) as suggested by Amarasinghe et al. (2018); finally, they were carefully rinsed ten times with sterile distilled water. Seeds sterility was checked by plating on Plate Count Agar (PCA; Oxoid). Seeds germination took place in darkness at 30 ± 2°C.

Microbial cells were grown in BHI medium (30 ± 2°C, 24 h). Cells were harvested by centrifugation (2000 × g for 5 min) at the end of their exponential phase of growth, washed twice in HEPES buffer (0.1 M) and then suspended in quarter strength Ringer’s solution (Oxoid) until achieving microbial concentration of approximately 5 × 108 CFU mL–1 (counting chamber Thoma 0.02 depth, Hawksley United Kingdom). Finally, tomato seedlings were treated with bacterial suspension for 48 h at 30 ± 2°C and then rinsed five times with sterile HEPES buffer (0.1 M) to remove the loosely associated bacteria from the radicle surface. Tomato seedlings treated with sterile water were used as control. Bacteria-infected radicles and controls were treated with LIVE/DEAD® BacLightTM bacterial viability kit (Thermo Fisher Scientific) following the manufacturer’s instructions. Treated radicles were observed by fluorescence microscope (Axiovert 200M, Zeiss, Göttingen, Germany) under UV light (50-W mercury lamp) and using a Green Fluorescent Protein Filter (38 HE-GFP; excitation wavelength of 450–490 nm) and Rhodamine Filter (Rh-20; excitation wavelength of 540–552 nm).



Production of a Low-Cost Bacterial Inoculants


Study of Bacterial Growth

The strain TL13 was inoculated in 200 μL of BHI using 96-well flat-bottom microplate in a Microplate Reader (BioTek Elx808) and incubated at 30°C for 24 h with moderate shaking every 30 min. O.D600nm measurements were performed every 30 min to define the growth curve.

Preliminary batch growth tests were performed to assess the best growth conditions for the strain TL13. In details, 500 mL flasks filled with BHI medium were inoculated with 2% bacterial cells suspension (8.45 ± 0.20 CFU mL–1) and incubated at 30°C for 24 h using three different growth conditions: (1) Batch 1, shaking at 130 rpm (Grant-bio, Orbital Shaker-Incubator ES80); (2) Batch 2, shaking at 130 rpm and sterile air sparging at 0.5 vvm; control, no shaking and no air sparging. Samples were withdrawn every 2 h and cell growth was determined by viable counting on BHI medium.

A scale-up batch experiment was performed in a 14 L fermentor (New Brunswick BioFlo®/CelliGen® 115, Eppendorf) to evaluate the microbial growth using the best conditions assessed in the preliminary batch experiments. The experiment was performed in a working volume of 4 L of BHI medium inoculated with 2% bacterial cells suspension (8.67 ± 0.40 CFU mL–1), using the following parameters: 30°C, pH 7.00, agitation of 130 rpm, air sparging at 0.5 vvm, 40 mL of a solution 3% of Antifoam 204 (Sigma-Aldrich) added at the beginning of the process. Samples were withdrawn every 2 h and cell growth was determined by viable counting on BHI medium. After 24 h, the culture was centrifuged (45 min at 3428 × g) and recovered cells were suspended in a 5% sucrose solution at the ratio 1:5 (w:v). The strain was freeze-dried, and cell viability was determined by counting on BHI medium immediately after freeze-drying and after 3 and 6 months of storage at room temperature.



Microbial Growth in Liquid Media Containing Food By-Products

The strain TL13 was inoculated in several liquid media containing agro-food industrial by-products to find a low-cost carbon source useful for its growth. To this end, the strain was inoculated into 10 mL of liquid substrates containing 1, 5 or 10% of whey, protein hydrolysate, exhausted yeasts, molasse or vinasse, kindly provided by Agriges S.r.l. (San Salvatore Telesino, Benevento, Italy). The strain TL13 grown in BHI was used as control. Samples were withdrawn after 48 h of incubation at 30°C, to determine bacterial growth.



Production of Bacterial Inoculants on Nutrient-Supplemented Vermiculite

Solid state fermentation (SSF) was performed in gas permeable polypropylene bags (SacO2, Belgium). Growth on inert support was carried out by adopting the procedures described by Graham-Weiss et al. (1987). Sterile vermiculite, moistened with BHI broth or with a solution of exhausted yeasts and vinasse, was inoculated with the selected strain TL13 (106 bacterial cells per g of vermiculite). After incubation (15 days at 30 ± 1°C), an aliquot was used to develop liquid inoculants recovering the bacterial cells and added them in a raw castor oil/alginate based emulsion following the protocol described by Fravel et al. (1985) with some modifications. Another amount of inoculated vermiculite was dried for 15 days at 30 ± 2°C to achieve a microbial-based solid formulation. Samples were withdrawn immediately after incubation and after the development of formulations to determine bacterial growth by viable counting on BHI medium.



Pot Trials

The ability of the selected strain TL13 to promote plant growth was evaluated in growth chamber pot trials. The experimental set up was performed according to standard procedure (DM 27/01/2014, 2014) with some modifications. Maize (Zea mays, Class FAO 400/gg 120) seeds were surface sterilized by 5 min washing in NaClO 5% solution and germinated on damp tissue paper for 48 h. Seeds were planted in 10 cm Ø plastic pots filled with 0.5 kg of unsterilized soil (35% clay, 27% silt and 38% sand; pH-H2O 7.7; electrical conductivity 0.6 dS m–1; CaCO3 37 g kg–1; organic matter 16.3 g kg–1; organic carbon 9.5 g kg–1; total nitrogen 1.2 g kg–1; C/N ratio 7.9; phosphorus available 59 mg kg–1; potassium exchangeable 296 mg kg–1; calcium exchangeable 2089 mg kg–1; magnesium exchangeable 111 mg kg–1; sodium exchangeable 57 mg kg–1; Cation Exchange Capacity 12.1 cmol(+) kg–1). At planting, soil was inoculated with the strain TL13 at a concentration of approximately 1 × 106 cells g–1.

The strain TL13 was inoculated in three different formulates: raw castor oil/alginate based emulsion (E-TL13), dried vermiculite (V-TL13) and recovered cells (R-TL13) diluted in sterile Ringer’s solution (Oxoid). Un-inoculated soil (C) was used as control. All tests were performed in triplicate and three seeds were planted for each pot.

Plants were grown under controlled conditions with a constant temperature of 28 ± 0.5°C, a 16 h light/8 h dark photoperiod, relative moisture 70% and daily watered for 15 days.

After 15 days, the plants were sampled and were measured vegetative parameters as total plant length, root and shoot length, root and shoot fresh weight, root and shoot dry weight percentage.



Statistical Analyses

Data were analyzed by one-way ANOVA followed by Duncan’s HSD post hoc for pairwise comparison of means (at P < 0.05) using SPSS 19.0 statistical software package (SPSS Inc., Cary, NC, United States).



RESULTS


Plant Growth Promoting Activities of Bacterial Isolates

A total of 13 bacterial isolates (from TL1 to TL13) were obtained from the rhizosphere of wheat plants using Augier liquid medium followed by streaking on LG agar medium. Isolates were preliminarily screened for their potential plant growth promoting activities, as IAA and siderophores production and ACC-deaminase activity (Table 1).


TABLE 1. Preliminary screening for the assessing the plant growth-promoting activities of bacterial isolates obtained from wheat rhizosphere.
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The results indicated that about 85% of isolates were able to synthetize IAA, although most of them at low amounts (ranging from 1.32 to 5.98 mg L–1). The two isolates, TL8 and TL13, showed the highest IAA production up to 13.20 ± 1.80 or 22.16 ± 2.67 and 12.91 ± 0.64 or 33.26 ± 1.67 mg L–1, respectively, in the absence and in the presence of L-tryptophan (Table 1).

Ten isolates produced siderophores showing orange haloes around the colony in CAS agar ranging from 10 to 35 mm (Table 1). Among these, the isolates TL3, TL4, and TL13 exhibited the highest siderophores production (halo dimension 30–33 mm); while, the isolates TL1, TL3, TL7, TL8, and TL12 produced haloes ranging approximately from 20 to 23 mm.

Moreover, seven isolates (TL1, TL2, TL4, TL6, TL7, TL8, and TL13), corresponding to about 54%, revealed ACC-deaminase activity because they were able to grow on MM medium supplemented with ACC (Table 1).



Identification and Phylogenetic Analysis of Selected Strains

The preliminary screening for the assessment of plant growth promotion activities allowed for the selection of the TL8 and TL13 isolates. The nearly full-length sequence of 16S rRNA gene (about 1,450 bp) of the strains TL8 and TL13 revealed an identity of 99% with Kosakonia sacchari, K. pseudosacchari, Kosakonia oryzae, and Kosakonia radicincitans species using Blast software. To establish the identification of the two selected strains, a phylogenetic tree generated from the distance data using the Neighbor-Joining method with the Maximum Composite Likelihood model in the MEGAX Program was constructed including the 16S rRNA sequences of type strains related to Kosakonia genus (Figure 1). High bootstrap values, ranging from 50 to 100%, were observed and indicated significant branching points in the phylogenetic tree. The phylogenetic tree indicated that the closest relative species of the two selected strains was K. pseudosacchari (cluster with bootstrap value of 69%), demonstrating that the strains TL8 and TL13 can be classified as belonging to this species (Figure 1).
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FIGURE 1. Neighbor-Joining tree based on the comparison of 16S rRNA gene sequences of bacterial strains TL8 and TL13 and 31 type strains related to genus Kosakonia sequences from RDP and NCBI. Bootstrap values (expressed as percentages of 1,000 replications) are given at the nodes. The sequence accession numbers used for the phylogenetic analysis are shown in parentheses following the species name. Xenorhabdus type strain sequences were used as out group. The scale bar estimates the number of substitutions per site.




PGP Traits, Phenotypic Characteristics and Rhizosphere Competence of Kosakonia pseudosacchari Strains

The selected strains K. pseudosacchari TL8 and TL13 were further characterized to evaluate other plant growth promotion activities as well as antagonistic behaviors. Quantitative estimation of phosphate solubilization by molybdenum blue assay in PKV liquid medium indicated that the strains TL8 and TL13 were able to solubilize up to 348.05 ± 12.77 and 346.05 ± 25.62 mg L–1 of phosphate starting from dicalcium phosphate (Table 2). Measurement of ammonia in peptone water liquid medium by quantitative Nessler’s reagent test highlighted that both bacterial strains TL8 and TL13 were capable to produce ammonia (2.24 ± 0.03 and 2.37 ± 0.03 mg L–1, respectively; Table 2) in medium without nitrogen source. Moreover, K. pseudosacchari TL8 and K. pseudosacchari TL13 were potentially able to fix atmospheric nitrogen (N2) due to the presence of the nifH gene detected by specific PCR amplification as well as exhibited ACC deaminase activity producing up to 3.04 ± 0.10 and 3.31 ± 0.11 μM of α-ketobutyrate protein mg–1 in 30 min (Table 2). As reported in Table 2, quantitative assay showed a siderophore concentration produced by the strains K. pseudosacchari TL8 and TL13 equal to 32.00 ± 0.92 and 29.77 ± 1.8 psu, respectively. Indeed, both strains exerted antimicrobial activity against soil-borne plant pathogens (Table 2) revealed by a considerable reduction of mycelium growth of B. cinerea B12, P. infestans ph1, P. cactorum ph3, and P. cryptogea ph4, in respect to the control plates.


TABLE 2. Differential phenotypic characteristics and plant growth-promoting traits of bacterial strains Kosakonia pseudosacchari TL8 and TL13.
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Kosakonia pseudosacchari TL8 and TL13 were found to be salt-tolerant because they were able to grow in the liquid culture medium containing up to 13% w/v of NaCl (Table 2). In detail, no differences were found in the bacterial growth up to 8.0% w/v of NaCl reaching a concentration of about 1 × 108 CFU mL–1 after 24 h of incubation (Table 2). At higher NaCl concentration (from 9.0 to 13% w/v) the two strains grew slowly reaching a bacterial growth of two orders of magnitude lower (about 1 × 106 CFU mL–1) after 48 h of incubation (Table 2). The two strains K. pseudosacchari TL8 and TL13 grew also up to about 1 × 108 CFU mL–1 after 24 h of incubation at different temperatures (28, 30, 37, and 42°C). Finally, both strains tolerated a pH range between 4.0 and 8.0 reaching a final concentration of about 1 × 108 CFU mL–1 after 24 h (Table 2).

In order to test the ability of the two selected strains K. pseudosacchari strains TL8 and TL13 to colonize the root surface, sterile tomato radicles were inoculated and observed by fluorescence microscope after staining with the LIVE/DEAD® BacLightTM kit reagents. As shown in Figure 2, bacterial cells were clearly visualized on plant tissues highlighting that both K. pseudosacchari TL8 and K. pseudosacchari TL13 successfully colonized tomato’s radicle. In particular, bacterial cells of the strains TL8 resulted congregated on root surfaces (Figure 2a); whereas, cells of the strain TL13 appeared scattered (Figure 2b).
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FIGURE 2. Colonization of tomato’s radicles by Kosakonia pseudosacchari TL8 (a), Kosakonia pseudosacchari TL13 (b), and uninoculated control (c) detected by LIVE/DEAD BacLigh bacterial viability kit and observed under fluorescence microscope.




Investigation and Optimization of Growth Conditions

On the basis of PGP traits, the strain K. pseudosacchari TL13 was selected for further investigations in order to produce an innovative bacterial inoculant.

The first step was to explore and define the best growth conditions of the strain K. pseudosacchari TL13. To this end, a kinetic growth curve of the strain TL13 was obtained by Microplate Reader test. This preliminary investigation showed that the exponential phase started after 4 h of incubation and continued until 10 h, when begun the stationary phases (data not shown).

Batch experiments were then performed to investigate the effect of agitation and air sparging on the bacterial growth. The highest bacterial concentration in the shorter time was recorded in the batch 2 reaching a value of 8.87 ± 0.02 log CFU mL–1 after 8 h of incubation (Figure 3), after that, a significant decrease in its concentration was observed. Similarly, in the batch 1 was detected an increase of three orders of magnitude at 10 and 12 h (8.88 ± 0.00 log CFU mL–1 and 8.89 ± 0.00 log CFU mL–1) in respect to the beginning of the experiment (0 h; 5.90 ± 0.04 log CFU mL–1), decreasing up to 8.26 ± 0.15 log CFU mL–1 at 24 h (Figure 3). However, in both conditions, the K. pseudosacchari TL13 load was approximately one order of magnitude greater than that recovered in the control at the same sampling time (ranging from 5.89 ± 0.07 to 8.35 ± 0.03 log CFU mL–1; Figure 3).


[image: image]

FIGURE 3. Viable count of Kosakonia pseudosacchari TL13 during its growth in batch experiments using BHI medium (30°C and pH 7.00). Batch 1: shaking at 130 rpm; Batch 2: shaking at 130 rpm and air sparging at 0.5 vvm; Control: no shaking and no air sparging. The error bars represent the means ± SD of three replicates. Different letters indicate significant differences (P < 0.05).


On the basis of these results, growth conditions of batch 2 (shaking at 130 rpm and air sparging at 0.5 vvm) were chosen to perform the scale-up of the experiment in a 10 L fermentor. In this condition, although at 8 h was detected a bacterial concentration (8.66 ± 0.02 log CFU mL–1) similar to that recorded in the previous batch experiment, the exponential phase persisted up to 24 h reaching a bacterial load of 9.33 ± 0.18 log CFU mL–1 (Figure 4). Moreover, to explore the tolerance of the strain K. pseudosacchari TL13 to desiccation and to test its shelf-life, the viability of freeze-dried bacterial cells obtained by fermentor experiment was estimated over time. Immediately after freeze-drying, a bacterial concentration of 10.43 ± 0.10 log CFU g–1 was determined. This value remained constant after 3 months of storage (10.40 ± 0.06 log CFU g–1) and decrease of about 1 log after 6 months reaching a concentration of 9.57 ± 0.14 log CFU g–1.
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FIGURE 4. Viable count of Kosakonia pseudosacchari TL13 during its growth in 10 L fermentor at 30°C, pH 7.00, shaking at 130 rpm and air sparging at 0.5 vvm. The error bars represent the means ± SD of two replicates.




Production of Eco-Friendly and Low-Cost Bacterial Inoculants

Different agro-food industrial by-products were used to obtain an eco-sustainable and cheap carbon source for the growth at industrial level of K. pseudosacchari TL13 and its use as inoculant. The strain TL13 resulted able to grow in presence of several carbon sources (whey, protein hydrolysate, exhausted yeasts, or vinasse) at different concentrations (1, 5 and 10%) reaching a bacterial load of about 8–9 log CFU mL–1 (Table 3). The only exception was the liquid medium containing molasse that determined the lowest bacterial growth at 5% (7.08 ± 0.18 log CFU mL–1) and no growth at 1 and 10% (Table 3). The highest bacterial growth was detected in the medium containing 10% exhausted yeasts (8.86 ± 0.21 log CFU mL–1), that was comparable to the optimal synthetic medium used as control (8.93 ± 0.01 log CFU mL–1), followed by the liquid medium containing 5% vinasse (8.81 ± 0.07 log CFU mL–1; Table 3). Therefore, SSF on nutrient-supplemented vermiculite of the strain K. pseudosacchari TL13 for the production of inoculant was performed using a solution of exhausted yeasts and vinasse. Microbial concentration increased after 15 days of incubation of about three orders of magnitude from 6.81 ± 0.05 to 9.34 ± 0.11 log CFU g–1. No significant differences (P > 0.05) were detected between K. pseudosacchari TL13 grown on vermiculite moistened with exhausted yeasts and vinasse and the vermiculite moistened with BHI used as control (9.20 ± 0.65 log CFU g–1).


TABLE 3. Viable counts of Kosakonia pseudosacchari TL13 (log CFU mL–1) after 48 h of growth at 30°C in several liquid media containing different agro-industrial by-products as carbon source at three percentage (1, 5, and 10%).
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Solid state fermentation products were used to develop solid and liquid inoculants containing a microbial load of about 6.7–6.9 log CFU g–1 or mL–1, which remained constant up to 28 days.



IN VIVO POT EXPERIMENTS

Maize plants were positively affected by inoculation with the strain K. pseudosacchari TL13. Indeed, several plant growth parameters significantly increased in the soils treated with solid or liquid inoculants as shown in Table 4. In particular, E-TL13 treatment (raw castor oil/alginate based emulsion containing K. pseudosacchari TL13 cells) showed the best results, in which a significant increase (P < 0.05) of total plant length (63.83 ± 4.51 cm), root length (23.67 ± 2.57 cm), and root fresh weight (1.28 ± 0.11 g) was recorded in E-TL13 treated plants in respect to the un-inoculated control (49.17 ± 3.40 cm, 11.06 ± 0.90 cm, and 0.80 ± 0.13 g, respectively; Table 4). Similarly, a significant increase in the root length was also observed in the V-TL13 (dried vermiculite containing K. pseudosacchari TL13 cells) and R-TL13 (K. pseudosacchari TL13 cells diluted in sterile Ringer’s solution) treatments reaching values of 18.50 ± 2.26 and 23.13 ± 1.99 cm, respectively (Table 4). Interestingly, V-TL13 treatment induced a significant increase of shoot dry weight percentage (9.62 ± 0.29%) compared to un-inoculated control (6.84 ± 0.40%; Table 4). However, also E-TL13 and R-TL13 treatments showed a similar trend of this plant parameter although no significant differences were detected (P > 0.05; Table 4).


TABLE 4. Effect of different inoculant formulations on total plant length (cm), root length (cm), shoot length (cm), root fresh weight (g), shoot fresh weight (g), root dry weight (%), shoot dry weight (%) of maize plants.
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DISCUSSION


PGP Traits, Phenotypic Characteristics and Rhizosphere Competence

In the last decades, the development and the use of microbial inoculants have elicited great interest as an ecofriendly alternative strategy to the application of synthetic fertilizers for plant growth promotion and pest management. This approach improves the sustainability of agricultural systems by reducing environmental and human health risks due to the application of chemical fertilizers and pesticides in crop production (Rahman et al., 2018). In this context, it is necessary to find new microorganisms that can exert multiple plant beneficial activities to develop a low-cost inoculant. The ecological approach developed in this study enabled the isolation of new plant growth-promoting strains K. pseudosacchari TL8 and K. pseudosacchari TL13. This species belongs to the phylum Proteobacteria, and in particular to the γ-proteobacteria class. This bacterial class, that commonly colonize the rhizosphere of crop plants (Sheridan et al., 2017) or is associated to plant biomass (Montella et al., 2017), is ubiquitous in the soil environment (Ventorino et al., 2019). Indeed, it includes different species that were known to synthesize substances which promote plant growth (i.e., hormones such as IAA, ethylene, and gibberellins), to increase nutrient availability (i.e., N, P, Fe) and their uptake in soil (Kim et al., 2011) and they act as plant disease-suppressive bacteria (Kobayashi et al., 2002; Haas and Défago, 2005). Therefore, the presence of these populations in the soil highlight its high biological fertility potential because they could improve the growth, fitness and health of agricultural plants playing an important role in the bionetwork function of soils (Ventorino et al., 2018). Although many members belonging to the genus Kosakonia, as K. radicincitans, are known to interact and exert beneficial effects on plant growth (Bergottini et al., 2015; Kämpfer et al., 2016; Berger et al., 2017; Brock et al., 2018), PGP properties in K. pseudosacchari species are poorly investigated. Indeed, it was recognized as a novel endophyte species only recently (Kämpfer et al., 2016) and siderophore production was the sole PGP activity previously documented (Arora and Verma, 2017). The main PGP activity by the new PGPR strain K. pseudosacchari TL13 was the production of IAA. About 80% of rhizospheric microorganisms are able to produce and release auxins as a secondary metabolite, among these IAA is the most common that can contribute to plant-microbe interaction (Olanrewaju et al., 2017). It is an important growth enhancer because it plays a central role in cell division, elongation, fruit development and senescence, and it has a significant effect on plant root system development (Duca et al., 2014). The concentration of IAA produced by the strain TL13 is similar or higher to that recovered in K. radicincitans YD4 strain (about 24 μg mL–1) by Bergottini et al. (2015). Interestingly, an increase of 50% of this phytohormone synthesis was observed in the strain grown in the presence of L-tryptophan suggesting a tryptophan-dependent IAA biosynthesis pathway. The synthesis and secretion of IAA could also be linked to the synthesis of ACC synthase in the plant to catalyze the formation of ACC (Glick, 2014). Synthesis of ACC deaminase is also one of the crucial bacterial traits that can facilitate plant growth in the presence of several abiotic or biotic stress (Ali et al., 2014; Glick, 2014). Indeed, K. pseudosacchari strains isolated in this work were able to produce ACC deaminase. As for IAA, this is the first work reporting ACC deaminase activity in K. pseudosacchari species.

Another interesting PGP activity is the production of siderophores. These are iron-chelating agents with low molecular masses (200–2000 Da), which are produced by microorganisms especially when the bioavailability of Fe is low (Ahmed and Holmström, 2014). Siderophore producing bacteria can improve plant growth by reducing the Fe availability for the phytopathogens and increasing nutrient availability to the plant (Ahmed and Holmström, 2014). As expected, the two K. pseudosacchari strains TL8 and TL13 were able to produce iron chelating siderophores, a trait commonly present in Kosakonia genus as largely reported by the literature (Arora and Verma, 2017; Chimwamurombe et al., 2016; Lambrese et al., 2018). Siderophore production could be involved also in disease suppression. Indeed, PGPR could act also as biocontrol agents against soil-borne plant pathogens by different ways like competing for nutrients or space, limiting available Fe supply through producing siderophores or by the production of lytic enzymes and antibiosis (Bhattacharyya and Jha, 2012). K. pseudosacchari TL8 and TL13 exerted antagonistic activity against Botrytis and Phytophthora species. To the best of our knowledge, this is the first work reporting suppressive effect against plant pathogens in K. pseudosacchari species highlighting that these strains could use also for pest control in agricultural plants.

In addition, K. pseudosacchari TL8 and TL13 were also able to solubilize phosphate. Phosphorus is one of the major growth-limiting nutrients required by plants due to its limited availability. There is a great interest in searching phosphate solubilizing bacteria that are able to increase phosphate content and bioavailability in the soil and therefore they are considered promising bio-fertilizers for agriculture enhancement (Kalayu, 2019). Within genus Kosakonia this ability was previously reported only in the strain Kosakonia sp. A37 (Chakdar et al., 2018).

It is known that some PGPB can fix atmospheric nitrogen into ammonium, and consequently increase the availability of this nutrient in the rhizosphere. The use of these microorganisms in agriculture could decrease the use of chemical N-based fertilizers and therefore their negative impact on the environment as soil quality depletion, pollution and human health (Noar and Bruno-Bárcena, 2018). According to previous works in which several Kosakonia species were described as N2-fixing bacteria (Chen et al., 2014; Chin et al., 2017; Sun et al., 2018), the new strains K. pseudosacchari TL8 and TL13 were able to produce ammonia and potentially able to fix atmospheric nitrogen due to the presence of the nifH gene encoding nitrogenase reductase enzyme.

Kosakonia pseudosacchari TL8 and K. pseudosacchari TL13 showed also interesting abiotic stress tolerance because they were able to grow in a wide range of temperature, pH and salt. These phenotypic properties could help the tolerance of crops cultivated in stress conditions. In particular, salinity is one of the most common abiotic stress in modern agriculture because the irrigation of summer crops with saline water, especially in the coastal regions, lead to an increase of soil salinization in many areas of the world causing major problems for the productivity of agricultural crops and reducing the soil microbial activity (Kumar and Verma, 2018).

As observed in vitro assay under fluorescence microscope after treatment with BacLight bacterial viability kit, K. pseudosacchari TL8 and TL13 were able to colonize tomato radicles. This result was in according to Kämpfer et al. (2016) which describe K. pseudosacchari species as an endophyte of maize plants. Moreover, this ability was also described for other Kosakonia species as K. radicincitans, able to colonize the root surface of winter wheat (Witzel et al., 2017), or of cucumbers (Sun et al., 2018).



Production of a Low-Cost and Eco-Sustainable Bacterial Inoculants and Their Effectiveness in Inoculated Plants

Based on PGP traits, the strain K. pseudosacchari TL13 was selected for the production of a new low-cost and eco-sustainable bacterial inoculant. In order to develop new bacterial inoculants and to ensure the application of a suitable number of viable and active microbial cells, high biomass production, formulation and shelf life are crucial steps (Bashan et al., 2014). Preliminary investigations in synthetic medium allowed us to assess the growth curve and the best growth condition and parameters to increase bacterial biomass and to obtain a suitable microbial concentration of the strain K. pseudosacchari TL13. Besides, microbial cells of TL13 were also subjected to freeze-drying, a common method for preserving bacteria, in order to evaluate their shelf life over time. Although freeze-dried K. pseudosacchari TL13 remained viable up to 6 months, this approach could not be suitable at industrial level for its higher production costs than others as foam drying (Morgan et al., 2006). Indeed, production costs of a bio-formulate, which include raw material, equipment and staff, must be competitive in relation to that for the production of chemical fertilizers (Lobo et al., 2019). In general, the use of a low-cost culture medium for the growth and production of microbial biomass is an important issue (Liu et al., 2014; Xu et al., 2015). In this work, to reduce the costs and to develop an eco-sustainable inoculant, the use of several agro-industrial by-products as carbon source was evaluated for the production of K. pseudosacchari TL13 by SSF on vermiculite. Indeed, valorization of organic waste biomass and by-products derived from agriculture and food processing factories by a sustainable and harmless disposal have generated interest in microbial biotechnologies (Pagliano et al., 2019). This new approach to by-products management is eco-friendly, easy to be conducted and economically advantageous. Interestingly, K. pseudosacchari TL13 was able to use different organic by-products as carbon source although the highest bacterial growth was observed in liquid media containing exhausted yeasts or vinasse. This approach allowed to obtain a suitable bacterial concentration (106 CFU mL–1 or g–1) in the two final, solid (vermiculite-based) or liquid (raw castor oil/alginate-based emulsion), bio-formulations. The development of two kinds of formulations was important to evaluate their different advantages. Indeed, liquid emulsion formulation allowed to protect the bio−inoculant from desiccation as well as from osmotic and oxidative stress (John et al., 2010); whereas, solid vermiculite-based inoculants were very stable, require no special storage and has good seed-sticking properties (Graham-Weiss et al., 1987). Although, both K. pseudosacchari TL13 formulations exerted positive effects on maize plants cultivated in unsterilized soil, the liquid raw castor oil/alginate-based emulsion showed the best results increasing several plant parameters. Liquid formulations are often preferred by users because the product is ready to use. However, the stable and low-cost solid vermiculite-based formulation could be used in agricultural crops for increasing dry matter. These results are in accord with previous works in which inoculum of Kosakonia sp. strains were able to exert positive effects in various crops as radish (Berger et al., 2015), yerba mate (Bergottini et al., 2015), tomato (Berger et al., 2017), and maize (Berger et al., 2018).



CONCLUSION

The K. pseudosacchari strains isolated in this study showed multiple PGP traits as well as antimicrobial activity against several soilborne plant pathogens. In particular, the new selected strain K. pseudosacchari TL13 was able to colonize plant roots and improve plant growth. To our knowledge, this is the first work reporting effective multiple PGP abilities and antimicrobial activity in K. pseudosacchari species. Moreover, the ability of K. pseudosacchari TL13 to efficiently use agro-industrial organic by-products as carbon source for its metabolism makes this strain a promising candidate for the development of new biofertilizers for sustainable agriculture.
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A Microbial-Based Biostimulant Enhances Sweet Pepper Performance by Metabolic Reprogramming of Phytohormone Profile and Secondary Metabolism
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Microbial-based biostimulants can improve crop productivity by modulating cell metabolic pathways including hormonal balance. However, little is known about the microbial-mediated molecular changes causing yield increase. The present study elucidates the metabolomic modulation occurring in pepper (Capsicum annuum L.) leaves at the vegetative and reproductive phenological stages, in response to microbial-based biostimulants. The arbuscular mycorrhizal fungi Rhizoglomus irregularis and Funneliformis mosseae, as well as Trichoderma koningii, were used in this work. The application of endophytic fungi significantly increased total fruit yield by 23.7% compared to that of untreated plants. Multivariate statistics indicated that the biostimulant treatment substantially altered the shape of the metabolic profile of pepper. Compared to the untreated control, the plants treated with microbial biostimulants presented with modified gibberellin, auxin, and cytokinin patterns. The biostimulant treatment also induced secondary metabolism and caused carotenoids, saponins, and phenolic compounds to accumulate in the plants. Differential metabolomic signatures indicated diverse and concerted biochemical responses in the plants following the colonization of their roots by beneficial microorganisms. The above findings demonstrated a clear link between microbial-mediated yield increase and a strong up-regulation of hormonal and secondary metabolic pathways associated with growth stimulation and crop defense to environmental stresses.

Keywords: Funneliformis mosseae, Rhizoglomus irregularis, Trichoderma koningii, Capsicum annuum L., plant metabolomics, metabolic reprogramming


INTRODUCTION

Three major current global challenges are food security, environmental degradation, and climate change. The first may be augmented, and the latter two diminished by improving nutrient (nitrogen, phosphorus) use efficiency in agricultural crop production and stabilizing yield by practicing sustainable agriculture (Searchinger et al., 2018). The application of plant biostimulants such as beneficial microbes [arbuscular mycorrhizal fungi (AMF), Trichoderma spp., plant growth-promoting rhizobacteria (PGPR)], and bioactive substances (humic and fulvic acids, macroalgae and microalgae, protein hydrolysates and silicon) used either separately or in combination may help crops contend with the challenges mentioned above (Rouphael and Colla, 2020).

Plant biostimulants were recently defined in the Regulations of the European Parliament and Council (Regulation EU 2019/1009) as “…EU fertilising product(s) able to stimulate plant nutrition processes independently of the product’s nutrient content with the sole aim of improving one or more of the following characteristics of the plant or the plant rhizosphere: (1) nutrient use efficiency, (2) tolerance to abiotic stress, (3) quality traits, or (4) availability of confined nutrients in the soil or rhizosphere”. AMF comprise a very important category of biostimulants (Rouphael et al., 2015; Bitterlich et al., 2018). They are members of the Glomeromycotina subphylum and establish mutualistic relationships with 74% of all terrestrial plant species (Spatafora et al., 2016). AMF boost productivity and enhance tolerance to abiotic stress (high temperature, drought, and salinity) in crops (Rouphael et al., 2015). These findings are due to the AMF-mediated enhancement of (1) growth and vigor of the root apparatus in terms of biomass, length, density, and branching; (2) macronutrient (N, P, and Fe) and micronutrient (Mn and Zn) uptake and assimilation; (3) water relations and photosynthetic activity; (4) secondary metabolism; (5) release of low- and high-molecular-weight organic compounds such as amino acids, phenolics, organic acids, and proteins into the rhizosphere; (6) phytohormone signaling (Rouphael et al., 2015, 2020b; Yakhin et al., 2017; Rouphael and Colla, 2018). The indirect and direct mechanisms of AMF influence shoot and root function and augment crop agronomic performance. Other plant beneficial endophytic fungi include Trichoderma spp. Several of them are registered as microbial biological control agents (López-Bucio et al., 2015; Rouphael et al., 2020a). However, several studies reported that certain Trichoderma spp. including T. atroviride, T. koningii, T. harzianum, and T. virens are other plant biostimulants that boost crop performance (Colla et al., 2015) and nutrient use efficiency and/or endue plants with abiotic stress tolerance (Saia et al., 2020). The direct and indirect mechanisms of the biostimulant action of Trichoderma strains include (i) improvement of lateral root development, (ii) induction of plant mitogen-activated protein 6, and (iii) production and rhizosphere excretion of auxins and secondary metabolites such as volatile and non-volatile substances that stimulate various plant responses and enhance crop nutrient uptake, resilience, and productivity (López-Bucio et al., 2015).

The beneficial effects of combinations of AMF and Trichoderma on vegetable crops were previously demonstrated under both optimal and suboptimal conditions (Colla et al., 2015; Saia et al., 2020). However, the physiological and molecular mechanisms underlining biostimulant action have not been fully elucidated. One strategy to clarify biostimulant efficacy is to analyze metabolic profiling. In turn, this process serves as a basis for subsequent transcriptomic analyses. The metabolomic phytochemical characterization could identify numerous physiological processes and metabolic pathways modulated by biostimulants (Yakhin et al., 2017). The above approach has been never used in an important vegetable crop such as pepper (Capsicum spp.) where biostimulant applications (e.g., vegetal-derived substances, arbuscular mycorrhizal fungi, plant growth-promoting microorganisms) have proven to be beneficial in ameliorating the growth, yield and nutritional value of fruits (Ertani et al., 2014; Pereira et al., 2016).

It has been hypothesized that AMF and Trichoderma can induce and enhance fruit yield by modulating the hormonal balance and secondary metabolic pathways.

In the present study, then, an untargeted metabolomics approach was conducted on greenhouse pepper. The objectives were to illuminate metabolomic reprogramming by microbial biostimulants in leaf tissue at the vegetative and reproductive phenological stages, elucidate biostimulant regulation of key phytohormones, and correlate these molecular-level biostimulant-promoted changes to observed fruit yield and quality variations.



MATERIALS AND METHODS


Growth Conditions, Plant Material, Crop Management, and Experimental Design

The trial was conducted in a greenhouse located at Paraje Águilas Bajas, Santa María del Águila, Almería, Spain (36°47′39″N 2°46′32″W). The greenhouse was composed of polycarbonate walls and a roof made of tri-laminated low-density polyethylene (LDPE) film (200 μm thickness) with ∼60% spectral transmittance in the photosynthetically active radiation (PAR) region. The greenhouse was unheated and passively ventilated with lateral side panels and flap roof windows. It had an east-west orientation and a north-south crop row alignment. The air temperature and relative humidity inside the greenhouse were in the ranges of 12–32 °C and 50–70%, respectively. Transplants of the sweet pepper (Capsicum annuum L.) hybrid ‘SV1204PB’ (Seminis, Montornés del Vallés, Barcelona, Spain) at the 4–5 true-leaf stage were planted in “Enarenado” sandy soil commonly used in greenhouse production in Almería. This soil is formed by placing a 20 cm layer of sandy loam soil, imported from a quarry, over the original stony, loam soil. A 10 cm layer of coarse river sand is placed over the imported sandy loam soil as a mulch (Thompson et al., 2007). The planting date was 19 July 2017, and the planting density was 2.0 m–2. The soil composition was 13.5% (w/w) clay, 72.8% (w/w) sand, and 13.7% (w/w) silt. Soil pH was 7.52, with an organic matter content of 0.71%, and total nitrogen, available phosphorus, and exchangeable potassium of 690, 51.4, and 321 mg kg–1, respectively. Aerial drip irrigation was used. The in-line emitters were positioned at 0.30 m intervals, and the emitter flow rate was 3.4 L h–1. Preplant fertilizer was broadcast at 90 kg ⋅ ha–1 P, 120 kg ⋅ ha–1 K, and 15 kg ⋅ ha–1 Mg and incorporated into the soil. Additional fertilizer in the form of K2SO4 (80 kg ⋅ ha–1 K) was applied through the drip irrigation system. Nitrogen was applied via fertigation in the form of 27% NH4NO3 soluble fertilizer starting 10 days after transplanting until day 83. The total N supply was split into 10 weekly dressings. Powdery mildew caused by Leveillula taurica was controlled by three foliar applications of penconazole (Topas 10EC; Syngenta, Madrid, Spain) at the label-recommended rate. Aphids and spider mites were controlled by one foliar application each of imidacloprid (Confidor 200 SL; Bayer Crop Science, Valencia, Spain) and fenpyroximate (Miro; Bayer Crop Science, Valencia, Spain), respectively. Weeds were controlled by hand hoeing. The control and microbial-based biostimulant treatments were compared in a randomized block design with four replicates for a total of eight experimental plots. Each experimental plot was 30 m2 and contained 60 plants in four single rows. The microbial-based biostimulants were applied through a drip irrigation system. The first application was made at 15 days after transplanting (DAT) (3 August 2017) at the rates of 1 × 106 spores ha–1 Rhizoglomus irregularis BEG72 and 1 × 106 spores ha–1 Funneliformis mosseae BEG234 in the form of 2.0 kg ha–1 Team Horticola (Agrotecnologías Naturales, S.L., Tarragona, Spain) plus 1 × 1012 CFU ha–1 Trichoderma koningii TK7 in the form of 1.0 kg ha–1 Condor Shield (Agrotecnologías Naturales, S.L., Tarragona, Spain). The second treatment was applied 43 DAT (31 August 2017) at the rate of 5 × 1011 CFU ha–1 Trichoderma koningii TK7 as 0.5 kg Condor Shield (Agrotecnologías Naturales, S.L., Tarragona, Spain). Multiple applications of Trichoderma inoculum are recommended especially in long-term crops like greenhouse pepper under soils with low organic matter to raise the population of this saprophytic beneficial fungus in the soil rhizosphere. Because arbuscular mycorrhizal fungi such as Rhizoglomus irregularis and Funneliformis mosseae are symbiotic microorganisms, it is usually sufficient the application of mycorrhizal inoculum just once at the beginning of cropping cycle (Colla et al., 2008).



Yield Measurements and Arbuscular Mycorrhizal Fungi (AMF) Root Colonization

Fully mature pepper fruits were harvested from 139 DAT (5 December 2017) to 272 DAT (17 April 2018) on 26 plants per each plot. Mean fruit weight and number and marketable yield were determined for each experimental plot (replicate). Rotten fruit and those weighing < 100 g were considered unmarketable yield.

At the end of the trial, the roots of six pepper plants per experimental plot were rinsed, and subsamples were used to evaluate AMF root colonization. The root samples were cleared with 10% (w/v) KOH, stained with 0.05% (w/v) trypan blue in lactophenol, and microscopically (Stereo microscope Leica EZ4V, 32x—Leica Microsystems Srl, Buccinasco, Italy) examined for AMF colonization. The percentage of colonized root segments was determined by the grid line intersect method (Giovannetti and Mosse, 1980).



Quantitative Real-Time PCR (qPCR) for Determining Concentration of Strain TK7 in Soil

At the end of the trial, rhizosphere soil was collected by shaking the roots collected from 10 plants per plot. The concentration of T. koningii TK7 in the rhizosphere was determined using a qPCR approach with two strain-specific primers, named RM3 (GGAGGCTTGAATGGGA) and RM4 (CAAAACGCTGCTAAGG), targeting to a coding sequence annotated as hypothetical protein. The DNA template used in qPCR experiments was extracted from the soil samples with a DNeasy® Powersoil® kit (Cat. No. 12888-50; Qiagen, Hilden, Germany) according to Qiacube (Qiagen, Hilden, Germany) automation procedures. Amplification reactions were carried out in a 20 μL final volume on a Rotor-Gene Q apparatus (Qiagen, Hilden, Germany). Reactions contained: 4 μL of DNA sample;10 μL of QuaniNovaTM SYBR® Green Supermix (2x); 0.14 μL of 25 μM primers; 4.72 10-μL of water. The qPCR cycling conditions were as follows: initial incubation at 95°C for 2 min, 45 cycles of 95°C for 5 s each, and 60°C for 12 s. Two technical replicates were performed per sample. After qPCR, the number of colony forming unit (CFU) equivalent per gram of soil was calculated by interpolation of calibration curves obtained using serial dilutions (1:1,000, 1:10,000, and 1:100,000) of a DNA preparation extracted from 109 CFU mL–1 culture aliquots of the target strain.



Sample Collection and Untargeted Metabolomics

Four leaves in the third position from the branch tip were harvested for untargeted metabolomics at 43 DAT (31 August 2017) and at 131 DAT (27 November 2017). The leaves were flash-frozen in liquid nitrogen and stored at −80 °C until subsequent metabolomic analysis.

The four leaves from each replicate were pooled and homogenized, then 1.0 g was extracted in 0.1% HCOOH in 80% methanol using an ultra-turrax, as previously described (Paul et al., 2019). An untargeted metabolomics approach was conducted in the UHPLC 1290 chromatographic system coupled to a hybrid quadrupole-time-of-flight (Q-TOF) G6550 mass spectrometer (UHPLC/Q-TOF) (Agilent Technologies, Santa Clara, CA, United States). A Waters Acquity UPLC® BEH C18 column (100 × 2.1 mm i.d., 1.7 μm) (Waters Corp., Milford, MA, United States) was used for reverse-phase chromatographic separation. The binary gradient consisted of water and acetonitrile and the Riken Plasma method was followed (Tsugawa et al., 2019). The injection volume was 2 μL and the mass spectrometer was run in positive polarity and SCAN mode (range: 100–1,700 m/z; extended dynamic range setting). Quality controls (QC) were prepared by pooling 10 μL samples. Five QCs were acquired in data-dependent mode (auto MS/MS) at 1 Hz, 10 precursors/cycle, collision energies of 10 V, 30 V, and 50 V), and in iterative mode with active exclusion to increase the number of compounds targeted for tandem MS fragmentation.

Alignment, blank filtration, and identification were performed in MSDIAL v. 4.0 (Riken, Tokyo, Japan) using the publicly available library MoNA (Mass Bank of North America) and an internal standard compound library as specified in the Supplementary Table 1. Compounds lacking experimental MS/MS spectra were annotated with MSFINDER (Riken, Tokyo, Japan) following the procedure described in Blaženović et al. (2019). The alternatives were filtered by retention time prediction (Bonini et al., 2020). MSI (metabolomics standards initiative) levels for each identified compound are listed in Supplementary Table 1.



Statistics and Data Analysis

Data were statistically analyzed with SPSS v. 21 (IBM Corp., Armonk, NY, United States). The microbial-based biostimulant effects on mycorrhizal root colonization, Trichoderma population, fruit yield and yield components were analyzed by an unpaired Student’s t-test. A p-value of less than or equal to 0.05 was considered to indicate significant difference. Values are presented as means plus/minus standard deviation.

Concerning metabolomics, the compound intensity table exported from MSDIAL v. 4.0 (Riken, Tokyo, Japan) (Tsugawa et al., 2015) was uploaded into MS-FLO (Riken, Tokyo, Japan) (De Felice et al., 2017) to reduce false positives and duplicates. The output was then imported into R v. 3.6.0 for centring (normalization against the median), scaling, PCA, and calculation of fold changes, ANOVA (Benjamini-Hochberg FDR multiple testing correction, P < 0.05). Venn diagrams were plotted to identify metabolites common to 43 and 131 DAT sampling points but not exclusive to a particular growth stage. Compounds with P < 0.05 were imported into ChemRICH (Barupal and Fiehn, 2017) for enrichment analysis based on their chemical similarity and MetaMapp (Barupal et al., 2012) for chemical network analysis. Cytoscape (Saito et al., 2012) displayed exported MetaMapp data and plotted the final images.



RESULTS


Soil Fungal Concentration and Crop Yield

By the end of the trial, the percentage of mycorrhizal root colonization was significantly (P < 0.01) higher under the microbial inoculation treatment (33.6 ± 11.7%) than it was under the uninoculated control treatment (8.0 ± 4.9%). The total number of Trichoderma colonies estimated by qPCR in the rhizosphere of inoculated pepper plants was significantly (P < 0.01) higher than that recorded for the untreated control (2.2 × 105 ± 0.6 × 105 vs. 1.2 × 103 ± 0.4 × 103 CFU g–1, respectively). It is worth mentioning that the weak PCR amplification signal observed in control experiments with metagenome from not inoculated soil did not interfere with the quantitative PCR analysis.

Relative to the uninoculated control, inoculation with AMF and Trichoderma koningii significantly increased fruit yield at single harvests (139, 174, 272 DAT) and as a total (Table 1); moreover, the biostimulant-mediated yield increase was more pronounced during the first part of the reproductive cycle, namely, early yield (139 and 174 DAT) (Table 1). The comparatively higher production rates measured at 139 DAT and 272 DAT for pepper plants inoculated with microbial-based biostimulant was due to an increase in mean fruit weight. In contrast, the relatively higher fruit yield determined for 174 DAT was attributed to increases in both fruit number per plant and mean fruit mass (Tables 1–3). The microbial-based biostimulant significantly improved cumulative fruit yield by an average of 23.7% relative to uninoculated pepper plants (Table 1).


TABLE 1. Effect of microbial-based biostimulant application on fruit yield of greenhouse-grown peppers at different days after transplanting (DAT).
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TABLE 2. Effect of microbial-based biostimulant application on fruit number of greenhouse-grown peppers at different days after transplanting (DAT).
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TABLE 3. Effect of microbial-based biostimulant application on fruit mean weight of greenhouse-grown peppers at different days after transplanting (DAT).
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Yields and Modulation of Metabolomic Profile

In the present study, we inoculated pepper plants with the AMF species Rhizoglomus irregularis and Funneliformis mosseae and Trichoderma koningii. Microbial treatments accelerated and increased total crop yield by 24%, relative to uninoculated plants (Table 1). Such increase in pepper yield was attributed to the gain in fruit weight and/or number. Ultra-high-performance liquid chromatography quadrupole-time-of-flight high-resolution mass spectrometry (UHPLC-QTOF) and annotation in publicly available databases and large metabolite groups were conducted to obtain wide metabolome coverage. We applied UHPLC-QTOF-based untargeted metabolomic profiling of crude extracts to assess relative differences in the vegetative stage (43 DAT) and reproductive stage (131 DAT) leaf metabolite profiles between inoculated and uninoculated plants. A principal component analysis (PCA) explained 79% of the overall variance. The PCA score plot (Figure 1) showed two main clusters accounting for the vegetative and reproductive stages, respectively. Within each cluster, the metabolomic profiles of leaves from inoculated and those from the uninoculated (control) plants did not show overlapping, thus indicating distinct phytochemical signatures. Notably, considering that PCA provides unsupervised descriptions of relatedness/unrelatedness across treatments, these patterns indicate a metabolomic shift in plants following the biostimulant treatments. Thereafter, t-test ANOVA (P < 0.01) was carried out to identify differentially accumulated metabolites at each plant growth stage. This analysis disclosed > 466 annotated metabolites (Sheets 2 and 3 of Supplementary File 1) that had significantly changed between the vegetative and reproductive stages. Of these, 327 were common to 43 and 131 DAT sampling points (Figure 2). In contrast, 68 and 71 metabolites differentially accumulated during the vegetative (43 DAT) and reproductive (131 DAT) stages, respectively (Figure 2). The interactions between microbial inoculants and plants are complex. Nevertheless, metabolomics effectively included the metabolic responses and mechanisms involved in the plant-microbe interactions. Considering that 327 common metabolites (i.e., 70%) out of 395 and 398 metabolites (P < 0.05) at 43 and 131 DAT, respectively, were shared between vegetative and reproductive phenological stages (Figure 2), the biostimulant-mediated metabolomic shifts we recorded represented a common signature, irrespective from the plant growth stage. On the other hand, certain stage-specific responses could be identified as well.
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FIGURE 1. Principal Component Analysis (PCA) of identified metabolites in pepper plants following treatment with microbial biostimulants. Compounds were profiled by untargeted metabolomics and samples harvested at two sampling dates: 43 (vegetative stage), and 131 days after transplanting (reproductive stage).
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FIGURE 2. Venn diagram of statistically different metabolites (P < 0.05) in pepper plants following treatment with microbial biostimulants, as a function of the sampling date. Compounds were profiled by untargeted metabolomics at two sampling dates: 43 (vegetative stage), and 131 days after transplanting (reproductive stage).


To clarify and visualize the variations between metabolic profiles at the vegetative and reproductive stages, we performed a chemical enrichment analysis using ChemRICH (Figure 3 and Tables 4, 5) and plotted the output by MetaMapp Cytoscape (Figure 4; Barupal and Fiehn, 2017). Most of the significantly upregulated and downregulated metabolites (fold-change values ≤ 0.5 and ≥ 1.5, respectively; P ≤ 0.01) had a wide range of functions including growth stimulation, antifungal activity, pathogen resistance, energy sources, and secondary signaling cofactors.
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FIGURE 3. Chemical similarity enrichment analysis (ChemRICH) of statistically different annotated metabolites in microbial-based biostimulant treated leaves compared to untreated control at 43 (vegetative stage) and 131 days after transplanting (reproductive stage). Color is according to proportion of increased or decreased compounds (red = increased, blue = decreased, pink = mixed) within each cluster.



TABLE 4. Effect of microbial-based biostimulant application on compound chemical classes (CHEMRICH) of greenhouse-grown peppers at vegetative stage (43 DAT).
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TABLE 5. Effect of microbial-based biostimulant application on compound chemical classes (CHEMRICH) of greenhouse-grown peppers at reproductive stage (131 DAT).
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FIGURE 4. MetaMapp Metabolomic network maps of pepper leaves at 43 (vegetative stage) and 131 days after transplanting (reproductive stage). Microbial-based biostimulant treated plants were compared to control ones. The red squares are compounds with an increase in fold change, while the blue ones represent compounds with a decrease in fold changes. Chemical similarity and KEGG reaction were utilized to draw the clusters and nodes.


Among other, secondary metabolites such as carotenoids and other terpenes, saponins, and phenolic compounds, were altered by the biostimulant treatment. Compared to the control, at 131 DAT, foliar vitamin A and α-carotene were 1.5 × and 8.5 × higher, respectively, following treatment. Blumenols, a class of apocarotenoids or cyclohexanone derivatives of carotenoid cleavage, also accumulated in the biostimulant-treated plants. In detail, blumenol B was 2 × and 2.5 × higher at 43 and 131 DAT, respectively, after biostimulant application. Regarding foliar saponins, their abundance was 1.5–10 × higher in plants treated with biostimulant than in the untreated control. Furthermore, irrespective of growth stage, the phenolics skullcapflavone I, pelargonidin-3-O-glucoside, kaempferol, genistein, apiin, and myricatomentoside I accumulated to levels 3–87 × higher in the biostimulant-treated plants than the control.

Phospholipids were also modulated by the treatment. In more detail, the accumulation of phosphatidylethanolamines [PE(P-16:0/20:5)], phosphatidic acid [PA(15:0/22:6), PA(O-18:020:3)], phosphatidylinositol [PIM4(18:1/14:0)], and phosphatidylserine [PS(P-16:013:0)] by 1.5–30 × was recorded in biostimulant-treated plants, compared to the control. Furthermore, lysophospholipids [PA(P-16:0e18:2)] increased by 6.5 × in biostimulant-treated leaves at 131 DAT sampling (reproductive stage).

Concerning hormones, the microbial-based treatment induced also the accumulation of auxins (indole-3-acetamide and indole-3-pyruvic acid increased by 1.7–7.5 × relative to the control), whereas a set of gibberellins precursors (GA81, GA36, GA37, GA12, and GA20) increased by 1.3–16 × compared to control, at both 43 and 131 DAT. Still regarding phytohormones, the biostimulant also triggered the accumulation of the cytokinin trans-zeatin by 2.2–5.1 × in pepper leaves, compared to control.

Purine metabolites also increased following the microbial treatments. At 43 and 131 DAT, we observed sharp increases in the guanosine (2.7 × and 8.7 ×, respectively) and N6-threonylcarbamoyladenosine (3- and 7.8-fold, respectively) levels following microbial inoculation. Similar trends could be observed for DAT, NAD, and FAD at both 43 and 131 DAT, with increases by 1.5–4.4 × in biostimulant-treated plants.



DISCUSSION

There is a growing interest in the use of beneficial microbial inoculants such as AMF, Trichoderma spp., and PGPR in horticulture as they have multiple beneficial effects on crops (López-Bucio et al., 2015; Rouphael et al., 2015). Similarly, to other studies (Conversa et al., 2013; Colla et al., 2015; Bakr et al., 2018), microbial inoculation of pepper plants was effective to raise significantly the mycorrhizal root colonization and the Trichoderma population in the soil rhizosphere.

In the present study, we observed an increase of early and total crop yield, compared to uninoculated plants. Colla et al. (2015) reported that compared with uninoculated field-grown zucchini plants, those supplied with live AMF G. intraradices and T. atroviride inocula presented with greater early and total yields. Similarly, in two field experiments, Ortas (2019) reported that mycorrhizal inoculation increased yield of the tomatoes, green peppers and eggplants and P and Zn uptake in comparison with uninoculated plants. In the current experiment the total yield increase resulting from inoculation of sweet pepper plants with AMF and Trichoderma koningi was higher (24%) than the value (18%) reported by Ombódi et al. (2019) using an inoculum containing six different arbuscular mycorrhizal species under unheated greenhouse conditions and the value (12.7%) recorded by Almaca et al. (2013) using an inoculum containing Glomus mosseae and G. etunicatum under field conditions. The above differences in pepper yield response could be attributed to the different mycorrhizal species used in the trials and the addition of Trichoderma koningi in the current experiment. Co-inoculation of Trichoderma spp. and AMF have been found to promote growth and plant development of several vegetable crops more than inoculation using only Trichoderma spp. or AMF (Colla et al., 2015). Moreover, similarly to the trial reported by Ombódi et al. (2019), we observed a better yield response of pepper to mycorrhizal inoculation (+66% in the second fruit harvest made on 9 January—174 DAT) when the microclimate conditions for plant growth were suboptimal (low light and temperature occurring during January). Finally, in the current experiment the total yield increases induced by inoculation with AMF and Trichoderma koningii were due to both higher fruit number and mean fruit weight whereas in the trial of Ombódi et al. (2019) the yield increases were mostly due to higher number of fruits. The above findings indicate a reduced activity of indigenous arbuscular mycorrhizal fungi and Trichoderma spp. in enhancing crop productivity in comparison with exogenous selected arbuscular mycorrhizal fungi and Trichoderma species under field conditions. Similarly, Ombódi et al. (2019) reported that inoculation of pepper plants at transplanting with a commercial product containing six different arbuscular mycorrhizal species was able to enhance mycorrhizal root colonization, leaf chlorophyll content (SPAD index) and fruit yield in comparison with naturally occurring mycorrhizal fungi in untreated control. The above findings may be explained by the depression of native mycorrhizal fungi in horticultural production systems caused by the frequent soil tillage and the overuse of chemical inputs. Under these conditions, AMF inoculation may compensate for the loss of indigenous microbial communities to support plant growth (Yu et al., 2020). The results of the current experiment proved that exogenously-applied beneficial fungi such as AMF and Trichoderma koningi act as phytostimulation agents and improve plant nutrient uptake. The phytostimulation efficacy of beneficial fungi is explained by complex signal exchange and crosstalk between the host plants and the microorganisms affecting phytohormone balance and plant metabolism (Sbrana et al., 2017). Metabolomics helps elucidate the metabolic pathways and processes involved in plant-microbe interactions. Growth stage has a hierarchically strong effect on the leaf metabolome. Nevertheless, microbial biostimulants significantly alter the metabolome such that it is readily distinguishable from the control. The microbial treatments elicited several processes related to plant secondary metabolism. Microbial-based biostimulants promote the accumulation of different classes of secondary metabolites and phospholipids.

Plant responses to microbial-based biostimulants involved the modulation of phytohormone network. Treatments with beneficial fungi alter auxins, cytokinins, and gibberellins. Modification of the hormone profile may be associated to the yield increases we observed. Several studies demonstrated that microbial biostimulants promote yield by changing the phytohormone balance, increasing nutrient availability and uptake, and enhancing abiotic stress tolerance (Rouphael et al., 2015; Saia et al., 2020). Certain putative mechanisms for the biostimulant activity of microbial-based inoculant (AMF + Trichoderma) in pepper have been proposed. Microbial-based inoculants promote root biomass, length, density, and branching, in turn increasing macronutrient and micronutrient uptake and boosting crop productivity. They also regulate key phytohormones such as gibberellins, cytokinins, and auxins (López-Bucio et al., 2015; Rouphael et al., 2015).

Gibberellins are diterpenoid phytohormones that regulate plant development, flowering, and senescence (Shu et al., 2018). In response to microbial-based inoculant treatment, gibberellins precursors increased. Although the precursor gibberellin A20 was recently linked to increased yields in maize (Tucker et al., 2019), the concurrent increase in auxins we observed (i.e., hormones upregulating the genes encoding 2-oxidases) suggests the promotion of gibberellins catabolism (Frigerio et al., 2006). Indeed, the coordination between gibberellins biosynthesis (mediated by 20- and 3-oxidases) and their 2-oxidases inactivation affects pollination and fruit set in tomato (Serrani et al., 2007). On the other hand, auxins and gibberellins overlap in terms of root growth and fruit set regulation (Bermejo et al., 2018). The microbial-based biostimulant also increased the accumulation of trans-zeatin; cytokinins interact with auxins to fine-tune root and shoot development. Trans-zeatin modulates meristem activity and mediates plant responses to variable extrinsic factors such as abiotic stress (Werner and Schmülling, 2009).

The modulation of plant signaling compounds in response to the microbial-based biostimulant treatment also involved membrane lipids. Phospholipids are plasma membrane components that play important roles in cell signaling, membrane trafficking, and apoptosis (Xue et al., 2009). The microbial-based biostimulant treatment changed the phospholipids profile. It altered 20 foliar metabolites at 43 DAT (vegetative stage) and 31 foliar metabolites at 131 DAT (reproductive stage). Lysophospholipids release calcium from the endoplasmic reticulum, promote cell division and inhibit apoptosis (Ye, 2008; Hou et al., 2016).

The microbial treatment also modulated secondary metabolism, i.e., a set of processes often altered in response to plant interactions with the environment, including agronomic practices and plant-microbe interactions (Yang et al., 2018). In our experiments, plant responses to microbial biostimulants entail the coordinated modulation of several unrelated pathways.

The carotenoids vitamin A and α-carotene increased following the microbial treatment. Carotenoids absorb light energy, participate in photosynthesis, protect plants against oxidative damage, and are precursors of visual pigment chromophores and volatile apocarotenoids that attract pollinators (Heath et al., 2013; Sun et al., 2018). Moreover, they are involved in plant responses to abiotic stresses and plant-microbe interactions (Felemban et al., 2019). Among carotenoids, blumenols also accumulated in the biostimulant-treated plants. Noteworthy, they are reported to accumulate in roots and shoots of mycorrhized plants and have been proposed as markers of arbuscular mycorrhizal fungi colonization (Wang et al., 2018). However, their functions in processes other than allelopathy are still unknown. Their levels are strongly correlated with the degree of mycorrhization (Fester et al., 2002). Concerning saponins, they are constitutively produced in plants and comprise part of plant defense, having both antifungal and antifeedant activity. Though they are generally associated with pathogenesis, it was reported that saponins may participate in mutualistic relationships among plants, rhizobacteria, and mycorrhizae (Szakiel et al., 2011). Despite not focusing on root metabolome (where such mutualistic associations take place), our results indicate that saponins may also be involved in aboveground response to microbial inoculation with the biostimulants.

Compared to control, plants subjected to the microbial treatments presented higher levels of phenolic compounds. Phenolic metabolites are essential for lignin and pigment biosynthesis and participate in plant responses to pathogens and external stimuli (Bhattacharya et al., 2010). Mycorrhizae elicit phenolic biosynthesis in other plant species (Baslam and Goicoechea, 2012; Jugran et al., 2015). They also trigger plant defense against abiotic and biotic stresses and improve nutrient availability and use efficiency (Sharma and Sharma, 2017). Phenolics are associated with plant defense mechanisms. Flavones may protect plants from both biotic and abiotic stress (Martinez et al., 2016). Lignans have high antioxidant activity (Hu et al., 2007; Durazzo et al., 2013). Compared with the uninoculated, the gibbilimbol B level was 1.5 × and 4.2 × higher at 43 and 131 DAT sampling dates, respectively, in the inoculated plants. Gibbilimbol B was reported to have fungicidal activity against Fusarium oxysporum f. sp. dianthi. Coumarin upregulation is related to iron nutrition (Curie and Mari, 2017), allelochemistry (Niro et al., 2016), and abiotic stress tolerance (Saleh and Madany, 2015) in plants. Plant coumarins may influence the shape of the root microbiome (Voges et al., 2019).

Relative to the control, the levels of several purines were altered in the plants treated with the microbial biostimulant here. Several studies have focused on the effects of increased levels of adenosine and purines. These compounds are recycled by the so-called “salvage pathway” (Ashihara et al., 2018). Nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD) are reducing equivalent exchange cofactors that participate in several redox reactions.

Overall, our metabolomics study revealed that microbial biostimulant treatment had two major effects on pepper. First, the biostimulant modulated the phytohormone profile and phospholipid signaling in the plants. Next, it altered various secondary metabolic processes involving saponins, blumenols, carotenoids, and phenolic compounds. Phytohormones and biochemical messengers are associated with various metabolic processes (Ashihara et al., 2018) and might account for the observed biostimulant-mediated increases in crop productivity. Although it is difficult to ascribe the increased yield to few/some specific compounds, we can postulate that the altered balance of hormone profile may have played a pivotal role in fruit setting and development. Indeed, it is well recognized that yields are tightly connected to hormones profile, with an important role actually played by auxins (that increased in our experiments) (An et al., 2020). On the other hand, the involvement of phytohormones in the connection between beneficial microbes and plant productivity has already been postulated (Bhattacharyya and Jha, 2012). Comparatively, much less is known to date regarding the signaling related to membrane lipids, and future research is advisable on this topic.

The secondary metabolites modulated by biostimulant treatment have numerous positive influences on plant productivity, such as the enhancement of nutrient uptake and assimilation and biotic and abiotic stress tolerance. The elicitation of secondary metabolism by plant beneficial microbes deserves further investigation in terms of abiotic stress tolerance and induced systemic response (ISR) induction. Noteworthy, looking at food nutritional traits, carotenoids and phenolics improve quality and promote health in many fruits, including pepper. Thus, the microbial biostimulant treatments applied here could have nutritional implications as well.



CONCLUSION

Recent scientific investigations have focused on improving sustainable farming practices that stabilize yield under optimal and suboptimal conditions and comply with changing legislation regarding the application of low-input agrochemicals. Microbial-based biostimulants (for example, AMF and/or Trichoderma) may sustainably enhance crop productivity. Our greenhouse experiment on pepper confirmed that inoculation with a combination of AMF and Trichoderma koningii TK7 increased marketable fruit yield by 23.7% relative to that of the untreated control. Metabolomics analysis revealed that the biostimulant treatment reprogrammed the leaf metabolome at the vegetative and reproductive stages. Likely, several biochemical processes underly the observed increase in fruit yield. Here, we showed that the biostimulant modulated the phytohormone profile and elicited secondary metabolism. Specifically, the microbial-based biostimulant upregulated compounds such as carotenoids, saponins, and phenolics that participate in plant nutrition, defense, and stress response. The results of the present study confirm that biostimulant amendments improved the plant health status since the vegetative stage, favoring stable increases in fruit yield. This leads the way toward future investigations into their effects on plants under challenging conditions such as abiotic and biotic stress, environmental perturbations, and physicochemical imbalances.
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As soil and soilless culture systems are highly dynamic environments, the structure of rhizosphere microbial communities is consistently adapting. There is a knowledge gap between the microbial community structure of soil based and soilless culture systems and thus we aimed at surveying their impact on diversity and composition of bacterial communities across a 10-month period in a tomato cultivation system. We compared community metrics between an soil based culture system fertilized with malt sprouts and blood meal, known for its slow and high mineralization rate, respectively and a soilless culture system fertilized with fish effluent or supplemented with an liquid organic fertilizer. Bacterial and fungal community composition was followed over time using two complementary techniques, phospholipid fatty acid analysis and 16S rRNA amplicon sequencing. Nitrogen dynamics and plant performance were assessed to provide insight on how bacterial diversity of soil and soilless microbial communities ultimately impacts productivity. Similar plant performance was observed in soilless culture systems and soil based system and yield was the highest with the aquaponics-derived fertilizer. Soil and soilless cultivating systems supplemented with different nitrogen-rich fertilizers differed on its characteristics throughout the experimental period. Fast-paced fluctuations in pH(H2O) and nutrient cycling processes were observed in growing medium. Physicochemical characteristics changed over time and interacted with bacterial community metrics. Multivariate analysis showed that plant length, pH, Flavisolibacter, phosphorus, chloride, ammonium, potassium, calcium, magnesium, sodium, electrical conductivity, nitrate, sulfate, and the bacterial genera Desulfotomaculum, Solirubrobacter, Dehalococcoides, Bythopirellula, Steroidobacter, Litorilinea, Nonomuraea were the most significant factors discriminating between natural soils supplemented with animal and plant by-products. Long-term fertilizer regimes significantly changed the PLFA fingerprints in both the soilless culture and soil based culture system. The use of these by-products in the soil was positively associated with arbuscular mycorrhizal fungi (AMF), which may influence rhizosphere communities through root exudates and C translocation. Community structure was distinct and consistently different over time, despite the fertilizer supplementation. The fungal microbial community composition was less affected by pH, while the composition of the bacterial communities (Actinomycetes, Gram-negative bacteria, and Gram-positive bacteria) was closely defined by soil pH, demonstrating the significance of pH as driver of bacterial community composition. Fertilizer application may be responsible for variations over time in the ecosystem. Knowledge about the microbial interactions in tomato cultivating systems opens a window of opportunity for designing targeted fertilizers supporting sustainable crop production.

Keywords: tomato, soilless culture systems, growing medium, soil, microbial community, malt sprouts, aquaponics, organic fertilizer


INTRODUCTION

Over the past century, incredible advancement has been achieved worldwide in increasing global agricultural production (Ramankutty et al., 2018) The production has more than tripled between 1960 and 2015, owing predominantly to the Green Revolution technologies and a significant enlargement in the use of land, water and other natural resources for agricultural purposes (FAO, 2016; Ramankutty et al., 2018). In order to meet the agricultural demand in 2050 we will need to produce 50% more food (Alexandratos, 2009; Foley, 2011; McKenzie and Williams, 2015). This expansive food production comes at a hefty cost to the natural environment (Notarnicola et al., 2017). The urgent need for more sustainability prompted a renewed attention in the biology-based elements of soil and soilless culture crop production systems, including interest in the development of agricultural and horticultural biological solutions. The time has come for another look at using the tools of nature to enhance the intrinsically plant biological systems. This doesn’t implicit an anti-chemical approach: rather, make agricultural practices both more productive and more sustainable by incorporating the next generation of biologically sourced tools into existing practices.

The use of fertilizers facilitated largely the increases in agricultural production over the last decennia. Before the 1950s, farmers used natural fertilizers such as manure (Gellings and Parmenter, 2016) and there was very limited use of chemical fertilizers. Nitrogen (N), phosphorus (P), and potassium (K) are essential for plant growth, and potassium and phosphorus are found in mineral deposits (Roberts and Stewart, 2002; Gross, 2012). A nitrogen revolution was generated by the introduction of the Haber-Bosch process: the industrial scale production of ammonia from natural gas (Smil, 1999). Today, the total fertilizer nutrient demand is more than 190 million tons (∼120 tons N, ∼46 tons P, ∼37 tons K) with an average annual growth of 1.9 percent expected over the following years next to other measures (Heffer and Prud’homme, 2016; FAO, 2017). These inorganic nutrients are instantly usable and the leftover either rises up in the soil, disappeared as run-off into the surface water or drains into the groundwater (Steiner et al., 2007). Avoiding reduction of soil organic carbon (SOC) and too expeditious availability, one can go for organic fertilizers (Diacono and Montemurro, 2011) typically produced from plant, or animal-derived materials (Dion et al., 2020) and even microbes can be used (Verstraete et al., 2016; Pikaar et al., 2017; Sakarika et al., 2019; Spanoghe et al., 2020). Blood meal has been reported to provide a fast and high-percentage N mineralization (Agehara and Warncke, 2005; Hammermeister et al., 2006; Hartz and Johnstone, 2006; Gaskell and Smith, 2007; Sullivan et al., 2010). Plant based materials are reported to be slow-release N fertilizer (Agehara and Warncke, 2005; Hammermeister et al., 2006; Sullivan et al., 2010), which is consistent with its higher C/N ratio. These organic fertilizers are mixed in the growing medium or soil and the breakdown and subsequent rate of nutrient delivery in soil and soilless culture systems largely depends on the physical, chemical and biological characteristics of the soil or soilless culture system (Schmilewski, 2008; Sonneveld and Voogt, 2009; Grunert et al., 2016a).

Besides fertilizers, the fast development in soilless production systems caused a considerable switch away from the use of soil to soilless culture systems and consequently pushed the increase in food production (Raviv et al., 2019). Soilless plant culture is any mechanism of growing plants without the benefit of soil as rooting medium (Schmilewski, 2007; Savvas et al., 2013; Raviv et al., 2019) and they play a pivotal role in horticulture and agriculture (Barrett et al., 2016). The enduring transfer from soil to soilless culture systems is also advanced by a good management of various essential factors, partly responsible for enhanced plant performance (Barrett et al., 2016). Soilless horticultural systems have benefits over soil based systems in that the nutrients (Dubik et al., 1990), oxygen and water required for a healthy plant growth are controlled (Barrett et al., 2016) and that soil-borne pathogens can be avoided (Runia, 1993; Postma, 2009). Soil-based organic culture systems are typified by a combination of low external input methods. It gives next to other measures preference to improving the soil with compost additions and animal and plant derived green manures (Reganold and Wachter, 2016). In addition, organic soil management is inherently dependent on an active bacterial, saprotrophic and fungal community (Reganold and Wachter, 2016; Martínez-García et al., 2018) and has an increased microbial diversity (Francioli et al., 2016). However, resource efficiency and production yields in these soil based organic culture systems are relatively low (Rahmann et al., 2009).

Soil-based and soilless culture systems rely upon physicochemical features, which are distinct for each culture system. Soil and soilless culture systems have diverse physical and hydraulic characteristics (Raviv and Lieth, 2007). Soil-grown plants are encountered with relatively high water availability shortly after fertigation (Bunt, 1988). Another basic trait of soilless cultivation over soil-based cultivation is the boundless root volume, while in soilless culture the root volume is containerized (Raviv et al., 2019). Nutrients, pH and the electrical conductivity (EC) are influential chemical properties (Lauber et al., 2008, 2009, 2013; Raviv et al., 2019) and can be easily regulated in soilless culture systems to demanded nutrient, pH and EC levels. It was demonstrated, that soilless organic growing media have particular niches for diverse bacterial communities with temporal functional stability (Grunert et al., 2016a). New or sterilized growing media usually experience the absence of a diverse and competitive microbiome (Raviv and Lieth, 2007; Postma, 2009; Grunert et al., 2016a), while the soil generally holds up to 107 –109 colony-forming units (CFU) of bacteria and 104 –106 culturable fungal propagules per gram of soil (Alexander, 1977). It is postulated that organic peat based growing media used in tomato cultivation systems are mainly colonized by fungi, actinomycetes and Trichoderma spp. (Khalil and Alsanius, 2001; Koohakan et al., 2004), while mineral growing media are mainly colonized by bacteria (Vallance et al., 2010). In addition, changes in the soil water content as a result of fertigation activities greatly impacts microbial activity and community structure (Fierer et al., 2003). Engineering the microbial community of soilless culture systems might help to work out approaches to progress toward a more sustainable horticulture with increased productivity, quality and sustainability. However, little comparative research has been performed on the bacterial and fungal composition and development during crop growth in soil and soilless culture systems supplemented with organic and chemical fertilizers. Thus, improved understanding of the variability over time in soil and soilless microbial communities amended with organic and chemical fertilizers will provide insight into the factors influencing the overall diversity and might help developing advanced soil and soilless culture systems.

The present study used a multidisciplinary approach to study tomato cultivation systems and the overall objective of the research was to carry out an in-depth observation of four contrasting tomato cultivation systems during one growing season on the composition of the bacterial and the fungal microbiome. The objectives of the experiment were twofold. First, the effect of four different tomato cultivation systems on plant performance was studied and second changes in microbial community composition during 321 days after sowing were assessed. Assuming that each of the four contrasting tomato cultivation systems and different nutrient management have an influence on physico-chemical characteristics, we hypothesized that (i) the soil and soilless culture based edaphic properties, which are strongly altered during one tomato growing season, consecutively affect the bacterial and fungal microbial community structure. Moreover, we hypothesized that (ii) the community changes caused by four contrasting fertilization strategies included shifts in the abundance of various plant-beneficial soil- and soilless culture based microorganisms, thus influencing plant performance.



MATERIALS AND METHODS


Experimental Setup for Soil-Based and Soilless Culture System


Four Contrasting Tomato Cultivation Systems

Four contrasting tomato cultivation systems were used, i.e., two soilless grow bag (GB) based and two soil-based culture systems (SOIL). The GB were filled with an organic growing medium made of 40% v/v sod peat, 40% v/v Irish peat and 20% v/v coconut fiber. The compartment for the soilless culture system was split in two sections. In the first section liquid organic fertilizer solutions (GBOF) through the fertigation systems, while in the second section plants were fertilized with fish effluent supplemented with mineral fertilizer (GBFISH). The soil (SOIL) used for the two soil-based tomato cultivating systems at the experimental site (PCG Kruishoutem, Belgium) is an organically managed soil according to the EU Council Regulation 834/2007. For most of the European countries and for all member states of the European Union (EU), organic farming is strictly defined by the European Commission (EC) and these rules were followed for the soil based system. The soil had a loamy sand texture (Haplic Podzol: 85% sand, 11% silt, and 4% clay). For the organic soil two different kinds of fertilizers were used: plant-derived malt sprouts (3-0-0) (Orgamé, Belgium) material (SOIL-PLANT) and animal-derived blood meal (14-0-0) (Orgamé, Belgium) material (SOIL-ANIMAL). The malt sprouts and the blood meal were blended in the soil on 19/3/2015, 2/7/2015 and 22/7/2015 and 28/8/2015.



Experimental Setup of the Four Tomato Cultivation Systems

The growth tests for the two soilless culture systems (GBOF and GBFISH) were performed in the same compartment (S91), while the soil-based tomato cultivation system were performed in two different compartments (S92 and S93). For the soilless culture system, GBs or slabs were placed in gutters (or gullies) to collect the efflux solution typically called ‘drain,’ which was discharged. Forty one-headed tomato plants per treatment were used (GBOF, GBFISH, SOILPLANT, and SOILANIMAL) and each tomato cultivation systems had an effective experimental surface of 15.1 m2 per treatment out of the available 80 m2 per compartment. Slabs for the soilless culture system were placed in gutters and each gutter contained 6 slabs. Slabs of GB had the following dimensions: 1.0 m × 0.2 m × 0.085 m. The mature plants (5 plants per slab) with a visible first truss were placed on the slabs in the soilless culture system and directly on the soil in the soil based system (Figure 1). This was done on the same date (55 DAS). Plant density was 2.65 plants m–2 (i.e. 1 plant per 0.47 m × 0.8 m) and was equal among treatments. The high-wire system was used for the tomato cultivation. In this system the growing tip remained at the top of the canopy and the stem was lowered allowing maximum light interception of the head of the plant. The plants grown in the organically managed soil had about 113 L soil plant –1 at their disposal, assuming that the plants used between 0 and 30 cm of the top layer for rooting, while the plants in the soilless culture system had about 3.4 L growing medium plant–1 at their disposal. For sampling only the inner plants were used to avoid border effects. The first harvest started on 138 DAS and ended on 321 DAS. Water gift was registerend for all the tomato cultivating systems (Supplementary Figure S2). All guidelines according to organic greenhouse tomato production, with respect to organic fertilizers and pesticides use, were followed. Side shoots developed from every axil and these side shoots were removed on a weekly basis leaving only one main stem as a growing point. Uniform fruit size was maintained by fruit pruning and thereby controlling the number of fruits left on the truss, i.e. 5 fruits per truss.
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FIGURE 1. Overview of the experimental set-up showing one experimental unit per treatment. The glass house was divided into three compartments (S91, S92, and S93) with a surface of 80 m2 for each compartment. The compartment for the soilless culture system (S91) was subdivided into two part. i.e., GBOF and GBFISH; S92 was organic soil fertilized with animal (blood meal) derived material and S92 was the organic soil fertilized with plant-derived material (malt sprouts). In S92 and S93 the previous cultures were tomato in 2014, pepper in 2013 and cucumber in 2012. Plant density was the same for all the treatment 2.65 plants m– 2. For the soilless culture system and soil-based system five experimental units were randomly selected from the different compartments.




Tomato Plants and Transplant Production

Tomato plants (Solanum lycopersicum cultivar RZ 72-704, Rijk Zwaan, Fijnaart, Netherlands) was grafted on Solanum lycopersicum L. x Solanum habrochaites Maxifort (Monsanto Vegetable Seeds, Bergschenhoek, Netherlands). Tomatoes were sown on 18/12/2014 (0 DAS) and transplant production of grafted plants required up to 6 weeks. Transplant production was done in blocking compost made of white and black peat according to EU Council Regulation 834/2007. The blocking compost had the following dimensions:0.1 m × 0.1 m × 0.06 m. The tomato plants were grown until mature plants (5 plants per slab) with a visible first truss and which was as wide as it was tall.



Experimental Location

The plant experiment was established in the experimental glasshouse of the Vegetable Research Centre in Kruishoutem (longitude = 3°31′E and latitude = 50°56′N and 10 meters above sea level). The glasshouse was divided into three compartments (S91, S92, and S93) and every compartment had a surface of 80 m2 with equal climatic conditions. Compartment S91 was used for both soilless culture systems and S92 and S93 was used for the soil based tomato cultivation system. An overview of the experimental set-up can be found in Figure 1. The glasshouse experiment started on the 11th of February 2015 and ended on the 4th of November 2015. Macrolophus pygmaeus was used to protect the plants against all kind of insects, Enermix (Encarsia formosa + Eretmocerus eremicus) was used against white flies. Trichoderma harzanium (Koppert, Netherlands) is a biolgical fungicide and used to protect the plants against soil borne diseases, such as Pythium spp., Rhizoctonia spp., Fusarium spp., Sclerotinia and the root mat syndrome caused by Agrobacterium rhizogenes. Serenade (Bacillus amyloliquefaciens) from Bayer Crop Science (Germany) and magnesium sulfate were used to protect the plants against Oidium lycopersici.



Irrigation and Nutrient Management of the Four Different Tomato Cultivating Systems

Irrigation of tomatoes was based on solar irradiation and considered amount of drained water. Irrigation varied between 3 mL J–1 and 4 mL J–1 at higher temperatures resulting in a peak water supply between 8 and 10 L m–2 d–1 in summer. For the soilless culture system (GBOF and GBFISH) the efflux solution or drain was discharged. It was estimated at the start of the experiment that about 1300 L m–2 water was needed for the cultivation of tomatoes during a whole season (February until November). For the four contrasting tomato cultivation systems drip irrigation was used and the nutrients were injected into the irrigation water from concentrated solutions in stock tanks (Sonneveld and Voogt, 2009). For the soil-based tomato cultivation systems (SOILANIMAL and SOILPLANT) no nutrients were infused into the irrigation water as they were blended in the soil, meaning that pure rain water was used (Figure 1). For the soilless culture system slabs may be watered up to 6 times per hour in peak radiation, and up to 30 times per day under summer conditions.


Nutrient Management for the Soilless Culture System (GBOF and GBFISH)

The compartment for the soilless culture system was split in two parts. One part was fertilized with a liquid organic fertilizer solution (GBOF) and another part was fertilized with fish effluent supplemented with mineral fertilizer (GBFISH). Four different organic fertilizers (ANTYS MgS, Biosyr, Nutrikali, and SP; Frayssinet, France) were used for GBOF. Detailed information about the type, composition and the amount of fertilizer used can be found in Supplementary Table S4.

They were combined with each other aiming at a balanced nutrient solution suitable for the cultivation of tomatoes. Moreover, a N:P:K ratio of 1:0.2:1.6 was respected throughout the whole experimental period for the soilless culture system. Nutrient solution for GBOF was supplemented with extra calcium chloride (CaCl2) and Libremix (3.2% Fe-EDTA, 1.5% Mn-EDTA, 1.6% Cu-EDTA, 0.6% Zn-EDTA, 0.8% B and 2.5% Mo; Brinkman, Netherlands) if needed, such as increased incidence of blossom end rot (BER). The nitrogen dose of the nutrient solution was increased or decreased according to the growth of the plants and/or the presence or absence of deficiency symptoms.

For GBFISH the fish effluent coming from the aquaponics system was supplemented with mineral fertilizer (GBFISH). Ammonia is the main excretion product of the fish. The excreted ammonium was converted into nitrate and was used as the primary inorganic nitrogen source for the tomato plants. The fertigation solution coming from the aquaponic system was amended with the necessary nutrients and corrected when needed aiming at a final composition of 0.7 mmol NH4+ L–1, 18.4 mmol NO3– L–1, 10.9 mmol K L–1, and 6.2 mmol Ca L–1, 2.8 mmol Mg L–1, 0.7 mmol Cl L–1, 5.1 mmol SO42– L–1 and 1.7 mmol H2PO4– L–1.

Nitrogen supply rate per square meter increased steadily from 1.3 g N m–2 d–1 to 112.6 g N m–2 d–1 between days 78 and 161 for GBOF. Nitrogen load was decreased to 20 g N m–2 d–1 in the following next 27 days as a result of increased blossom end rot (BER) incidence, development of smaller leaves, reduced plant growth, and leaf chlorosis. Nitrogen supply rate was increased again up to 164 g N m–2 d–1 after the above mentioned period.

Nutrient management for the soil-based culture system SOILANIMAL treatment received 252 kg N ha–1 coming from blood meal with a total nitrogen content of 14% and 1630 kg ha–1 of patentkali (30% K2O, 10% MgO, and 42% SO3). The SOILPLANT treatment received 300 kg N ha–1 coming from malt sprouts (7% of nitrogen) and 1630 kg ha–1 of patentkali (30% K2O, 10% MgO and 42% SO3) at the start of the experiment. Chemical composition of the organic soil (SOILPLANT and SOILANIMAL) and the soilless culture system can be found in Table 1. Detailed information about the type, composition and the amount of fertilizer used can be found in Supplementary Tables S2, S3.


TABLE 1. Overview of the yield [short culture from May till November, tomatoes with blossom end rot (BER)], the total number tomatoes and the distribution in percentage between loose and tomatoes per vine for four different tomato cultivating systems (GBOF, GBFISH, SOILANIMAL, and SOILPLANT).
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Sample Collection

For the experiment three compartments were used. The compartment for the soilless culture system was split in two parts each consisting of 6 gutters/rows. For an overview of the sampling procedure please check Supplementary Figure S1. For the soil based system two different compartments were used. Slabs for the soilless culture system were placed in gutters, each gutter contained 6 slabs and each slab 5 plants. The two outer rows and outer slabs of each block were not selected, because of possible interactions with the adjacent rows and to avoid side effects. One slab with 5 consecutive plants in the soilless culture system and 5 consecutive plants in the soil based system were considered as an experimental unit. Among all treatments the tomato plants were placed consecutively with an interspacing of 0.47 m and an in row interspacing of 0.8 m. For the soilless culture system and soil-based system five experimental units were randomly selected from the different compartments. Samples of the different experimental units were collected at different time points during the growing season and at the start of the experiment. Ten subsamples from each experimental unit were collected, pooled, homogenized and treated as a single sample. At each time point, samples were taken from 5 fixed experimental units of each GBOF, GBFISH, SOILANIMAL, and SOILPLANT, including root material. Samples from the soil were taken with an auger in the 0–10 soil profile and from each experimental subunit 10 subsamples were taken. Each sample contained 200 g soil or growing medium and was divided into homogenous subsamples: one subsample was used for chemical analyses (100 g) and water content (50 g), one subsample was immediately after sampling stored on dry ice, preserved at −80°C and used for molecular microbial community analysis (50 g). The ammonium and the nitrogen content, the pH and the electrical conductivity (EC) in the 0–10 cm organic soil layer and in the growing medium were taken at the start 55 DAS(T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7). Samples for microbial community analysis were taken at 8 different timepoints, i.e., 55 DAS, 68 DAS, 83 DAS, 113 DAS, 146 DAS, 172 DAS, 221 DAS, and 321 DAS. Samples for PLFA analyses were collected at four different time points, i.e., 55 DAS, 83 DAS, 221 DAS, and 321 DAS. Briefly, for the PLFA analyses the soil and growing media were freeze-dried using a modified technique (Bligh and Dyer, 1959). Whole plants were harvested, chopped and samples from stem and leaves without tomatoes were collected for analysis at 221 DAS and 321 DAS.



Nitrogen Determination in the Soil, Soilless Culture System and Plant

Physicochemical characteristics of the soil and soilless culture systems were determined at the start and throughout the whole experimental period. Potassium, phosphorus, calcium, magnesium, iron and manganese were extracted in ammonium acetate and measured with ICP. The electrical conductivity (EC), pH(H2O), ammonium (NH4+), nitrate (NO3–), sulfate (SO42–) and sodium (Na+) were measured in a water extract according to EN 13038, EN 13037 and EN 13652, respectively. Nitrate was measured with an Dionex DX-3000 IC ion chromatograph (Dionex, Sunnyvale, CA, United States). Ammonium was measured by steam distillation (Bremner and Keeney, 1965). The elements were measured by a ICP-OES (VISTA-PRO, Varian, Palo Alto, CA, United States). The total nitrogen content of the plants sampled was determined according to Dumas (British Standards Institute Staff, 2001).



Estimation of the Nitrogen Dynamics in Soil and Soilless Culture Systems

The ammonium and the nitrogen concentration in the soil at the start 55 DAS – time point 1, 221 DAS – time point 2 and 321 DAS – time point 3) were calculated based on the ammonium, the nitrate and the estimated soil dry bulk density (1.25 kg L–1) of the 0–10 cm soil layer. Fertilizers were applied in the top layer of the organic soil (0–10 cm) and soil water content was controlled in the 0–10 cm layer. The ammonium and the nitrogen concentration of GBOF and GBFISH were also determined and were recalculated based on the amount of growing medium needed per ha, i.e., 90 m3 ha–1. At time point 2 and 3 the dry matter and N content of whole plant samples were determined for calculation of dry biomass and total N uptake at time point 2 and 3. Samples were taken from shredded tomato plants (n = 4). Samples were dehydrated in an oven at 70°C for 48 h. N content was determined on chopped dehydrated plant material (Kjeldahl method, ISO 5983-2).



Plant Performance

The length of the plant was measured on a weekly basis with a measuring tape. Both the fresh and dry weight of the plants and nitrogen content were determined at the start (55 DAS), the middle 221 DAS and at the end 321 DAS of the experiment. Tomatoes were harvested on a weekly basis or whenever necessary and cumulative yield (fresh weight) was determined.



DNA Extraction

Total DNA was extracted using physical disruption with the bead beating method from Hernandez-Sanabria et al. (2020) and Grunert et al. (2016a). Cells were lysed in a FastPrep-96 homogenizer (MP Biomedicals, Illkirch, France) and DNA was precipitated with cold ethanol and resuspended in 30 μl of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]). Concentration and quality of DNA were measured based on the absorbance at 260 and 280 nm in a Nanodrop ND 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States).



Total Biomass and Overall Fingerprint of the Viable Fungal and Bacterial Communities

Microbial community composition was determined by phospholipid fatty acid analysis (PLFA). Briefly, PLFAs were obtained from freeze-dried soil and growing media using a modified technique (Bligh and Dyer, 1959) The PLFAs were determined using a procedure modified from Balser (2001) and Moeskops et al. (2010). To identify Gram-positive bacteria, the sum of i14:0, i15:0, a15:0, i16:0, a16:0, i17:0, and a17:0 was computed. The fatty acids cy17:0, cy17:0new, cy19:0 and cy19:0 new were considered to be representative for Gram-negative bacteria. The sum of 10Me16:0, 10Me17:0 and 10Me18:0 were an indicator for the Actinomycetes. The fatty acid 18:2ω6c was used as fatty acid for fungi, and two alternative signature fatty acids for fungi were considered as well, i.e., 18:1ω9 and 18:3 ω3. The fatty acid 16:1ω5c was an indicator for AMF. Bacteria: fungi (B:F) ratios were calculated by dividing the sum of markers for Gram-positive, Gram-negative bacteria, 15:0 and 17:0 by the fungal marker 18:2ω6c.



Bacterial Community Structure and Composition

Total DNA was extracted from the growing medium samples using the Power Soil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, United States). Five hundred milligrams were used from the bulk as previously described (Grunert et al., 2019). High-throughput amplicon sequencing of the V3 – V4 hypervariable region (Klindworth et al., 2012) was performed with the Illumina MiSeq platform (LGC Genomics GmbH, Berlin, Germany) and the following primers were used 338f and the 518 r (Øvreås et al., 1997). Bioinformatics and data pre-processing followed a protocol developed in-house (El Hage et al., 2019; Grunert et al., 2019; Hernandez-Sanabria et al., 2020). A generalized linear mixed model was employed to compute the effect of tomato cultivating system and time and the interactions between “tomato cultivating system” and time on each individual genus (El Hage et al., 2019; Grunert et al., 2019; Hernandez-Sanabria et al., 2020). Differences among library size sample were accounted for with the offset option in proc GLIMMIX in SAS (Paschold et al., 2012; El Hage et al., 2019). P values for each comparison were converted to q-values that were then used to identify differences in relative abundances of bacterial genera while controlling the false discovery rate (FDR) at the 5% level (Storey, 2015).



Evaluating Relationships Between Microbial Community Characteristics and Culturing System Features

Variations in tomato cultivation systems and nitrogen dynamics were computed using a repeated measures mixed in SAS (version 9.4, SAS Institute, Cary, United States). P-values for Pearson correlation coefficients and regression coefficients were used to determine significant relations with a significance level of P < 0.05 (Grunert et al., 2019). Multiple Factor Analysis (MFA) was employed to detect how the microbial community composition based on a PLFA analysis and bacterial abundance contributed to the differences between the four different tomato cultivating systems across time points. In addition, MFA was applied to assess the correlations between the chemical and microbiological variables based on the PLFA analysis and bacterial abundance detected in the four tomato cultivating systems. R was used (Grunert et al., 2019; Hernandez-Sanabria et al., 2020) to compute the function MFA from the FactoMineR package (Lê et al., 2008).

Richness, Fishers diversity, Shannon, Simpson and inverse Simpson indices were used to calculate the alpha diversity within each sample. Pielou was used as an index of evenness in the community. Variations in alpha diversity and evenness indexes between treatments were statistically analyzed using a repeated measures mixed model in SAS (version 9.4, SAS Institute, Cary, United States) with the four tomato cultivating systems as a fixed effect and time. This method allowed us to attribute the differences in the diversity measures to time or tomato cultivating system or to the interaction of the two factors.

Chao and Bray–Curtis indices were used to check dissimilarity and find out the impact of experimental factors on microbial community composition. Principal Coordinate Analysis (PCoA) visualized the differences between samples, using the vegan package in R (Oksanen et al., 2007), and stratified permutational multivariate analysis of variance (PERMANOVA) with 999 permutations were run to display the significance of each covariate on the microbial community of the bulk soil (Grunert et al., 2019). ANOVA was applied to reveal whether the distribution of the genera was different between treatments (Oksanen et al., 2007).



Statistical Analysis

The data about the fresh plant weight, cumulative yield, the amount of red tomatoes, the percentage of green tomatoes and percentage of blossom end rot were not statistically analyzed. The length of the plant was measured on a weekly basis for the 5 experimental units and for the 5 plants per experimental unit with a measuring tape and a 95% confidence interval was plotted for the different treatments for the first 120 days (55 DAS till 175 DAS).



RESULTS


Similar Plant Performance Was Observed in Soilless Culture Systems and Soil Based System and Yield Was the Highest With the Aquaponics-Derived Fertilizer

Plant length was followed during the whole experimental period (55 DAS till 321 DAS). Figure 2 shows the evolution of the plants length from 55 DAS till 175 DAS. The final plant length for GBOF, GBFISH, SOILANIMAL, and SOILPLANT was 6.96 ± 0.06 m, 6.74 ± 0.07 m, 7.04 ± 0.03 m, and 7.04 ± 0.04 m, respectively. The average fresh plant weight follows a similar trend as the plant length (Figure 2). The average fresh plant weight showed significant differences (P < 0.05) for GBOF><0.05) for GBOF, GBFISH, SOILANIMAL and SOILPLANT was 4.081a ± 0.901 kg.m–2, 3.074 ± 0.557b kg.m–2, 4.081 ± 1.034a kg.m–2 and 4.691 ± 0.477a kg.m–2, respectively. The dry matter content of the plants was 0.481 ± 0.051 kg.m–2, 0.31 ± 0.054 kg.m–2, 0.44 ± 0.080 kg.m–2, and 0.49 ± 0.089 kg.m–2, respectively. Table 1 shows that the cumulative yield of the system with soilless organic growing medium plus inorganic fertilizer (GBFISH) resulted in higher tomato yield (kg of tomatoes) in comparison with the three other cultivation systems. After 117 days since plantation, the cumulative yield dropped and followed the same trend as that observed in the soil supplied with either fertilizer.
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FIGURE 2. Evolution of the plant length (cm) from 55 DAS till 125 DAS in the growing medium. i.e., GBOF and GBFISH and the organic soil. i.e., SOILANIMAL and SOILPLANT. The graph shows the 95% confidence interval, which was plotted around the dark blue line. The light blue lines are the values of the different experimental units.




Fast-Paced Fluctuations in pH(H2O) and Nutrient Cycling Processes Were Observed in Growing Medium

Evolution of the electrical conductivity, pH(H2O) and nitrate and ammonium concentration (Figure 3) was followed over time. Electrical conductivity, nitrate, ammonium, phosphorus, potassium, sodium and chloride differed among the four different tomato cultivating systems (P < 0.001) and time was a factor significantly influencing these traits (P < 0.001, Table 2). Soil fertilized with animal-derived material (243 ± 111 μS.cm–1) or plant-derived material (344 ± 192 μS.cm–1) showed the lowest average electrical conductivity, which decreased over time. On the contrary, the soilless culture system showed increasingly higher values (Figure 3) (GBOF = 551 ± 323 μS cm–1 and GBFISH = 905 ± 614 μS cm–1). The pH(H2O) of the soil increased over time for SOILANIMAL from 6.3 to 7.3 and SOILPLANT from 6.6 to 6.9, while the pH(H2O) in the organic growing medium was very dynamic and fluctuated over time (Figure 3). The pH(H2O) of GBFISH dropped between days 13 and 91 from 5.7 to 4.6 indicating increased uptake of cations, such as potassium and ammonium. Indeed, we found an increased amount of ammonium in GBFISH until days 69. GBOF, however, showed the highest ammonium concentration (41.2 ± 39.1 mg NH4+-N L–1), while nitrate was significantly higher for GBFISH (P < 0.05, Figure 3) and decreased over time in soil supplemented with either fertilizer.
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FIGURE 3. Evolution of the ammonium concentration (A). Nitrate concentration (B). The electrical conductivity (C) and pH(H2O) (D) in the growing medium. i.e., GBOF and GBFISH and the organic soil. i.e., SOILANIMAL and SOILPLANT during the whole experimental period which lasted 321 days. The ammonium and the nitrogen content, the pH and the electrical conductivity (EC) in the 0–10 cm organic soil layer and in the growing medium were taken at the start 55 DAS (T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7).



TABLE 2. Average values of 11 different variables throughout the whole experimental period with standard error.
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Physicochemical Characteristics Changed Over Time and Interacted With Bacterial Community Metrics

Cultivation system (P < 0.01), time (P < 0.01) and the interaction between tomato cultivation system and time (P < 0.01) significantly influenced species richness, diversity and evenness (Pielou’s index) (Table 3). Alpha diversity (Figure 4) oscillated in the soil, while remaining consistent on the soilless system throughout time. On the contrary, evenness (Figure 5) was persistently high in soil but not in growing medium and significantly decreased at the final harvest in soilless culture supplemented with fish fertilizer (GBFISH). Richness (Figure 6) followed the same trend observed for alpha diversity and shifted toward a decrease with plant-derived fertilizer but not when blood meal was added. These results indicate that soil is a highly dynamic environment, where bacterial communities are rapidly adapting, while community characteristics of bacteria inhabiting growing medium stay uniform over time despite fertilizer application.


TABLE 3. Effect of tomato cultivation system (GBOF, GBFISH, SOILANIMAL, and SOILPLANT) on species richness (total species), diversity (Shannon, Fisher’s alpha, Simpson and Inverse Simpson indices), and evenness (Pielou’s index) for all the 8 time points (n = 3).
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FIGURE 4. Culture system impacted bacterial community characteristics and showed opposite trends. Alpha diversity was lower and oscillated over time in soil (upper panel), while it steadily increased in soilless systems and remained high at the end of the experiment (lower panel). Samples for microbial community analysis were taken at 8 different timepoints, i.e., 55 DAS (T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7).
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FIGURE 5. Culture system impacted bacterial community characteristics and showed opposite trends. On the contrary, evenness was consistently higher in soil (upper panel), while it tend to decrease in the aquaponics soilless system. (lower panel left) Samples for microbial community analysis were taken at 8 different timepoints, i.e., 55 DAS (T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7).
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FIGURE 6. Culture system impacted bacterial community characteristics and showed opposite trends. Richness followed the oscillatory trend in soil (upper panel) but not in growing medium (lower panel). Samples for microbial community analysis were taken at 8 different timepoints, i.e., 55 DAS (T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7).


Treatment (P < 0.001), time (P < 0.001) and the interaction between treatment and time (P < 0.001) had a significant effect on the relative abundances of the bacterial genera. PERMANOVA showed that communities in soil remained similar throughout the trial (P < 0.001), while those in the growing medium were significantly different at the beginning and converged over time. Figures 7, 8 show the beta diversity of bacterial communities in the soil harboring tomato plants and supplemented with different fertilizers. “Substrate” indicates whether the culture system contributed to the variance among bacterial communities. PERMANOVA results indicate that substrate (soil or growing medium) is the factor explaining the highest percentage of the variance among communities in the rhizosphere in both culture systems and PERMANOVA results indicate that communities inhabiting growing medium were significantly different from those in soil, even if they hosted the same cultivar.
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FIGURE 7. Beta diversity of bacterial communities in soil harboring tomato plants and supplemented with different fertilizers. Squares indicate communities from soil fertilized with animal-origin fertilizer and inverted triangles show communities supplemented with plant-derived fertilizer. Samples of soil were followed over time to observe the bacterial community development. A color code on the right indicates the community sampled at different time points (time point 0-time point 8). “Substrate” indicates whether culture system contributed to the variance among bacterial communities. PERMANOVA results indicate that substrate (soil or growing medium) is the factor explaining the highest percentage of the variance among communities in the rhizosphere in both culture systems.
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FIGURE 8. Beta diversity of rhizosphere bacterial communities in growing media harboring tomato plants and supplemented with different fertilizers. Circles indicate communities supplemented with GBFISH. and triangles show bacterial communities amended with organic fertilizer (GBOF). Samples of growing media were followed over time to observe the bacterial community development. A color code on the right indicates the community sampled at different time points (time point 0-time point 8). “Substrate” indicates whether culture system contributed to the variance among bacterial communities. PERMANOVA results indicate that communities inhabiting growing medium were significantly different from those in soil, even if they hosted the same cultivar.


Community composition on soil plus either fertilizer remained unaltered over time (Figure 9A), excepting on the first time point of soil supplemented with plant-derived fertilizer, when the relative abundance of Mycoplasma was significantly increased. Unclassified bacteria and Clostridium were taxa exclusively present when soil was amended with animal manure, while the relative abundance of Bacillus increased when plant-derived fertilizer was added. On the contrary, community composition of soilless systems (Figure 9B) was impacted by fertilizer and Mycoplasma, Rhizomicrobium, Nocardioides and Devosia were only detected in the aquaponics, while Pseudomonas, Dyella, and Flavobacterium increased relative abundance in soilless systems with organic fertilizer. Thus, differences in the rhizosphere bacterial community composition were mainly impacted by fertilizer within soilless systems, while the opposite occurred in soil.
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FIGURE 9. Analysis of the bacterial composition of the different tomato cultivation systems: GBOF (organic fertilizer), GBFISH (fish derived fertilizer), SOILANIMAL (animal based fertilizer) and SOILPLANT (plant derived fertilizer). Relative abundance (percentages) of the different bacterial phyla (16S V3–V4 region) in the tomato bulk soil. Phyla representing less than 1% of the total community are bundled in the group “other”, as their taxonomic composition may be uncertain.


Multiple Factor Analysis showed that the environment in the soil (Figures 10A–C) at the start of the cropping (T0) was significantly different and the variance (given by the size of the confidence ellipse) reduced over time. The opposite happened in the soilless culture system (Figures 10A–C) and bacterial relative abundances were similar at the beginning, but variance increased over time and GBOF and GBFISH become differentiated as a result of the fertilizer used. Multiple factor analyses (Figures 10A–C) of the soil showed that plant length, pH, Flavisolibacter, phosphorus, chloride, ammonium, potassium, calcium, magnesium, sodium, electrical conductivity, nitrate, sulfate, Desulfotomaculum, Solirubrobacter, Dehalococcoides, Bythopirellula, Steroidobacter, Litorilinea, Nonomuraea were the variables significantly discriminating between SOILANIMAL and SOILPLANT. The first dimension (33.9% of variance) of the soil was positively correlated with T0 (P < 0.001), and T1 (P < 0.05) and negatively correlated with T6 (P = 0.006) and T7 (P = 0.0003), whereas the second dimension (14.1% of variance) was positively correlated with SOILANIMAL (P < 0.03), and T4 (P = 0.03) and negatively correlated with T6 (P = 0.03), SOILPLANT (P = 0.003) and T7 (P = 0.001). In contrast, nitrate, Acidobacteria Gp 14, Rhizomicrobium, Unclassified bacteria, Verrucomicrobia SD3, magnesium, electrical conductivity, Parcubacteria, sulfate, sodium, potassium, phosphorus, plant length, calcium, chloride, Amaricoccus, Gemmobacter, ammonium, Brevundimonas, pH were the variables discriminating between GBOF and GBFISH (Figures 10A–C). The first dimension (29.9% of variance) of the soilless culture system was positively correlated with GBFISH (P = 0.001), T5 (P = 0.001), T7 (P = 0.005) and negatively correlated with T2 (P = 0.02), T1 (P = 0.001), T0 (P = 0.002) and GBOF (P < 0.001), whereas the second dimension (14.7% of variance) was positively correlated with GBOF (P < 0.001), T6 (P = 0.004), and T7 (P = 0.002) and negatively correlated with T0 (P = 0.009) and GBFISH (P < 0.001).
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FIGURE 10. Multiple factor analysis in which 20 of the most significant factors were taken into account for the four contrasting culture systems (A), organic soil (B), and for the soilless culture system (C). TRT indicates the tomato cultivating system (GBOF, organic growing medium with organic fertilizers; GBFISH, organic growing medium with fish effluent; SOILANIMAL, organic soil that was fertilizer with animal-derived material; and SOILPLANT, soil that was fertilized with plant-derived material). TRT, time point. Samples for microbial community analysis were taken at 8 different timepoints, i.e., 55 DAS (T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7). Circles indicate the 95% confidence interval.




Long-Term Fertilizer Regimes Significantly Changed the PLFA Fingerprints in Both the Soilless Culture and Soil Based Culture System

Combinations of organic soil with plant and animal-derived material and organic growing medium with fish effluent and organic fertilizer differed in its characteristics throughout the experimental period. Eleven soil and growing media characteristics and eight microbial characteristics (gram-positive, gram-negative bacteria, 18:1, 18:2, and 18:3 fungi, actinomycetes, arbuscular mycorrhizal fungi and protozoa) were analyzed together in a MFA (Figure 11). Overall, long-term fertilizer regimes significantly alternated the PLFA marks in both the soilless culture and soil based culture system.
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FIGURE 11. Multiple factor analysis in which 11 chemical soil and growing medium characteristics [pH(H2O)]. EC (nitrate, ammonium, phosphorus, potassium, calcium, magnesium, sulfate, sodium, and chloride) and eight microbial characteristics [Gram-positive, Gram-negative bacteria, fungi 18:1, fungi 18:2, fungi 18:3, Actinomycetes, arbuscular mycorrhizal fungi (AMF), and protozoa] were used to discriminate between the different tomato cultivation systems. GBOF, organic growing medium with organic fertilizers. GBFISH, organic growing medium with fish effluent. SOILANIMAL, organic soil that was fertilizer with animal-derived material; and SOILPLANT, soil that was fertilized with plant-derived material. Samples for PLFA analyses were collected at four different time points, i.e. 55 DAS (T1), 83 DAS (T2), 221 DAS (T6) and 321 DAS (T7).


Regarding to the four different tomato cultivation systems, the first two dimensions (Supplementary Table S5) accounted for 60.3% of the total variance, indicating a good reproducibility of the data of the 5 experimental units per treatment. The first dimension is positively correlated with GBOF (P < 0.05) and GBFISH (P < 0.05) and negatively correlated with SOILANIMAL and SOILPLANT (Supplementary Table S5), whereas the second dimension 2 is positively correlated with SOILPLANT (P < 0.05) and time point 4 (P = 0.014) and negatively correlated with GBFISH and timepoint 1. Dimension 3 is positively correlated with GBOF (P < 0.001) and negatively correlated with GBFISH. Dimension 4 is negatively correlated with SOILANIMAL (P < 0.05).

The soilless culture systems GBOF and GBFISH, showed a positive correlation (dimension 1) with potassium, protozoa, electrical conductivity, the fungal FAME marker 18:3, sodium, total biomass, calcium, phosphorous, nitrate, fungal FAME marker 18:2, chloride, magnesium and sulfate, while the soil based system is positively correlated with actinomycetes, pH, the bacteria to fungi ratio and the gram-positive bacteria. GBOF showed a positive correlation (dimension 3) with ammonium, the total biomass, chloride, pH, magnesium and phosphorous, while GBFISH was positively correlated with fungal FAME marker 18:2 and fungal FAME marker 18:3 and nitrate. SOILPLANT, SOILANIMAL and timepoint 4 were positively correlated with AMF (arbuscular mycorrhizal fungi), gram-negative bacteria, the bacteria to fungi ratio, calcium, sulfate, phosphorous, gram-positive bacteria, pH, sodium and chloride, while GBFISH was correlated with the fungal FAME marker 18:3, ammonium, actinomycetes, the fungal FAME marker 18:2 and the fungal FAME marker 18:1.



DISCUSSION

Healthy soils are decisive to biodiversity and play a paramount role in fighting climate change. Soils are a non-renewable resource on which 95% of our food supply depends. Organic agriculture is a production system that nurses the health of soils, ecosystems and people. It builds on ecological processes, biodiversity, instead of using resources with inimical effects. Soilless culture systems and consequently growing media are also an fundamental sector of the food supply chain. Growing media facilitates sustainable horticulture and protected culture systems are vital for producing fruits and vegetables. Both (organic) soil based and soilless culture systems are principal members in the transition toward a more sustainable food production. It has been shown that it is possible to grow tomatoes in soilless culture systems in combination with inorganic and organic fertilizers (Heeb et al., 2005b; Zhai et al., 2009; Gravel et al., 2010a; Grunert et al., 2016a), in aquaponic systems (Suhl et al., 2016) and in organic soil based systems (Bélair and Tremblay, 1995; Gravel et al., 2010b). Moreover, it was demonstrated that soil and soilless culture systems and soil amendments and fertilizers can have a clear impact on plant growth, tomato fruit quality and on the suppression of plant diseases (Cotxarrera et al., 2002; Gruda, 2008; Zhai et al., 2009; Coppens et al., 2015; Sakarika et al., 2019; Dion et al., 2020). Several research papers have associated these favorable effects on the microbiome of the soil and the rhizosphere of the plant (Tu et al., 2006; El-Yazeid and Abou-Aly, 2011; Bona et al., 2018; Sellitto et al., 2019). In addition, it has been proven that temporal, biotic and abiotic components have considerable influence on the bulk microbiome and the rhizosphere of tomatoes (Maloney et al., 1997; Grunert et al., 2016a; Grunert et al., 2019). In the presented study, we cultivated tomato plants grown in soil based and soilless culture systems. We hypothesized that (i) the soil and soilless culture based edaphic properties, which are strongly altered during one tomato growing season, consecutively affect the bacterial and fungal microbial structure. Moreover, we hypothesized that (ii) the community changes caused by four contrasting fertilization strategies included shifts in the abundance of various plant-beneficial soil- and soilless culture based microorganisms, thus influencing plant performance.

A total of 11 chemical variables were monitored for the four different tomato cultivating systems. No major plant growth anomalies were found, except for GBOF with the highest nitrogen supply rate. We found a significant effect tomato cultivating system and time on species richness. Our MFA analysis based on the PLFA results (Figure 11) and based on high throughput sequencing of the 16S rRNA gene and chemical factors, indicate that the dispersion of the genera among treatments is significantly different. Long-term fertilizer regimes significantly changed the PLFA fingerprints in both the soilless culture and soil based culture system. Indeed, the diversity of microbial communities associated with the soil or soilless culture system are directly influenced by the physical and chemical properties of the soil. It must be considered that four different tomato cultivating systems supplemented with different fertilizers were compared with each other, making it impossible to estimate the separate effect of soil type or growing medium or fertilizer used on the microbial community composition. However, SOILANIMAL and SOILPLANT displayed similar microbial community composition, i.e., richness, evenness and GBOF and GBFISH also revealed a more similar microbial community composition indicating a potential soil or growing medium effect. On the other hand, within the organic soil and soilless culture system the microbial community composition seemed to be different depending on the fertilizer used (animal or plant based nutrients or organic versus inorganic). Alpha diversity (Figure 4) oscillated in the soil, while remaining consistent in the soilless system throughout time. On the contrary, evenness (Figure 6) was persistently high in soil but not in growing medium and significantly decreased at the final harvest in soilless culture supplemented with fish fertilizer (GBFISH). Richness (Figure 5) followed the same trend observed for alpha diversity (Figure 4) and shifted toward a decrease with plant-derived fertilizer but not when blood meal was added. In many cases, alterations in evenness crop up with little or no changes in species richness, and this illustrates the pertinence of evenness as a component of diversity (Wilsey and Potvin, 2000). As stated by Wittebolle (2009) unevenness could block the rapid response of a community to a particular stress if the dominant species are not resistant to this stress. It is reported that even communities can recover their function more easily, provided with sufficient time (Wittebolle, 2009). The higher similarity in soil properties of the organic soil and the organic growing medium may also explain that no major differences in bacterial community structure were found between SOILANIMAL and SOILPLANT and GBOF and GBFISH, respectively, indicating that soil or growing medium are major discriminants of the microbial community composition. Amplicon sequencing showed that differences in the rhizosphere bacterial community composition were mainly impacted by fertilizer within soilless systems, while the opposite occurred in soil. PLFA results showed GBOF showed a positive correlation with ammonium, the total biomass, chloride, pH, magnesium and phosphorous, while GBFISH was positively correlated with fungal FAME marker 18:2 and fungal FAME marker 18:3 and nitrate. SOILPLANT, SOILANIMAL were positively correlated with AMF (arbuscular mycorrhizal fungi), gram-negative bacteria, the bacteria to fungi ratio, calcium, sulfate, phosphorous, gram-positive bacteria, pH, sodium, and chloride. The soilless culture systems GBOF and GBFISH, however, showed a positive correlation with protozoa and the fungal fatty acid methyl esters (FAME) marker 18:2 and 18:3 and it was negatively correlated with the Gram-positive bacteria and the Actinomycetes. The use of blood meal and malt sprouts in the organic soil was positively correlated to AMF, Gram-negative and Gram-positive bacteria. Fungal FAME marker 18:1, 18:2, and 18:3 was negatively influenced by the application of blood meal and malt sprouts. These results indicated that fertilizer incorporation increased disturbance in fungal communities in both cultivation systems. Overall the soil culture system seems to be positively correlated with Gram negative, Gram positive bacteria and AMF. Arbuscular mycorrhizal fungi (AMF) are ubiquitous organism that influence soil fertility through the enhancement of chemical, biological and physical content. Actinomycetes are an important class of soil microorganisms that are known to decompose complex polymers and cycle more recalcitrant soil organic matter. These results indicate that soil is a highly dynamic environment, where bacterial communities are rapidly adapting, while community characteristics of bacteria inhabiting growing medium stay uniform over time despite fertilizer application.

The four tomato cultivation systems were managed independently from each other and we demonstrated that it is possible to grow tomatoes in soilless culture and in soil based systems. Similar plant performance was observed in soilless culture systems and soil based system and yield was the highest with the aquaponics-derived fertilizer, but showed on the contrary the lowest average fresh and dry plant weight. This is in agreement with the study of Heeb (2005); Heeb et al. (2005a), and Heuvelink (2018). The yield per surface unit for GBOF and SOILANIMAL and SOILPLANT was quite similar for the three treatments. However, when yield is calculated per unit of available root volume, we found final cumulative yield of 3.1 kg tomatoes L–1 of growing medium and 2.8 kg tomatoes L–1 of growing medium for GBFISH and GBOF, respectively, while the soil based system produced approximately 0.5 kg tomatoes L–1 soil. Soilless culture systems possess a finite root volume, but they give complete control over water and the fertigation solution with a more precise composition and ratio of nutrients resulting in higher yields (Gruda, 2008). However, unbalanced water supply and high organic nitrogen supply rates will easily result in nutrient imbalance and further induce blossom end-rot (BER) of glasshouse tomatoes, which was reflected in the highest percentage of BER, i.e., 2.8% in the soilless culture system (Britto and Kronzucker, 2002; Heeb, 2005). Evolution of plant length (Figure 2) was quite similar between the four contrasting tomato cultivation systems, except for GBOF where plants were longer. From the experimental setup it is clear that we have different forms (organic nitrogen, ammonium and nitrate – nitrite is not considered) and concentrations of nitrogen in the four tomato cultivating systems. Plants can assimilate these different kind of nitrogen forms (Näsholm et al., 2009; Marschner, 2011). Mineralization rates are not equal for the different organic fertilizers, such as the blood meal, malt sprouts and the organic fertilizers used in combination with GBOF (Stadler et al., 2006; Dion et al., 2020). In addition, mineralization first releases ammonium, that is then converted in nitrate during nitrification, so the concentration of nitrate depends on both the concentration of ammonium and the ammonia and nitrite oxidation rate (Boudsocq et al., 2012). Our results show a higher ammonium concentration in combination with GBOF, indicating a higher ammonification rate or a lower nitrification rate. Ammonium uptake and assimilation are less energy demanding than nitrate uptake and assimilation, indicating a competitive advantage for plants with a high ammonium absorption capacity. High ammonium concentrations, however, can also cause severe toxicity symptoms (Britto and Kronzucker, 2002). This ammonium toxicity may jeopardize the energetic advantage of taking up ammonium rather than nitrate. Furthermore, ammonium is known for its abiotic immobilization, while nitrate is highly mobile and can lead to leaching losses. These physical limitations, energetic costs and competition with the soil microorganisms make these systems highly dynamic and almost unpredictable.

Our study highlights some limitations of previous studies and enlarges our awareness about the impact of soilless culture and soil based culture systems and different fertilizers on the below ground microbiology in tomato cultivation systems, because (1) soil and soilless culture systems were assessed at the same time, (2) amplicon sequencing and PLFA were similarly used as supplementary techniques to allow quantification of microbial biomass and (3) nutrient and N dynamics and (4) plant performance was followed and assessed over time. Community composition in soil plus either fertilizer remained unaltered over time, excepting on the first time point of soil supplemented with plant-derived fertilizer, when the relative abundance of Mycoplasma was significantly increased. Unclassified bacteria and Clostridium were taxa exclusively present when soil was amended with animal manure, while the relative abundance of Bacillus increased when plant-derived fertilizer was added. On the contrary, community composition of soilless systems was impacted by fertilizer and Mycoplasma, Rhizomicrobium, Nocardioides and Devosia were only detected in the aquaponics, while Pseudomonas, Dyella and Flavobacterium increased relative abundance in soilless systems with organic fertilizer. Thus, differences in the rhizosphere bacterial community composition were mainly impacted by fertilizer within soilless systems, while the opposite occurred in soil.

To the best of our knowledge, the presented study is the first study that carried out an in-depth observation of four contrasting tomato cultivation systems during one growing season on the composition of the bacterial and the fungal microbiome by using amplicon sequencing and PLFA. At the start of a soilless culture, which is considered as a microbial vacuum (Postma et al., 2000) and in contrast to an organic soil based systems, a microbial community promptly occupies the growing medium (Grunert et al., 2016a), the fertigation solutions and the rhizosphere of the cultivated plants (Grunert et al., 2016b, 2019). The microbial community composition is affected by the type of growing medium (Grunert et al., 2016a), the fertilizer used (Grunert et al., 2019) and plant species (Vallance et al., 2010). For the soil and growing media sampling soil was taken close to the rootstock. As these zones were fully colonized it might be the case that the “bulk” soil samples for the microbial community analysis can be considered as rhizosphere soil samples. Due to this experimental restriction and differences in root density between the four contrasting tomato cultivation systems, this might impact the microbiome present. Cultural methods have been used to characterize this microbial community, but molecular based techniques such as amplicon sequencing is known to give solid data on microbial taxonomy, species richness, evenness and diversity, while PLFA analysis add completing information on total biomass, and biomass per specific group.



CONCLUSION

In the current study, we demonstrated and confirmed that it is possible to grow tomatoes in soilless culture systems in combination with organic fertilizers or in an aquaponics systems and in an organic soil fertilized with plant, i.e., malt sprouts or animal derived, i.e., blood meal during a whole season (321 DAS). We compared the bacterial and fungal community structure of soil and soilless culture systems for the cultivation of tomatoes with two complementary molecular techniques. We showed that the culture system impacted bacterial community characteristics and showed opposite trends. The individual observations are not new and confirm the results of earlier studies, however, this is the first study to show that bacterial and fungal diversity under long term fertilization with malt sprouts and blood meal show a similar behavior in soil, while soilless culture systems show higher responsiveness to fertigation management. This work contributes to a better understanding of the general principles governing fungal and bacterial community structure and adaptation in soil and soilless culture systems, and is widely applicable to sustainable agriculture and horticulture. This work also addresses a knowledge gap between soil based and soilless culture systems.
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Supplementary Figure 1 | (A) Sample collection and analysis procedure. Slabs for the soilless culture system were placed in gutters, each gutter contained 6 slabs and each slab 5 plants. The two outer rows and outer slabs of each block were not selected, because of possible interactions with the adjacent rows and to avoid side effects. One slab with 5 consecutive plants in the soilless culture system and 5 consecutive plants in the soil based system were considered as an experimental unit. Among all treatments the tomato plants were placed consecutively with an interspacing of 0.47 m and an in row interspacing of 0.8 m. For the soilless culture system and soil-based system five experimental units were randomly selected from the different compartments. Samples of the different experimental units were collected at different time points during the growing season and at the start of the experiment. Ten subsamples from each experimental unit were collected, pooled, homogenized and treated as a single sample. (B) At each time point, samples were taken from 5 fixed experimental units of each GBOF, GBFISH, SOILANIMAL and SOILPLANT, including root material. Samples from the soil were taken with an auger in the 0–10 soil profile and from each experimental subunit 10 subsamples were taken. Each sample contained 200 g soil or growing medium and was divided into homogenous subsamples: one subsample was used for chemical analyses (100 g) and water content (50 g), one subsample was immediately after sampling stored on dry ice, preserved at −80°C and used for molecular microbial community analysis (50 g). The ammonium and the nitrogen content, the pH and the electrical conductivity (EC) in the 0–10 cm organic soil layer and in the growing medium were taken at the start 55 DAS(T0), 68 DAS (T1), 83 DAS (T2), 113 DAS (T3), 146 DAS (T4), 172 DAS (T5), 221 DAS (T6), and 321 DAS (T7). Samples for microbial community analysis were taken at 8 different timepoints, i.e., 55 DAS, 68 DAS, 83 DAS, 113 DAS, 146 DAS, 172 DAS, 221 DAS, and 321 DAS. Samples for PLFA analyses were collected at 4 different time points, i.e., 55 DAS, 83 DAS, 221 DAS and 321 DAS. Briefly, for the PLFA analyses the soil and growing media were freeze-dried using a modified technique (Bligh and Dyer, 1959). Whole plants were harvested, chopped and samples from stem and leaves without tomatoes were collected for analysis at 221 DAS and 321 DAS.

Supplementary Figure 2 | Overview of the cumulative water dosage (L per m2) for the different tomato cultivating systems.

Supplementary Table 1 | Overview of the chemical composition of SOILPLANT and SOILANIMAL before the start of the experiment (8/1/2015) and throughout the whole experimental period. n = 1. As bulk density 1.25 t ha–1 (Vlaamse zandstreek; Arthur et al., 2011) was chosen for the 0.3 m top soil layer.

Supplementary Table 2 | Overview of the chemical composition of the different fertilizers used. “−” means that the elements was not analyzed or specified. “∗” means according to the specifications of the supplier. “∗∗” means that the chemical composition was actually analyzed.

Supplementary Table 3 | Overview of the fertilizers used and the total amount used for the different treatments. GBOF, soilless culture system with organic growing medium and organic fertilizer. GBFISH, soilless culture system with organic growing medium and fish. SOILANIMAL, organic soil with animal-derived material as fertilizer; and SOILPLANT, organic soil with plant-derived material as fertilizer.

Supplementary Table 4 | Overview of the chemical composition of the four different organic fertilizers (Nutrikali, ANTYS MgS, Biosyr and SP). “–“: means that this element was not determined in the fertilizer.

Supplementary Table 5 | Correlations between microbial community composition and chemical characteristics in four different tomato cultivating systems across time points. indicated by the Multiple Factor Analysis. Dimensions of the MFA can be described by the categorical variables included in the analysis. For each categorical variable (growing medium and time point). A one-way analysis of variance was performed with the coordinates of the samples on the axis. explained by the time point or growing medium type. Then, for each level of the category (i.e., time point 1. time point 2 or time point 3 or growing medium GB). A Hotelling T2-test was used to compare the average of the category with the general average (using the constraint P i αi = 0. αi = 0). For instance. the coordinates of the relative abundance of family “x” at GB at time point 1 were compared with the average coordinates of the relative abundance of family “x” in GB. The P-value associated to this test is transformed to a normal quantile to assess whether the mean of the category is significantly less or greater than 0. Negative values indicate negative correlations.
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Conditions Aerial part Root

TONO 13.43 + 1.542 11.78 + 1.062°
TONO.1 12.10 + 1.35%° 11.18 £ 1.1220
TONO.5 13.51 4+ 1.06° 10.58 4+ 0.612°
TONA 14.02 + 0.992 10.43 4+ 0.872°
TINO 9.40 + 2.47° 9.50 + 1.01°
TINO.1 11.83 + 1.78% 10.01 + 1.39%°
TINO.5 12.27 +£0.712 12.20 +£2.192
TINT 12.88 4+ 1.05° 9.88 +1.03°

Values are means of three technical replicates from two biological replicates with
the corresponding standard deviation. For each biological replicate, roots or aerial
part from ten plants were pooled. Values in the same column with different letters
are significantly different according to Tukey's test (P < 0.05).





OPS/images/fmicb-10-03042/cross.jpg
3,

i





OPS/images/fmicb-10-03042/fmicb-10-03042-g001.jpg
300

250 -

200

150 -

100 -

50

HH

=

H

H

T T T T

None-None MNone-RKN  T22-None  T34-Mone  T22-RKN T34-RKN





OPS/images/fmicb-10-03042/fmicb-10-03042-g002.jpg
70 4

60

50;

30 A

20

Alsiey

T34-RKN

T22-RKM

MNone-RKN





OPS/images/fmicb-10-02444/fmicb-10-02444-g004.jpg
A

Phenylalanine

l PAL

Cinnamic Acid

'

4-coumaroyl-CoA

l CHS

Chalcone

'

. . NomT .
Naringenin — Sakuranetin

4
'
'

Anthocyanins

protein (1)
SMvB ()
LNK4-like

peotelinL ) Gluthatione
S-transferase (1)

Flavonoid

7-O-methyltransferase (1)

Polygalacturonase
inhibiting protein (1)

Polygalacturonase

Subtilisin-chymotrypsin
inhibitors (1)

PR-1 (1)
PR-2 (1)

/~ LNKI-like N

TINO.5

Polygalacturonase
Inhibiting protein (

&

CHS (1)

Auxin

\T1INO.1 PR-5(1) /

[

transport UDP-glycosyltransferase (1)
:>\ ABC
A Al transporter (1)
HYS5 (1)
) \__ )
. Cytochrome * Expansin2 (1)
P450 (1)
NAC (1)
responsc
clcmcnls/NAC
\\ Xylanase inhibitor (1)
Defense Je— |
B-l,3 glucanases (1)
\ ERFR)
TIN1

Xyloglucan

endotransglucosylase (T)]

\ TINO /





OPS/images/fmicb-10-02444/fmicb-10-02444-t001.jpg
TONO.5

TON1

T1NO

T1NO.1

T1NO.5

T1N1

Up-regulated

12-oxo-phyto dienoic acid reductase
Acylglycerol-3-phosphate-O-acyltransferase
Arginine decarboxylase
Beta-1,6-N-acetylglucosaminyltransferase
Chitinase

Cysteine-rich receptor-like kinase
Cytochrome P450

Drug transmembrane transporter
Endo-beta-1,3 glucanase (PR-2)

Ethylene Response Factor (ERF)
Expansin-B7-like protein

Flavonoid 7-O-methyltransferase
GTP-binding protein SAR1A

Laccase

NADPH-dependent 6'-deoxy chalcone synthase
Non-annotated glycosyl hydrolase (GH)
Omega-3 fatty acid desaturase
Pectin-esterase

Pleiotropic drug resistance (PDR)-type ABC transporter
Polygalacturonase

PR-1

Protein LNK1-like

Protein LNK4-like

S-adenosylmethionine (SAM) decarboxylase
Salutaridine reductase

Somatic embryogenesis receptor kinase
Stress-induced transcription factor NAC1
Subitilisin-chymotrypsin inhibitors
Thaumatine (PR-5)

Thioredoxin

Transcriptional activator (gluthatione S-transferase)
Transcription factor HY5-like

Trehalose-6-phophate phosphatase
UDP-glycosyltransferases

Wall-associated receptor kinase

Xylanase inhibitor

Xyloglucan endotransglucosylase
Down-regulated

24-methylene sterol C-methyl transferase 2

AKT1 potassium channel gene

Cysteine peptidase

Expansin protein

F-box protein

Gliadin/LMW glutenin proteins
Multicopper oxidase-like protein

Non-specific lipid transfer protein

Nitrate reductase

Pleiotropic drug resistance-type ABC transporter
Phosphatidylinositide phosphatase SAC1
Potassium channel AKT1

Polygalacturonase

Putative ripening-related protein
Repressor (MYB transcription factor)
Transcriptor factor ILI6
UDP-glycosyltransferase

Different growth conditions, including Trichoderma harzianum T34 (T1) or not (TO) and O (NO), 0.1 (NO.1), 0.5 (NO.5), or 1 (N1) mM calcium nitrate, were

used for comparison.
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Compounds E. coli C. albicans B. subtilis S. aureus

1 18.67 £1.156 14.334+257 12174+0.76 11.33+£0.58
2 6.53 &+ 0.30 NI 8.32 4+ 0.07 9.183+0.17
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aPC as the positive control, gentamicin sulfate and amphotericin as the positive
control of pathogenic bacteria and yeast, respectively; results are presented as
the mean + standard; “NI” means not inhibited; the concentration for the test is
30 woffilter paper.
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Isolate code

BYCDW15
BYCDW19
*BYCDWH1
BYSTW10
BYCDW7
BYSTW6
BYCDW12
BYCDW3
*BYCDW17
BYSTW2
BYCDW10
BYSTW7
BYCDW6
BYCDW13
BYCDW29
BYSTW11
BYSTWA1
*BYSTW9
*BYCDW9
BYCDW28
BYCDW5
BYCDW8
BYCDW27
*BYCDW30
*BYSTWS
*BYCDwW4
*BYSTW3
*BYCDW20
BYSTW8
BYCDW16
*BYCDW23
BYCDW18
*ByCDw24
*BYCDW25
BYCDW11
BYCDW22
BYCDW21
*BYCDW26
*BYCDW14

Closest match

Ascomycota sp.
Ascomycota sp.
Ascomycota sp.
Ascomycota sp.
Cladosporium cladosporioides
Cladosporium cladosporioides
Dothideomycetes sp.
Exophiala bergeri

Exophiala bergeri

Exophiala jeanselmei
Exophiala jeanselmei
Exophiala jeanselmei
Exophiala jeanselmei
Paraconiothyrium brasiliense
Paraconiothyrium brasiliense
Fusarium verticillioides

Irpex lacteus

Leptosphaeria sp.
Leptosphaeria sp.
Metacordyceps chlamydosporia
Microdiplodia sp.
Microdiplodia sp.

Nectria diminuta

Ochroconis constricta
Pleosporales sp.
Pleosporales sp.
Pleosporales sp.
Pyrenochaeta sp.
Pyrenochaeta sp.
Pleosporales sp.
Pleosporales sp.
Pestalotiopsis hainanensis
Phaeoisaria loranthacearum
Phaeoisaria loranthacearum
Pestalotiopsis microspora
Phellinus igniarius
Trichoderma viride
Termitomyces sp.
Uncultured fungus

Accession no.

HQ607923
HQ607923
HQ607923
KU535795
KX258800
MF319902
KM519287
JX473281
JX473281
KY292527
KY292527
KY292527
KY292527
FJ378076
FJ378076
KT587649
KC414252
KP747704
KP747704
KP216980
EU273518
EU273518
JX076962
KM056323
HQ914849
KP269012
HQ914849
KJ207418
EU750693
KY910236
HQ914849
GQ869902
KR611888
KR611888
KX755256
KY703431
KP689168
AB968241
FN397433

Proposed identity

Ascomycota sp.
Ascomycota sp.
Ascomycota sp.
Ascomycota sp.
Cladosporium cladosporioides
Cladosporium cladosporioides
Dothideomycetes sp.
Exophiala bergeri

Exophiala bergeri

Exophiala jeanselmei
Exophiala jeanselmei
Exophiala jeanselmei
Exophiala jeanselmei
Paraconiothyrium brasiliense
Paraconiothyrium brasiliense
Fusarium verticillioides

Irpex lacteus

Leptosphaeria sp.
Leptosphaeria sp.
Metacordyceps chlamydosporia
Microdiplodia sp.
Microdiplodia sp.

Nectria diminuta

Ochroconis constricta
Pleosporales sp.
Pleosporales sp.
Pleosporales sp.
Pyrenochaeta sp.
Pyrenochaeta sp.
Pleosporales sp.
Pleosporales sp.
Pestalotiopsis hainanensis
Phaeoisaria loranthacearum
Phaeoisaria loranthacearum
Pestalotiopsis microspora
Phellinus igniarius
Trichoderma viride
Termitomyces sp.
Ascomycota sp.

Coverage/max ident

97/99
99/99
99/97
97/98
100/99
99/99
98/99
94/99
95/94
98/99
98/99
98/99
96/99
97/99
98/99
99/99
98/99
99/96
98/96
96/99
98/99
98/99
88/99
97/92
97/99
99/99
98/93
97/99
97/99
97/100
80/94
99/99
99/96
97/97
97/97
98/99
98/100
98/95
98/98

GenBank no.

MG820065
MG820066
MG820067
MG820068
MG820069
MG820070
MG820073
MG820091
MG820075
MG820076
MG820077
MG820078
MG820079
MG820080
MG820081
MG820082
MG820083
MG820084
MG820085
MG820086
MG820071
MG820072
MG820087
MG820088
MG820089
MG820092
MG820090
MG820093
MG820094
MG820095
MG820091
MG820096
MG820097
MG820098
MG820099
MG820100
MG820102
MG820101
MG820103

*Potential new strain.
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Strains

BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC
BYC

DW11
DW3

DW6

Dw23
Dw24
DW5

Dw8

Dw4

DWi1

DwW29
DW13
DW25
Dw14
DW20
DW18
DW19
DW10
DW26
DW16
DW30
Dw21
Dw28
DW7

DW9

Dw22
DW15
DW17
DwW12
Dw27

BYSTW11

BYST

r'We

BYSTWA1
BYSTW9
BYSTW7

BYST
BYST
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w2

BYSTW10
BYSTW3
BYSTW5

pc?

E. coli

8.17 +1.53

14.00 + 1.50
12.83+1.26
11.67 + 0.58

6.53 £0.25
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£ 0.76
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19.17 £0.76

B. subtilis

N
11.50 £ 1.00
12.47 £0.38
1213+ 1.18
156.28 £ 6.26
14.75 £ 0.37
14.00 £ 1.80
18.45 £ 1.04

17.30 £ 0.83
11.85 £0.05

zZz2 Z Z Z i

10.87
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o
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o]

z2 2 Z 2 2Z Z Z Z Z2 Z Z §

711 +0.14
12.33 £0.76

Z q

10.68 £ 0.51
6.95 £ 0.10
6.67 £0.19

z Z2 Z2 Z Z

1917 £0.29

S. aureus

7.83+£0.29
14.33 £ 2.57
14.90 + 0.26
13.20 +1.25
N
11.33 £ 1.53
22.33 +£3.21
21.38 £0.12
8.03 £ 0.40
7.33+0.21
20.4 £ 0.61
14.85 + 0.26

z Z2 Z

20.27

H
o
()]
b

=z Z2 Z i

7.03+£0.12
6.97 £0.06

Z Z H

7.73+0.25

zZ Z Z h

747 0 046
12.42 + 0.50
12.83+0.76

6.40 £0.26
14.12 +0.83

7.06 £0.10

6.65 £0.10

N
N
N

9.20 £1.84

10.53 £ 0.80
21.33 £0.58

aPC as the positive control, gentamicin sulfate and amphotericin as the positive
control of pathogenic bacteria and yeast, respectively; results are presented as
t standard; “NI” means not inhibited; the concentration for the test is
30 ug/filter paper.

the mean 4
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Antagonist Target Application Main VOCs Reference
Aureobasidium pullians Botrytis cinerea Post-harvest decay toxin 2-Phenylethanol Di Francesco et al. (2015)
Coletotrichum acutatum contamination
Penicilum expansum
Penicilum digitatum
Penicilum italicum
Cyberiinnera jadini Aspergillus carbonarius Post-harvest decay toxin 2-Phenylethanol Farbo et al. (2018)
Lachancea thermotolerans Aspergilus ochraceus contamination Tiocca et al. (2019)
Candida intermedia
Candda friecrichi
‘Saccharomyces cerevisiae Phylosticta citricarpa Post-harvest decay 2-Phenylethanol Fialho et al. (2010)
Wickerhamomyces anomalus  Aspergills flavus Toxin contamination 2-Phenylethanol Hua etal. (2014)
Hanseniaspora warum Aspergilus ochraceus Toxin contamination 2-Phenylethyl acetate Masoud et al. (2005)
Pichia Kuyveri
Wickerhamomyces anomalus
Aureobasidium pullians Botrytis cinerea Pathogen prevention/inhibition  Whole volatiome Parafati et al. (2015)
Metschnikowia pulcherima
‘Saccharomyces cerevisiae
Wickerhamomyces anomalus
Candida sake Botrytis cinerea Post-harvest decay Whole volatiome Arrarte et al. (2017)
Penicilum expansum
Bacillus amyloliquefaciens Fusarium oxysporum Pathogen prevention 2,3,6-Trimethyl-phenol Yuan et al. (2012)
Pentadecane
Tetradecane
Bacillus atrophaeus Botrytis cinerea Pathogen prevention/inhibition  Hexadecane Zhang etal. (2013)
2,3-Dimethoxybenzamide
Oanisaldehyde
Burkholderia ambitaria Rhizoctonia solani Pathogen prevention/inhibition ~ Dimethyldisulfide Groenhagen et al. (2013)
Attemaria altemata 2-Undecanone
dimethyltisufide
4-Octanone
Methyimethanethiosuifonate
Phenyipropanone
Burkholderia tropica Coletotrichum gloeosporioides ~ Pathogen prevention/inhibition ~ Limonene Tenorio-Salgado et al. (2013)
Fusarium cumorum Alpha-pinene
Fusarium oxysporum Ocimene
Athelia rolfsi
Burkholderia gladioll Fusarium oxysporum Pathogen prevention/inhibition  Limonene Eishafie et al. (2012)
Rhizoctonia solani
Achromobacter sp. Fusarium oxysporum Plant growth induction Dimethyldisulide Minerdi et al. (2009, 2011)
Seratia sp. Propanal
2-Ethyl-1-hexanol
Dodecane
Tridecane
Tetradecane
Bacillus spp. Host Resistance induction 3-Hydroxy-2-butanone Ryu et al. (2003)
Plant growth induction 2,3-Butanediol Rudrappa et al. (2010)
Enterobacter aerogenes Exserohium turcicum Pathogen prevention/inhibition  2,3-Butanediol D'Alessando et al. (2014)
Phomopsis sp. Pythium spp. Pathogen prevention/inhibition ~ Sabinene. Zhou etal. (2014)
1-Butanol
i 3-Methylbenzeneethanol
Sclerotinia spp. 1-Propanol
Rhizoctonia spp. 2-Methyl
Fusarkim spp. 2-Propanone
Botrytis spp.
Vertcilium spp.
Coletotrichum spp.
Phacosphaeria nodorum Monilnia fucticola Pathogen prevention/inhibition  3-Methylbutanol Naznin et al. (2012, 2014)
Aceic acid
2-Propyk-1-0l
Ethyl acetate
Wickerhamomyces anomalus  Penicillum roquefort Post-harvest decay Ethylacetate Liuetal. (2014)
Trichoderma viride Arabidopsis thaliana Plant growth induction Isobutyl alcohol Hung et al. 2013)
Isopentyl alcohol
3-Methylbutanal
Talaromyces sp. Colletotrichum higginsianum  Plant growth induction {-Caryophyllene Di Francesco et al. (2015)
Cladlosporium sp. Pseudomonas syringae Resistance induction m-Cresol Di Francesco et al. (2015)
Ampelomyces sp. pathogen Prevention/inhibition ~ Methylbenzoate
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Treatment Details

Trichoderma harzianum T-6
(@10 g/kg seed)

Trichoderma harzianum T-28
(@10 g/kg seed)

Trichoderma viride T-18
(@10 g/kg seed)
TrichoBARG (@10 g/kg seed)
Propineb (Antracol) @3 g/kg
seed

Hexaconazol + Zineb (Avtar)
@3 g/kg seed

Trichoderma harzianum

T-6 + Propineb

(@109 + 1.5 g/kg seed)
Gontrol

CD.at5%

CV. (%)

Raipur + SE

22,82 + 9.8 (28.459)
30.57 + 11.8(33.495)
34.04 + 5.5 (35.536)

14.39 + 7.3 (22.199)
23.37 + 8.7 (28.839)

25.00 & 8.8 (29.938)
9.18 + 4.6 (17.376)
38.14 £ 95 (38.039)

6.911
13.369

Jhansi + SE

22.33 + 2.2 (28.155)

32.00 + 3.2 (34.402)

52.00 + 5.2 (46.129)

40.00 + 4.0 (39.215)
3067 8.1 (33.486)

32,00 & 8.2 (34.425)

400 £ 0.4 (11.277)

56.67 < 5.7 (48.830)

5.020
8.232

Shillongani + SE

31.80 + 1.3 (34.30)

2220 +£0.7 (28.10)

24.20 0.9 (29.50)

16.80 £ 1.2 (24.20)
28.40+ 1.6 (32.2)

12.90 & 1.8 (20.90)

7.80 £ 0.4 (15.70)

58.10 & 1.7 (49.60)

2.150
4.150

Jabalpur + SE

16.333 + 2.73 (22.866)

18.867 £ 3.1 (25.578)

14.917 £0.7 (22.701)

20.48 +2.5 (26.811)
20.333 + 3.2 (26.644)

17.847 +3.5 (24.777)

31.667 + 2.0 (34.200)

20.667 + 0.9 (32.984)

3.619
7.661

Mean

23.07

2591

31.29

22.92
25.69

21.94

13.04

45.64
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S. No.

Treatment Details

Trichoderma harzianum T-6 (@10 g/kg seed)

Trichoderma harzianum T-28 (@10 g/kg seed)

Trichoderma viride T-18 (@10 g/kg seed)

TrichoBARC (@10 g/kg seed)

Propineb (Antracol) @3 g/kg seed

Hexaconazol + Zineb (Avtar) @3 g/kg seed

Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed)
Control

CD.at5%

CV. (%)

Raipur + SE

570.00 + 26.5
693.33 £ 30.9
673.33 £ 23.1
836.67 + 28.4
616.33 + 23.6
735.00 + 17.3
773334203
438.33 £ 28.9
71.861
6.097

Jhansi * SE

567 + 13.8
426 +12.6
222 +11.3
262 £ 15.4
409 £5.2
314 +52
671 +£17.4
196 +£9.3
29.246
4.308

Shillongani + SE

765 +2.08
890 + 30.6
860 + 23.1
935 + 156.3
830 +20.8
980 +20.8
1030 +20.8
650 + 36.1

78.3

5.1

Jabalpur + SE

481 £ 121
526 + 46.7
581 +42.2
500 £ 12.0
596 £ 52.3
530 + 45.0
442 £29.8
360 £ 6.4
70.87
7.978

Mean

595.75
63358
584.08
633.42
612.83
639.76
729.08
411.08
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Treatment Details

Trichoderma harzianum T-6 (@10 g/kg seed)

Trichoderma harzianum T-28 (@10 g/kg seed)

Trichoderma viride T-18 (@10 g/kg seed)

TrichoBARC (@10 g/kg seed)

Propineb (Antracol) @3 g/kg seed

Hexaconazol + Zineb (Avtar) @3 g/kg seed

Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed)
Control

CD.at5%

C. (%)

Raipur + SE

196 £28.5
263 + 50.5
292 +87
201 +4.7
238 + 66.7
301+ 10.8
182+£2.6
181+ 139
69.60
19.54

Jhansi + SE

225+5.8
209+87
168 & 19.2
186+ 6.6
203+ 4.0
204 £17.1
273+ 129
140+ 89
25.90
8.80

Shillongani + SE

313+ 19.2
286 + 12.0
297 £ 9.4
288 +15.8
287 £ 12.6
286 +20.0
309 +5.7
277 £ 151
7.91

13.02—

Jabalpur + SE

177 £9.1
181+ 3.1
185+87
185+9.3
178+ 4.8
182+58
182+23
17675
1.40
1.368

Mean

227.75
234.75
235.50
237.50
226.50
24325
236.50
193.25
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Treatment Details

Trichoderma harzianum T-6 (@10 g/kg seed)

Trichoderma harzianum T-28 (@10 g/kg seed)

Trichoderma viride T-18 (@10 g/kg seed)

TrichoBARC (@10 g/kg seed)

Propineb (Antracol) @3 g/kg seed

Hexaconazol + Zineb (Avtar) @3 g/kg seed

Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed)
Control

CD.at5%

C. (%)

Raipur + SE

196 £28.5
263 + 50.5
292 +87
201 +4.7
238 + 66.7
301+ 10.8
182+£2.6
181+ 139
69.60
19.54

Jhansi + SE

225+5.8
209 +8.7
168 & 19.2
186+ 6.6
203 + 4.0
204 £17.1
273+ 129
140+ 89
25.90
8.80

Shillongani + SE

313+ 19.2
286 + 12.0
297 £ 9.4
288 +15.8
287 £ 12.6
286 +20.0
309 +5.7
277 £ 151
7.91
13.02

Jabalpur + SE

177 £9.1
181+ 3.1
185+87
185+9.3
178 £ 4.8
182+58
182+23
1756+£756
1.40
1.368

Mean

227.75
234.75
235.50
237.50
226.50
24325
236.50
193.26
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Treatment Details

Trichoderma harzianum T-6 (@10 g/kg seed)
Trichoderma harzianum T-28 (@10 g/kg seed)

Trichoderma viride T-18 (@10 g/kg seed)

TrichoBARC (@10 g/kg seed)

Propineb (Antracol) @3 g/kg seed

Hexaconazol + Zineb (Avtar) @3 g/kg seed

Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed)
Control

CD.at5%

CV. (%)

Raipur + SE

676 + 96.6
902 + 160.1
952 + 44.6
926 + 61.2
995 + 162.1
980 +8.3
796 + 74.5
584 £76.5
223
17.82

Jhansi + SE

6564 + 22.6
410 + 40.0
226 +25.5
282 +24.4
387 +£28.3
324 +£29.5
674 +31.3
194 £3.7
62
10.99

Shillongani + SE

733+73
848+ 7.3
826+ 87
878 + 6.0
800+ 11.5
927 +10.1
977 +£10.1
624 £9.2
7
0.58

Jabalpur & SE

520 + 23.1
497 £ 3.8
603 + 6.0
647 + 11.6
436 + 6.6
494 +13.0
500 + 16.5
383 £ 64.2

75

8.32

Mean

623.26
664.25
661.50
683.00
654.50
681.26
736.756
446.25
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S. No.

Treatment Details

Trichoderma harzianum T-6 (@10 g/kg seed)

Trichoderma harzianum T-28 (@10 g/kg seed)

Trichoderma viride T-18 (@10 g/kg seed)

TrichoBARC (@10 g/kg seed)

Propineb (Antracol) @3 g/kg seed

Hexaconazol + Zineb (Avtar) @3 g/kg seed

Trichoderma harzianum T-6 + Propineb (@10 g + 1.5 g/kg seed)
Control

C.D.at5%

CV. (%)

Raipur + SE

219+ 17.8
211+£259
173+ 13.6
286+ 11.9
209+ 179
232+ 132
260 + 14.4
143 +£10.7
50.130
13.068

Jhansi * SE

231£563
204+75
143+ 6
179+ 12
207 + 13.3
203+ 45
288 £32
130 £ 9.6
23.078
6.588

Shillongani + SE

330+ 1.8
345+23
344 +£3.0
349+29
330+29
363+24
366 £ 3.1
284429
5.690
0.952

Jabalpur + SE

180+ 3.1
184 +4.2
182 +29
186 +£0.3
186+ 1.2
178 £ 1.2
180 +£09
170+ 15
7.274
2271

Mean

240.00
236.00
210.50
250.00
233.00
241.50
27350
240.00
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Yield (kgiha)

'

(Max.) (Min.) (Avg.)

B With Trichodermasp. B Without Tricoderma sp.

Yield (kg/ha) Comparison of Yield (t-test)

Lentil —
Max. Min. Avg. t cal0.05) | ttab(0.05) | Significance

With 1800 1275 1533

Trichoderma 5 97 5 16 Sig.

Without
Trichoderma 1425 1125 1269
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400 -
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Max Min Avg

, Yield (kg/ha) Comparison of Yield (t-test)
Lentil :

Max Min Avg t 005y | ftabos) | Significance

With Trichoderma 1500 1044 1289

: 2.30 2.16 Sig.
Without

Trichoderma 1210 763 1083
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Treatment Plant stand Germination (30 Plant stand Plant mortality Plant stand (120 Mature plant wilt Plant mortality

(30 DAS) + SE DAS) (%) (30-120  (30-120DAS) (%)  DAS) + SE (N) (120 DAS) (%) including wilted
) DAS) + SE (N) plants (30-120
DAS)(%)

TCMS-36 157.0 £3.2 65.4 1443 £0.9 8.0 130.0 £ 4.6 9.9 17.9
PBAT3(Ta+P)  165.0 % 2.1 68.7 146.3 + 4.3 1.3 139.3+3.8 47 15.8
Th-14 155.3 + 4.4 64.7 147.6 4.7 49 138.6 £ 6.1 6.0 109
Th-17 163.0 + 4.7 67.9 1439 +2.0 17 1346 + 47 6.4 18.1
Th-39 165.3+7.3 68.8 135.6 £5.6 17.9 1290 +7.0 48 22.7
Th-19 150.6 + 3.7 62.7 1262 +4.8 16.2 1146 + 6.4 9.1 25.3
Psf-173 155.6 + 3.2 64.8 1282 +3.4 176 121.6 + 4.3 5.1 22.7
Psf-2 162.6 + 5.5 67.7 138.3 +4.3 149 131.0+£55 5.2 20.1
NBAIR1-Th 167.6 + 5.5 69.8 1422 £33 15.1 129.6 £ 6.5 8.8 23.9
NBAIR2-Ta 153.6 + 8.0 64.0 124.6 +8.2 18.8 1120+65 10.1 28.9
TrichoBARC 158.3 + 3.8 65.9 147.3 + 4.1 6.9 1403 + 6.4 47 116
Sanjeevni TV 158.0 £ 5.2 65.8 1309 £1.2 17.1 1213456 7.3 24.4
Carbendazim 167.6 + 4.6 69.8 1252 +6.2 25.2 1146 +5.2 8.4 33.6
Control 156.0 £ 3.2 65.0 114.6 +3.9 26.5 1026+7.2 10.4 36.9
CD (0.05) 1.1 12.98
CV (%) 4.4 = = 130.0 = -

Seeds were treated with the following bioagents: TCMS-36: Trichoderma asperellum; PBAT-3: T. asperellum strain; Th14 + : Pseudomonas fluorescens strain Psf 173;
Th-14:T. asperellum; Th-17: T. asperellum; Th-39: T. harzianum; Th-19: T. harzianum; Psf-173: P, fluorescens; Psf-2: P, fluorescens; NBAIR1-Th: T. harzianum, NBAIR2-Ta:
T. asperellum; Sanjeevni TV: T. viride each @10 g/kg seeds; TrichoBARC: T. virens mutant G2 @ 5 g/kg seeds. Other Trichoderma and Pseudomonas strains were isolated
from the Uttarakhand state of India, grown in sorghum grains (Trichoderma) or nutrient broth (Pseudomonas), and applied as talcum-based non-commercial formulations.
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ID Gene product name GO classification Low-Pi High-Pi
RNA-seq qPCR RNA-seq qPCR
NCU00282 Hypothetical protein Seg-specific DNA binding RNA polymerase 3.89 2.69 4.34 4.91
Il transcr fact activity
NCU01386 Hypothetical protein Zinc ion binding - 0.53 1.50 0.97
NCU02879 Zinc/iron transporter Zinc ion transmembrane transporter activity —4.61 —3.62 —4.32 —3.68
NCU03107 MFS transporter —1.79 —2.06 - —-0.51
NCU03921 Mitochondrial chaperone bes1 ATP binding —2.12 —4.14 215 1.74
NCU04197 CipC protein Molecular function 6.62 6.64 8.44 6.52
NCU04912 HET domain-containing protein 1.94 1.50 2.2 0.94
NCU05308 Zn(I)2Cys6 transcription factor Seqg-specific DNA binding RNA polymerase 1.94 0.34 1.79 1.93
Il transcr fact activity
NCU06132 Siderophore iron transporter Integral to plasma membrane —2.98 —2.64 —2.09 —2.72
NCU06328 Hypothetical protein Integral to membrane 412 3.62 4.43 4.67
NCU07253 1.3-beta-glucanosyltransferase gel Integral to membrane —3.56 —0.69 —3.26 —3.33
NCU08325 Phosphorus-5 Integral to plasma membrane —5.04 —5.75 —3.86 —5.34
NCU08726 Fluffy Zinc ion binding - 2.61 1.94 1.65
NCU09210 Dyp-type peroxidase Heme binding 3.96 5.61 4.78 2.84
NCU09629 Hypothetical protein —1.81 —3.41 212 12l

(=) not modulated at the time point.
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S. No.

Study Title

Acute Oral Toxicity/Pathogenicity in
Wistar Rat

Acute Oral Toxicity/Pathogenicity in CD
1 Mice

Acute Pulmonary Toxicity/Pathogenicity
Study in Wistar Rat

Acute Dermal Toxicity/Pathogenicity
Study in New Zealand White Rabbits

Acute Intraperitoneal
Toxicity/Pathogenicity Study in Wistar
Rats

Acute Dermal Irritation in New Zealand
White Rabbits

Acute Eye Irritation in New Zealand
White Rabbits

Acute Oral Toxicity Study in Chicken
Acute Oral Toxicity Study in Pigeon

Acute Toxicity Study to Freshwater
Fish, Danio rerio

Results

No toxicity, infectivity, or
pathogenicity

No toxicity, infectivity, or
pathogenicity

No toxicity, infectivity, or
pathogenicity

No treatment-related
toxicity, pathogenicity, or
skin irritation

No treatment-related
toxicity, infectivity, or
pathological effects
Non-irritating

Non-irritating

Non-toxic and non-virulent
Non-toxic and non-virulent

>100 mg/L (non-toxic and
non-virulent)
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AMF + Trichoderma PH PH + Trichoderma

Number of Average FC Sum FC Number of Average FC Sum FC Number of Average FC Sum FC

compounds compounds compounds
Amino acid 18 -3.2 —58.5 19 4.0 753 19 4.4 82.7
Nucleosides and 7 2.5 17.8 74 4.5 31.6 74 7.2 50.6
Nucleotides
Fatty acid and Lipid 29 3.1 90.0 29 7.8 225.6 29 6.5 189.5
Amines and Polyamines 4 2.7 10.8 4 —2.2 -8.7 4 —2.2 -8.7
Carbohydrates 4 2.6 10.4 5 10.8 54.0 5 124 61.9
Secondary Metabolites 224 —-2.8 —621.6 242 3.3 809.2 244 3.0 7411
Cofactors, Prosthetic 43 -0.2 -7.4 44 B2 1411 44 29 126.5
Groups, Electron
Carriers
Hormones 31 —-2.0 —62.4 35 5.7 197.9 35 4.8 166.7
Cell structures 6 —7.2 —43.1 6 4.3 26.1 6 5.2 31.3
Metabolic Regulators 3 0.5 1.5 3 -0.7 —2.1 3 -0.7 —2.1
Other biosynthesis 19 —5.3 —100.7 20 -0.7 —-13.1 20 -0.7 —14.9

The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis (P < 0.01, fold-change > 1.2) and differential metabo-
lites were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The average and summed Log fold-changes (Log FC) values, together with the number of
compounds involved, is provided for each biosynthetic pathway and for each treatment.
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AMF + Trichoderma PH PH + Trichoderma

Number of Average FC Sum FC Number of Average FC Sum FC Number of Average FC Sum FC

compounds compounds compounds
Amino acid 10 23 23.0 11 3.3 36.8 11 4.3 47.0
Nucleosides and —41 —24.4 8 -0.7 -5.6 8 -0.3 —2.2
Nucleotides
Fatty acid and Lipid 14 —-0.4 —6.1 15 -0.1 —-1.1 15 0.0 -0.1
Amines and Polyamines 1 2.5 258 1 -3.8 -3.8 1 -3.8 -3.8
Carbohydrates 3 -1.6 —4.7 6 75 451 6 6.3 37.9
Secondary Metabolites 144 -04 —55.5 167 0.3 44.3 167 0.1 23.1
Cofactors, Prosthetic 12 1.9 22.4 13 7.2 94.2 13 8.9 116.2
Groups, Electron
Carriers
Hormones 10 1.3 12.7 15 5.0 74.4 15 5.4 81.0
Cell structures 4 —-2.0 -8.1 5 4.0 35.2 5 10.4 52.0
Metabolic Regulators 1 1.8 1.8 2 —5.1 —-10.3 2 -0.2 -0.5
Other biosynthesis 9 —-2.8 —25.0 0 —5.3 —53.3 10 -3.5 —-35.7

The metabolomic dataset produced through UHPLC-ESI/QTOF-MS was subjected to a Volcano Plot analysis (P < 0.01, fold-change > 1.2) and differential metabo-
lites were loaded into PlantCyc Pathway Tool (https://www.plantcyc.org/). The average and summed Log fold-changes (Log FC) values, together with the number of
compounds involved, is provided for each biosynthetic pathway and for each treatment.
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Treatment Shoot Roots Root to shoot SPAD index

Dry weight (g plant~1) Dry matter (%) Dry weight (g plant~) Dry matter (%)
Control 131.5b 10.9ab 29.8¢ 7.7b 0.21b 27.7b
AMF + Tricho 141.0ab 9.7b 44 1a 8.4ab 0.33a 30.8a
PH 1565.0a 11.7a 36.6b 8.9a 0.24b 28.0b
PH + Tricho 151.8a 10.9ab 37.9b 8.8a 0.25b 28.6ab
Significance * * * * *

¥, *% % significant at P < 0.05, 0.01, and 0.001, respectively. Different letters within each column indicate significant differences according to DuncanSs multiple-range
test (P = 0.05).
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Chemicals

5-methyl-2-hexanone
p-xylene

2-heptanone

2 ,5-dimethylpyrazine
6-methyl-2-heptanone
5-methyl-2-heptanone
Aniline

2-pentylfuran
Benzoxazole
4-methylanisole Anisole
2-ethylhexanol
2-Nonanone
Acetophenone
Allypropyl ether
m-tolunitrile
Acrylophee
Propiophenone
p-anisidine
Benzothiazole
Benzylacetone
Terephthalonitrile
4-methoxybenzy! alcohol
Valerophenone
N-acetylaniline
2-naphthylamine
1-dodecanol

Diphenyl sulfide
Diphenylamine
2-Phenylacetophenone

CAS

110-12-3
106-42-3
110-43-0
123-32-0
928-68-7
18217-12-4
62-53-3
3777-69-3
273-53-0
104-93-8
104-76-7
821-55-6
98-86-2
1471-03-0
620-22-4
768-03-6
93-55-0
104-94-9
95-16-9
2560-26-7
623-26-7
105-13-5
1009-14-9
103-84-4
91-59-8
112-563-8
139-66-2
122-39-4
451-40-1

Retaining time (min)

7.57
7.88
8.68
9.34
10.91
11.2
11.55
12.12
12.88
12.98
13.38
14.2
14.47
15.37
15.65
17.26
17.57
19.16
19.31
19.89
20.42
20.99
23.03
23.57
25.79
26
28.83
29.49
31.34

Similarity degree

94
90
90
94
97
90
97
86
85
80
90
90
98
90
92
91
92
91
98
92
86
86
92
94
91
94
92
90
94

Retention index

853

863

888

908

954

962

973

990

1013
1016
1028
1054
1062
1090
1098
1151
1161
1215
1220
1240
1259
1279
1354
1374
1459
1467
1687
1620
1731

Peak area ratio (%)

1.99
0.78
1.06
0.34
8.88
12.81
31.39
3.66
0.08
0.17
0.42
1.30
18.54
0.16
0.56
2.18
1.63
0.55
3.01
0.17
0.11
0.62
2.21
0.28
3.53
0.19
0.43
0.69
2.28
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Inhibition rate of mycelium growth(%)
= (the diameter of control — the diameter of treatment group),/
the diameter of control x 100%
Inhibition rate of conidia germination(%)
= (the conidia germination of control — the conidia germination

of treatment group) /the conidia germination of control x 100%
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Gene ID
(IMI 304061)

Deletion 1, Scaffold 1 (167 Kb)

CDS375 421
CDS376 558
CDS377 223
CDS378 430
CDS379 157
CDS380 314
CDS381 276
CDS382 447
CDS383 612
CDS384 1241
CDS385 1266
CDS386 201
CDS387 153
CDS388 296
CDS389 2475
CDS390 329
CDS391/392 3374
CDS393 378
CDS394 590
CDS395 505
CDS396 318
CDS397 98
CDS398 382
CDS399 386
CDS400 347
CDS401 534
CDS402 506
CDS403 390
CDS404 394
CDS405 291
CDS406 606
CDS407 345
CDS408 293
CDS409 680
CDS410 635
CDS411 78
CDS412 179
CDS413 431
CDS414 361
CDS416 513
CDS417 217
CDS418 534
CDS419 672
Deletion 2, Scaffold 1 (35 kb)
CDS1017 349
CDS1018 469
CDS1019 622
CDS1020 455
CDS1021 136
CDS1022 163
CDS1023 622
CDS1024 368
CDS1025 223
CDS1026 307
CDS1027 433
CDS1028 242
CDS1029 177
Deletion 3, Scaffold 1 (0.3 kb)
CDS2538 81
Deletion 4, Scaffold 20 (8.5 kb)
CDS6746 809
CDS6747 667
CDS6748 318
Deletion 5, Scaffold 58 (40 kb)
CDS11382 217
CDS11383 410
CDS11384 261
CDS11385 410
CDS11386 1167
CDS11387 378
CDS11388 390
CDS11389 735
CDS11390 312
CDS11391 608
CDS11392 553

Tv: Trichoderma virens, Mg: Metarhizium guizhouense, Ap: Aspergillus pseudocaelatus, Tas: Trichoderma asperellum, Qs: Quercus suber, Ta: Trichoderma atroviride, Tg:

Size (aa)

Protein ID
(T. virens Gv
29-8/ortholog)

33554 (T
55166 (]
34822 (T
34910 (T

< = =g

XP_024770685 (Th)
34863 (T
137438 (Tv)
34387 (Tv
140693 (Tv)
187765 (Tv)

34120 (T
XP_024768020 (Th)

62551 (T
140688 (TV)
62549 (Tv)
62548 (Tv

70819 (Tv
53253 (v
191897 (Tv)
2412 (Tv)

131309 (Tv
222704 (Tv
222705 (Tv)
OPB40689 (Tg)
53264 (Tv)
127080 (T

151748 (T
151736 (1
151735 (1
191903 (T
191904 (T
191905 (T
216175 (1

< 2 =

< <

= =

191907 (Tv,

230771 (T

53545 (Tv)
151414 (Tv)
53537 (Tv)

59982 (Tv)
53542 (Tv)

191806 (Tv)
XP_013944953 (Ta)

222457 (Tv)
222632 (Tv)
53406 (Tv)
53401 (Tv)

222635 (Tv)
XP_023915254 (Qs)
201619 (Tv)
213077 (Tv)
191847 (Tv)
XP_024754708 (Tas)
53420 (Tv)

70901 (Tv)

191851 (Tv)

65480 (Tv)

90966 (Tv)
202324 (Tv)
51663 (Tv)

66994 (Tv)
128312 (Tv)
EMR68722 (U)
70730 (Tv)
201824 (Tv)

152027 (Tv)

52963 (Tv)
KID82061 (Mg)
60120 (Tv)
KAE8412673 (Ap)
193258 (Tv)

Domains (NCBI CDD search)

Glycoside hydrolase family 28 protein
Aryl sulfatase
Glutathione S-transferase family (GST)

Transcription factor, GAL4-like Zn()2Cys6 (or C6 zinc)
binuclear cluster DNA-binding domain

Transcription factor bZIP
Cysteine synthase family protein
Aromatic alcohol reductase
Acyl-CoA dehydrogenase
Abhydrolase 1 (esterase/lipase)

Multi drug resistance-associated protein (MRP), ABC
transporter

ABC transporter

Adenylate forming domain, Class | superfamily and
peptide synthase

o hit

Domain of unknown function (DUF3328)

Putative polyketide synthase (PKS6)

Transcription factor, GAL4 and AfIR domain-containing
protein

on-ribosomal peptide synthetase (NRPS), Tex9
o hi
ulticopper oxidase with three cupredoxin domains
Transcription factor, GAL4-like Zn(I)2Cys6 (or C6 zinc)
binuclear cluster DNA-binding domain and middle
homology region family

Domain of unknown function (DUF3328)

o hi
Class B metal beta-lactamase
No hi
Glycoside hydrolase family 10 protein

Transcription factor, GAL4-like Zn(I)2Cys6 (or C6 zinc)
binuclear cluster DNA-binding domain and middle
homology region family

Amino acid permease (GABA permease)
Agmatinase, arginase-like and histone-like hydrolases
Glycosyltransferase family A

Short-chain dehydrogenases/reductases (SDR)

Acetyltransferase (GNAT) family
Prostaglandin dehydrogenases

Type 1 glutamine amidotransferase (GATase1)-like
domain

Transcription factor, GAL4-like Zn(I)2Cys6 (or C6 zinc)
binuclear cluster DNA-binding domain and middle
homology region family

Ferric reductase and NADPH oxidase (NOX) like
domain-containing protein

o hit

Copper transporter family protein

Transferase family

AD/NADP octopine/nopaline dehydrogenase and

Cytochrome P450
Lipid A phosphoethanol aminetransferase

ajor facilitator superfamily
Transcription factor middle homology region (MHR)

Short-chain dehydrogenases/reductases (SDR)

Transcription factor middle homology region (MHR)

Alpha/beta hydrolases (abhydrolase)

N

-Polyprenyl-6-methoxyphenol hydroxylase and related
FAD-dependent oxidoreductases

o hit

Major facilitator superfamily
Alpha/beta hydrolases (abhydrolase)
o hit

Soluble inorganic pyrophosphatase

Camphor resistance (CrcB) family protein

Enolase superfamily

Alginate lyase (polysaccharide lyase family 7 protein)
Short-chain dehydrogenases/reductases (SDR)

Protein tyrosine phosphatase-like protein
Cytochrome P450 (No methyl transferase)
o hi

Alpha/beta hydrolase family (abhydrolase 6)

o hi

Lactonase

o hi
No hi
Catalytic domain of phospholipase D superfamily
proteins

Glycosyl hydrolase families: GH43, GH62, GH32,
GH68, GH117, CH130 and fungal-type
cellulose-binding like domain-containing protein
No hit

hAT family C-terminal dimerization region

S1/P1 nucleases
Tetratricopeptide repeat

Berberine and berberine and FAD binding like
domain-containing protein

Trichoderma quizhouense, Th: Trichoderma harzianum, Ul: Eutypa lata.

Remarks/putative function

CAZyme
Hydrolase
Transferase

Transcription factor

Transcription factor
Primary metabolism
PKS 6 cluster,
PKS 6 clustel
PKS 6 cluste
PKS 6 cluste

Secondary metabolism

Secondary metabolism

]

Secondary metaboli

%)
3

=

Secondary metabolism

=

Secondary metabolism(PKS 6 cluster)
Secondary metabolism (NRPS like enzyme)

Secondary metabolism(PKS 6 cluster)

Secondary metabolism(PKS 6 cluster)
Secondary metabolism (PKS 6 cluster)
Secondary metabolism (PKS 6 cluster)

Secondary metabolism (Tex 9 cluster)
Secondary metabolism (Tex 9 cluster)
Secondary metabolism (Tex 9 cluster)

Secondary metabolism (Tex 9 cluster)

Hypothetical Protein
Hypothetical Protein
Defense
Hypothetical protein
CAZyme
Transcription factor

Transporter

Primary metabolism
CAZyme
Oxidoreductase
Transferase
Oxidoreductase
Transferase

Transcription factor

Oxidoreductase

Hypothetical protein
Transporter
Transferase
Oxidoreductase

P450
Transferase
Transporter

Transcription factor

Oxidoreductase

Transcription factor

ydrolase
Oxidoreductase

ypothetical protein

Transporter

ydrolase

ypothetical protein
Primary metabolism
Defense

Primary metabolism
CAZyme
Oxidoreductase

Post-translational modifications, signaling

P450
Hypothetical protein

ydrolase

ypothetical protein
Defense

ypothetical protein

ypothetical protein
Cell signaling

CAZyme

Hypothetical protein
Transposase

Primary metabolism
Involved in cell division
Oxidoreductase
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1(CD3;0D) 1 (DMSO-dg)
Position 3¢, type 3y (J in Hz) 3¢, type 3y (J in Hz)
1 75.3 73.3
2 174.0 172.6
3 174.6 172.9
4 106.9 105.5
5 85.4 4.74 (dq, J = 6.5, 82.8 4.74 (dqg, J = 6.5,
2.0 Hz) 1.5 Hz)
6 58.8 2.73 (dd, J =10.5, 56.8 2.63 (dd, J =10.5,
2.0Hz) 1.5 Hz)
7 50.6 2.48 (dd, J =10.5, 48.3 2.42 (dd, J =10.5,
4.5 Hz) 4.5 Hz)
8 125.3 5.84 (ddd, J = 10.0, 124.5 5.86 (ddd, J = 10.0,
4.5,2.5Hz) 4.5,2.0 Hz)
9 133.5 559 (d,J=10.0 Hz) 131.8 5.54 (d, J = 10.0 Hz)
10 37.9 1.91-1.93 (m) 35.9 1.86-1.88 (M)
11 43.1 1.88-1.90 (m) 41.3 1.84-1.86 (m)
0.84 (g, J=12.5Hz) 0.74-0.78 (m)
12 34.1 1.44-1.53 (m) 32.2 1.46 (m)
13 36.4 1.76 (m) 34.8 1.71 (brd,
J=12.0Hz)
0.91-0.98 (m) 0.81-0.85 (M)
14 26.3 1.44-1.53 (m) 24.7 1.36-1.39 (m)
1.09-1.16 (m) 1.01-1.09 (m)
15 39.1 1.44-1.53 (m) 37.4 1.32-1.34 (m)
16 55.2 53.2
17 210.8 209.0
18 25.4 3.02 (s) 25.0 2.96 (s)
19 23.2 1.156(d, J=6.5Hz) 22.6 1.06 (d, J =6.5 Hz)
20 22.7 0.94 (d, J = 6.5 Hz) 22.2 0.88(d,J=5.5H2)
21 14.3 0.98 (s) 13.8 0.88 (s)
4-OH 8.17 (s)
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Position 3¢, type

N

16
17
18

2 (CD3;0D) 2 (DMSO-dg)
8y (J in Hz) 3¢, type 3y (J in Hz)
73.9 71.7

171.7 168.3

712 4.12(dd,J=5.0, 69.7  4.06 (dd, J =6.0,
3.0 Hz) 3.0Hz)
204.2 203.8
68.1  4.08 (m) 65.8 3.94 (m)
58.5 2.64 (brd, J=11.5Hz) 57.3 2.45(dd,J =115,
9.5 Hz)
471 2.67 (brd, J =11.5 Hz) 452 259 (dd,J=11.5,
5.0 Hz)
126.4 587 (m 126,56  5.82(m)
133.6  5.58(d,J =10.0 Hz) 131.8  5.53 (brd, J = 10.0 Hz)
38.2 1.86 (brd J=12.0Hz) 36.2 1.80(brd, J=11.0 Hz)
429 1.89(brd, J =12.0 Hz) 412  1.85(brd, J=11.0 Hz)
0.83 (m) 0.74 (m)

34.1 1.48 (m) 32.1 1.46 (m)

36.4 1.74(m) 34.8 1.72(brd, J=12.5Hz)
0.90 (m) 0.79 (m)

265 1.32(m) 248  1.24 (m)
1.11 (m) 1.03 (m)

39.0 1.62(dt,J=10.5, 37.2  1.39(dt,J=12.0,
2.0Hz) 2.0Hz)

55.6 53.5

210.6 2101

61.5 3.93(dd,J =120, 61.3 3.75(m)
3.5 Hz)
3.83 (dd, J =12.0, 3.61 (m)
4.5 Hz)
28.6  3.11(s) 23.8 1.15(d,J=6.5Hz)
241 1.26(d,J=6.5Hz) 281 2.99(s)
22.7 0.93(d,J=6.5H2) 222 0.87(d,J=9.0Hz)
156.4  0.98(s) 148 0.86(s)
498 (d,J=5.0Hz)
(t

4.94 (m)
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Consortium

Physiological parameters Control SM1B SM3B (SM1B+SM3B)
Chlorophyll (mg gFW ") 070 +0.03° 0.85 £ 0.06% 0.82 £ 0.03% 0.89 = 0,042
Net GO assimilation (j:Mole GOz m™ 7.87 £0.16° 9.10+0.12° 7.90 +0.24° 9.90 +0.41°
Stomatal conductance (mMole m~2s~ ") 321.67 +2.86° 419.33 +1.22° 325.67 + 7.35° 448,00 + 6.12%
Transpiration rate (mMole m~2s~") 3.53+0.20° 430 +0.10° 3.56 = 0.06° 5.47 +0.06°
Biomass (g Plant ) 0.60 + 0.04° 0.79 +0.08° 0.68 + 0.02° 1.05 + 0,01
Capsule weight (g Plant~") 1.22+012° 159 +0.02° 1.18 £ 0.09° 2.03+011°
Seed yield (g Plant~") 052 +0.06° 0.66 = 0,02 0.57 +0.04° 0.93 = 0.09°

Different letters (a~c} indicate statistically significant differences between treatments (Duncan's multiple range test P < 0.05). Data are means + SD (n = 6).
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Treatment Plant length Leaf area No.roots per Root length
(cm) (cm?) cutting (cm)

IBA-K (3 M) 17.8+15° 164 +5° 1.3 4+ 0.22 9.4+ 0.5°
IAMM-Egy (1 pM*Y) 25741728 234+ 52 1.1+£0.12 122+ 052

Means followed by the same letter were not significantly different (P < 0.05). “IAA
conc.
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Pathway Enzymes Query source C1 representatives Template sequence
identity/coverage
(%/%)
IPyA Aminotransferase (EC > AEB97257.1 HisC1 [Azospirillum brasilense Sp7] peg.1678 28/91
1.4.3.2) (EC 2.6.1.27)
(EC 2.6.1.99)
>PMI_01811_Am_Trf1[Pantoea speciesYR343]$ 88/100
Indole-3-pyruvate > AAB06571 [Pantoea agglomerans_299R]’ peg.1955 92/100
decarboxylase (EC
4.1.1.74)
>PMI_00059_IPDC1 [Pantoea speciesYR343]$ 73/100
>AKMB88529[Enterobacter ludwigii UW5, formely E. 56/99
cloacae UW5]®
>AAG00523 [Pseudomonas putida GR12-2]% 56/99
>BAA14242 [Enterobacter cloacae FERM BP-1529]° 56/94
>AAC36886 [A. brasilense Sp245]° 27/92
>ABV24338[Paenibacillus polymyxa E681] 25/80
Indole-3-acetaldehyde > WP_040136836.1 [A. brasilense]’ peg.1406 42/96
dehydrogenase (EC
1.2.1.3) (EC 1.2.3.7)
> AAC49575 [Ustilago maydis]® peg.766 42/94
> NP_789951[Pseudomonas syringae DC3000]® peg.1613 41/95
> NP_792480 [P, syringae DC3000] peg.3848 40/96
> WP_042703524.1[Azospirillum species B506] peg.1614 39/94
> ELT45240.1 [Arthrobacter nitrophenolicus SJCon] peg.1183 36/96
> PMI39_00794 IALDH7[Pantoea speciesYR343]® peg.879 81/100
> PMI39_04236 IALDH16[Pantoea speciesYR343]® peg.576 87/100
IPyA-YUCCA Indole-3-pyruvate > Q9SZY8.1 YUCCAT1 [Arabidopsis thalianal] = -
monooxygenase
>BAS07733.1 YUCCAS [Arthrobacter species Hiyo4]
IAM Trp-monoxygenase > AGL87350.1 laaM [Pseudomonas protegens = =
CHAQ)
>AAD30489.1 [Agrobacterium fabrum str. C58]
Indole acetamide > WP_087872787.1 [Arthrobacter globiformis] peg.1593 34/97
hydrolase (EC 3.5.1.4)
> POA2 x 0O [Agrobacterium tumefaciens pTiA6 peg.13 27/97
plasmid]®
> AAA17679.1 [P syringae Y30]° peg.3060 40/61
IAN Oxidoreductase > 081346.2 [A. thaliana] - -
>Q501D8.1[A. thaliana]
Acetaldoxime > BAA90461.1 [Bacillus species OxB-1] - -
dehydratase
>BAD17969.1 [Rhodococcus erythropolis N-771]
Nitrile hydratase > AFY20546.1 [Pseudomonas species UW4] - -
>AFY20547.1 [Pseudomonas species UW4]
TAM Trp decarboxylase (EC > 40BV_A Chain A [Ruminococcus gnavus peg.2389 31/80
4.1.1.28) (EC ATCC29149]
4.1.1.105)
peg.2288 30/80
Amine oxidase (EC > EZQ09285 [A. brasilense Az39) peg.2873 24/93

1.4.3.22) (EC 1.4.3.4)

SProteins whose function is supported by biochemical evidences.
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Treatment Antioxidant capacity [umol eq Trolox/g] Total polyphenols [mg/d] Ascorbic acid [mg/100g] Total anthocyanins [ng/g]

Mean = SD (%) Mean =+ SD (%) Mean =+ SD (%) Mean =+ SD (%)
CTR 54.0 4 10.7 bc 109 +0.1a 116.8 £ 12.6 bc 809.0 + 13.0 bc
T22 47.9 £ 0.9 abc (—11) 8.6+29a(-21) 107.0 £ 13.1 b (-8) 818.1 +£23.5 bc (1)
TH1 42.8 £ 16.7 a(—21) 9.5+84a(-13 102.8 +£ 30.8 ab (—12) 1340.7 £ 15.6 a (66)
GV41 58.3+0.3¢c(8) 10.4 £ 25a(-5) 144.2 +£ 2.5 d (23) 1056.6 = 1.9 b (31)

Treatments were applied at the transplant (root dip) and monthly by irrigation. Data represent the mean value of eight biological replicates + standard deviation (SD).
Different letters in a single column indicate statistically significant differences for P < 0.05. Increments or decrements compared to control (CTR) are reported as % values

in parenthesis.
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Treatment

Total Yield (TY)
(g/plant)

Number of
fruits/plant (NF)

Root length (RL)
(cm/plant)

Root fresh weight
(RFW) (g/plant)

Root dry weight
(RDW) (g/plant)

Mean =+ SD (%)

Mean =+ SD (%)

Mean =+ SD (%)

Mean =+ SD (%)

Mean =+ SD (%)

CTR
T22
TH1
GV41

1254 +218a
168.9 + 25.2 b (35)
1731 £24.2b (38)
161.6 £ 24.1 b (29)

64+12ab

75+1.2c(17)
89+1.2d(39)
6.8 + 1.2 bc (6)

220+19a

24.5+£22b (11)
24.0+32ab (9)
24.5+£2.7b (11)

62.9+ 5.4 ab

69.3 + 7.8 bed (10)
64.8 + 7.7 abc (3)
73.7+54d(17)

135 +1.1bc

15.1 £ 1.3 cd (12)
15.1 £ 1.8 cd (12)
16.4 +1.5a(21)

Treatments were applied at the time of transplant (by root dip) and monthly by irrigation. Data represent the mean value of 10 biological replicates + standard deviation
(SD). Different letters in a single column indicate statistically significant differences for P < 0.05. Increments or decrements compared to control (CTR) are shown

in percent (%) and are reported in parenthesis.
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Phytohormones

Ctr
T22.2
TH1
GV

pleiotropic drug resistance protein 2-like (1340479356); pleiotropic drug resistance 11 (AT16668950.1)

pleiotropic drug resistance protein 2-like (1228782648), plelouoplc dlug resns‘tance 6 (AT2636380.1)

topless-related protein 1 (1204030599), TOPLESS-related 1 (AT1

hypothetical protein CCACVL1_05415 (1 137232517), BRI1 suppressol 1 (BSUI)-hI(e 2 (AT1G08420.1)

PREDICTED: topless-related protein 3 isoform X1 (729385000); TOPLESS-related 3 (AT5G27030.1)

linoleate 13S-lipoxygenase 2-1, chloroplastic-like isoform X1 (1365937059); lipoxygenase 2 (AT3G45140.1)

hypothetical protein GOBAR_AA12624 (1347710565), S-adenosylmethionine synthetase family protein (AT3G17390.1)
S-adenosylmethionine synthase 2 (223635284); S-adenosylmethionine synthetase 1 (AT1G02500.2)

topless-related protein 4 (1365083332); WUS-interacting protein 2 (AT3G15880.2)

pleiotropic drug resistance protein 1-like (13680208582); pleiotropic drug resistance 12 (AT1615520.1)

uncharacterized protein LOC112202100 (1388001087); Protein kinase superfamily protein with octicosapeptide (AT1679570 1)
membrane steroid-binding protein 2 (1365833067); membrane-associated progesterone binding protein 3 (AT3G48! 1)

probable steroid-binding protein 3 (1366029278); membrane-associated progesterone binding protein 2 (AT2624940.1)

Secondary metabolism

Ctr
T22.2
TH1
G4

squalene synthase-like isoform X1 (1388021020); squalene synthase 1 (AT4634640.1)

beta-amyrin synthase-like (1385083465); Terpenoid cyclases family protein (AT1G78950.1)

cytochrome P450 9BA2 (1204028578); cytochrome P450, family 98, subfamily A, polypeptide 3 (ATZG-'IDBQO 1)
UDP-glucuronate 4epimerase 1 (1204888265); UDP-D-glucuronate 4-epimerase 1 (AT46G30440.1)

putative L-arabinokinase (13581528G8); arabinose kinase (AT4G16130.1)

putative UDP-glucose G-dehydrogenase (1358166197); UDP-glucose B-dehydrogenase family protein (AT3G29360.2)
phenylalanine ammonia-lyase G2B (802550986); phenylalanine ammonia-lyase 2 (AT3G53260.1)

Chalcone synthase 2 (118381); Chalcone and stilbene synthase family protein (AT5G13930.1)

betaine aldehyde dehydrogenase 1, chloroplastic (1216285076); aldehyde dehydrogenase 10A2 (AT1G74020.1)

chorismate synthase, chloroplastic isoform X1 (1365051832); chorismate synthase (AT1643850.1)

Putative UDP-glucose flavonoid 3-O-glucosyltransferase 3 (75288885); UDP-Glycosyltransferase superfamily protein (AT36G21780.1)
probable mannitol dehydrogenase (1220090365) elicitor-activated gene 3-1 (AT4G37980.1)

Probable mannitol dehydrogenase (10720093); elicitor-activated gene 3-2 (AT4G37090.1)

putative perakine reductase (1358187332) NAD(P}linked oxidoreductase superfamily protein (AT1GE0690.1)

short-chain dehydrogenase/reductase 2b-like (1366042242); NAD(P)binding Rossmann-fold superfamily protein (AT1G01800.1)
isoflavone reductase-like protein (1366018171); NmrA-like negative transcriptional regulator family protein (AT1G75280.1)
glucuronokinase 1-like (1385960272), glucuronokinase G (AT3G01640.1)

non-functional NADPH-dependent codeinone reductase 2-like (1365007703); NAD(P}linked oxidoreductase superfamily protein (AT1G599860.1)
isoflavone reductase homolog (1229788088); NmrA-like negative transcriptional regulator family protein (AT4G39230.1)
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Cluster name

Carotenoids
Diterpenes
Flavonoids

Lignans

Macrolides
Phosphatidic Acids
Phosphatidylserines
Triterpenes
Phosphatidylglycerols

Phosphatidylethanolamines

Saponins
Isoflavones

Amino Acids
Phosphatidylinositols
Glucosides
Glycolipids

Phenols

Glycosides

Auxins
Monoterpenes
Amino Acids, Aromatic
Purine Nucleosides
Sesquiterpenes
Oligopeptides
Limonins
Xanthophylls
Chlorophyllides
Anthocyanins
Saturated FA
Iridoids

Flavonols

Coumarins
Diglycerides
Saturated_Fatty Acids
Catechols
Lysophospholipids
Cinnamates
Disaccharides
Gibberellins

Cluster size

12
15
9
5
9
9
12
15

a o W o oo O o o

-
N

W W oW WWwwWwwwserowwowowkroasxrsb~o

p-values

2.2E-20
2.2E-20
2.2E-20
2.2E-20
2.2E-20
2.2E-20
2.2E-20
2.2E-20
3.3E-16
4.9E-15
1.2E-14
1.8E-14
1.6E-12
3.1E-12
4.3E-12
5.3E-12
7E-12
3.2E-11
5.1E-11
1.2E-10
2.3E-10
6.9E-10
1.4E-09
2.7E-08
2.9E-08
5.6E-08
8.2E-08
8.4E-08
1.8E-07
41E-07
5E-07
1.3E-06
1.7E-06
2.5E-06
4.3E-06
4.9E-06
8.2E-06
0.000011
0.000036

FDR

1.3E-19
1.3E-19
1.3E-19
1.3E-19
1.3E-19
1.3E-19
1.3E-19
1.3E-19
1.7E-15
2.1E-14
4.9E-14
6.8E-14
5.4E-12
1E-11
1.3E-11
1.5E-11
1.9E-11
7.6E-11
1.2E-10
2.5E-10
4.6E-10
1.2E-09
2.4E-09
4.3E-08
4.4E-08
8.3E-08
1.2E-07
1.2E-07
2.5E-07
5.1E-07
6.1E-07
1.5E-06
0.000002
2.8E-06
4.8E-06
5.2E-06
8.5E-06
0.000011
0.000036

Key compound

Fucoxanthinol, Vit A, Alpha Carotene
Traversianal

Skullcapflavone | 2'-(2”-E-cinnamoylglucoside)
Myricatomentoside |
Capsianoside
PA(O-18:020:3(8211Z2142))
PS(P-16:013:0)

Tricalysioside T
PG(P-18:017:2(9Z2122))
PE(P-16:020:5(528211214Z2172))
Namonin E

Genistein

L-Valine

PIM4(18:1(92)14:0)

Daedaleaside D

Capsoside A

Gibbilimbol B

Cyclopassifloside VII
INDOLE-3-PYRUVIC ACID
beta-Thujaplicin
34-Dihydroxy-L-phenylalanine
Adenosine

(+)-vulgraon B
Indole-3-acetyl-L-isoleucine
Toonaciliatin D

Spirilloxanthin

chlorophyliide a
Delphinidin-3-O-sambubioside
Petroformyne 1

Eleganoside B

Kaempferol

Coumarin
DG(156:1(92)22:6(427210213Z16Z192)0:0)iso2
Capric acid

33'44/ -Tetrahydroxy-55'-diisopropyl-22’-dimethylbiphenyl

PC(O-17:00:0)
Sinapine
Melibiose
Gibberellin A20

Increased

9
15

> 4 © o w N

a o W o oW o o o m

i
N
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Decreased
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Cluster name Cluster size p-values FDR Key compound Increased Decreased

Carotenoids 10 2.2E-20 9.2E-20 Fucoxanthinol, Vit A, Alpha Carotene 7 3
Diterpenes 17 2.2E-20 9.2E-20 NCGC00385284-01_C32H54013 17 0
Flavonoids 9 2.2E-20 9.2E-20 Skullcapflavone | 2"-(2"-E-cinnamoylglucoside) 7 2
Isoflavones 6 2.2E-20 9.26-20 Genistein 6 0
Lignans 4 2.2E-20 9.26-20 Myricatomentoside | 3 1
Phosphatidic Acids 9 2.2E-20 9.2E-20 PA(18:0/18:2) 8 1
Phosphatidylethanolamines 12 2.2E-20 9.2E-20 PE(P-16:0/20:5) 4 8
Phosphatidylinositols 5 2.2E-20 9.2E-20 PIM4(18:1/14:0) 5 0
Phosphatidylserines 12 2.2E-20 9.2E-20 PS(P-16:0/13:0) 74 5
Saponins 15 2.2E-20 9.2E-20 Borassoside A 8 7
Triterpenes 14 22E-20 9.26-20 Cussoracoside F 10 4
Glucosides 5 1.1E-16 3.9E-16 Luteolin-4’-O-glucoside 5 0
Amino Acids 5 7.8E-16 2.2E-15 Arginine 2 3
Phenols 6 1.7E-15 4.5E-15 Gibbilimbol B 5 1
Glycosides 4 7.7E-14 1.7E-13 Melissoidesin D 2 2
Macrolides 10 2.6E-14 5.9E-14 Capsianoside 8 2
Piperidines 3 9.1E-13 19612 Andrachcinidine 3 0
Iridoids 3 1.5E-12 3E-12 NCGC00168877-02_C15H2008 3 0
Catechols 3 5.4E-12 9.9E-12 (S)-[8]-Gingerol 3 0
Flavonols 3 1.6E-11 2.7E-11 Kaempferol 3 0
Auxins 12 6E-11 9.8E-11 Indole-3-acetamide 12 0
Glycerides 4 3.7E-09 5.4E-09 DG(19:1(92)/22:4(72,10Z,132,162)/0:0)is02] 3 1
Limonins 4 5.9E-09 8.4E-09 11beta-Acetoxydihydrocedrelone 2 2
Dipeptides 6 1.2E-08 1.7E-08 Ala-Phe 4 2
Sesquiterpenes 4 4.5E-08 6.1E-08 Leucascandrolide A 4 0
Coumarins 3 5.8E-08 7.6E-08 Coumarin 2 1
Monoterpenes 4 9.6E-08 1.2E-07 NCGC00384740-01_C21H3409 4 0
Amino Acids, Aromatic 5 0.0000002 2.5E-07 Tryptophan 4 1
Glycolipids 3 3.1E-07 3.6E-07 Lyciumoside IV 2 1
Anthocyanins 3 3.7E-07 4.3E-07 Cyanidine-3-O-sambubioside 3 0
DiHODE 3 6.8E-07 7.6E-07 8(R)-Hydroperoxylinoleic acid 3 0
Gibberellins 4 0.0000019 0.0000021 Gibberellin A20 4 0
Oligopeptides 3 0.0000047 0.000005 Indole-3-acetyl-L-isoleucine 3 0
Saturated FA 3 0.000024 0.000025 Capric acid 2 1
Phosphatidylglycerols 4 0.00037 0.00037 PG(18:2/13:0) 3 1
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Treatment Fruit mean weight (g fruit=1)

139 DAT 174 DAT 243 DAT 264 DAT 272 DAT
Control 2440+5.8 232.4+2.4 204.4 £27.6 335.1 + 241 302.5 +20.3
Biostimulant 264.7+7.9 254.4 +12.8 250.4 £27.5 368.3 £ 3.5 3343+ 15.4
Significance = o Ns * *

Mean values plus/minus standard deviations (n = 4); Two-tailed unpaired Student’s t-test, ns = not significant, *P < 0.05, and *P < 0.01.
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Treatment Fruit number (n. plant-1)

139 DAT 174 DAT 243 DAT 264 DAT 272 DAT Total
Control 2.35+0.37 3.65+0.29 2.90 £0.53 2.20+0.10 2.09+0.45 13.20 £ 0.50
Biostimulant 2.75+0.22 5.56 &+ 1.00 1.92 £0.67 1.98 £0.20 242 +0.11 14.62 £0.83
Significance ns = Ns Ns ns *

Mean values plus/minus standard deviations (n = 4); Two-tailed unpaired Student’s t-test, ns = not significant, *P < 0.05, and *P < 0.01.
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Treatment Fruit yield (kg plant-1)

139 DAT 174 DAT 243 DAT 264 DAT 272 DAT Total

139 DAT 174 DAT 243 DAT 264 DAT 272 DAT Total
Control 0.57 +£ 0.04 0.85 + 0.07 0.59 + 0.09 0.73 + 0.06 0.63+0.13 3.37 £ 0.07
Biostimulant 0.73+0.10 1.41 +£0.30 0.48 £0.13 0.74 £ 0.07 0.81 £ 0.06 417 £0.07
Significance * > Ns Ns * =

Mean values plus/minus standard deviations (n = 4); Two-tailed unpaired Student’s t-test, ns = not significant, *P < 0.05, and *P < 0.01.
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Treatment
(greenhouse)

Ecotype
Season

Ecotype x Season

Peramine

E P
1.8785 0.1157
384.1653 <0.001
2.1973 0.0200

Lolitrem B
E P
0.9566 0.4537
19.4855 <0.001

2.9501 0.0023

5.0900
22.4080
2.9070

Ergot

0.0010
<0.001
0.0030
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Location

Bazanggou, Pingan, Qinghai, China
Bazanggou, Pingan, Qinghai, China
Shagou, Pingan, Qinghai, China
Guchengzhen, Pingan, Qinghai, China
Hongyuan, Sichuan, China

Shihuiyao, Pingan, Qinghai, China

Ecotype

4
57
84
9

"

141

Latitude

36°20'N
36°20'N
36°17'N
36°17'N
32°48' N
36°19'N

Longitude

102°06' €
102:06' E
10205’
101°58' E
10233’ E
101°51'E

Altitude (m)

3,129m
2,99 m
3,0%2m
3,000m
3,491 m
2922m
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Soil treatment

Plant parameters V-TL13 E-TL13 R-TL13 C

Total plant length (cm) 51.50 + 4.63% 63.83 + 4.5 58.56 + 4.78% 4917 + 3.40°
Root length (cm) 18.50 + 2.2620 23,67 +2.57¢ 23.13 + 1.992 11.06 + 0.90°
Shoot length (cm) 33.00 + 2.872 40.17 + 2.552 35.44 + 3.682 3811 +£2.772
Root fresh weight (g) 1.01 +0.15% 1.28 +0.112 0.81+0.15° 0.80 + 0.13°
Shoot fresh weight (g) 1.19 + 0.212 1.58 4 0.142 1.54 + 0.302 1.30 +0.272
Root dry weight (%) 15.30 + 1.642 15.03 + 1.522 19.73 + 1.082 17.25 +2.422
Shoot dry weight (%) 9.62 + 0.297 7.75 + 0.64% 8.53 + 0.83% 6.84 + 0.40°

V-TL13, soil inoculated with dried vermiculite containing K. pseudosacchari TL13; E-TL13, soil inoculated with raw castor oil/alginate based emulsion containing
K. pseudosacchari TL13; R-TL13, soil inoculated with K. pseudosacchari TL13 cells diluted in sterile Ringer’s solution; C, un-inoculated soil. Values represent the
means + SD of three replicates. Different letters indicate significant differences (P < 0.05).
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Percentage of by-products in the liquid medium

Agro-industrial

by-products 1% 5% 10%
Whey 8.18 + 0.02¢ 7.98 +0.079 7.95 + 0.039
Protein hydrolysate 8.05 + 0.017 8.30 + 0.03¢ 8.18 + 0.07¢
Exhausted Yeast 8.30 + 0.09¢ 8.48 + 0.08° 8.86 + 0.21%
Molasse 0.00 + 0.00 7.08+0.18" 0.00 + 0.00/
Vinasse 7.94 4+ 0.029 8.81 + 0.07° 7.98 + 0.02
BHI (control) - 8.93 + 0.012 -

Values represent the means + SD of three replicates. Different letters indicate

significant differences (P < 0.05).
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Characteristic/
Activity

Kosakonia
pseudosacchari TL8

Kosakonia
pseudosacchari TL13

IAAIn NBT (mg L")
IAAIn NB + T3
(mgL™")

Siderophores
production (psu)
ACC-deaminase
activity (WM of
a-ketobutyrate protein
mg~" in 30 min)
CapHPO, solubilization
(mgL™)

NifH gene

Ammonia accumulation
(mgL™")

NaCl tolerance range
(w/v, 0.5-8%) 24 h
NaCl tolerance range
(w/v, 9-13%) 48 h

pH range at 24 h

Temperature range (°C)
at24h

Antagonistic activity

13.20 £ 1.80
12.91 £ 0.64

32.00 £0.92

3.04 £0.10

348.05 £ 12.77

+
2.24 +0.08

1 x 108 CFU mL~"

1 x 108 CFUmL™!

5-8
28-42

+ against Botrytis cinerea

B12, Phytophthora
infestans ph1,

Phytophthora cactorum

ph3, Phytophthora
cryptogea ph4

2216+ 2.67
33.26 + 1.67

29.77+1.8

3.31 £ 0.11

346.05 + 25.62

+
2.37 £0.03

1 x 108 CFU mL~"

1 x 108 CFUmL™!

5-8
28-42

+ against Botrytis cinerea

B12, Phytophthora
infestans ph1,
Phytophthora cactorum
ph3, Phytophthora
cryptogea ph4

TNB = Nutrient Broth. SNB + T = Nutrient Broth supplemented with L-tryptophan.
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Isolate IAAT in NB 1AAS in Siderophores* ACC-

(mgL™") NB + TRP (mm) deaminase
(mgL™1) activity*
TLA 2594+ 0.069~™  0.00 + 0.00” 20.0 4 0.00% ++
TL2 3.16 + 0.509~/ 1.82+£0.31"™  0.00 + 0.00 +
TL3 1.56 £ 0.07/—" 1.32 +0.02™ 30.0 + 0.00%° -
TL4 3.40 + 0.02f=h 4,90 +0.63%  33.33+5.772 +
TL5 162 +£0.02-™  1.42+0.00™  23.33+5.77%° -
TL6 5.98 + 1.03¢ 3.9540.33%°9  10.0 + 0.00° +
TL? 5.89 + 0.607 5154+ 0.51%  23.33 +5.77¢ ++
TL8 13.20 + 1.80°¢ 12.91 + 0.64° 23.33 + 11.55%¢ ++
TL9 0.00 + 0.00” 0.00 £ 0.00” 0.00 + 0.00/ —

TL10 1.68+£067-m 469 +1.329-F  0.00+ 0.00 —
TL11 223+0.02h-m  0.00 £ 0.00" 13.33 +£ 5.77¢ -
TL12 1.43 4 0.02™" 3.0540.079~"  20.0 +0.00%7 -
TL13 2216+ 2.67° 33.26 + 1.672 30.0 + 0.00%° ++

TIAA production in Nutrient Broth without L-tryptophan, values represent the
means + SD of three replicates. SIAA production in Nutrient Broth supplemented
with L-tryptophan, values represent the means + SD of three replicates. *Halo
size (mm) = diameter of clearing or halo zone/colony diameter, values represent
the means + SD of three replicates. Different letters after values indicate significant
differences (P < 0.05). *— no growth; + middle growth; ++ high growth.
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99 — Franconibacter daqui DL503 (KX865161.1)
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99 Siccibacter colletis 1383 (LK054215.2)
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Index Time Tomato cultivation system (treatment) SEM Effect

GBOF GBFISH SOILANIMAL SOILPLANT Treatment Time Treatment* time interaction
Total species 0 124,32 98.82 332.8° 336.8° 37.3 <0.0001 <0.0001 <0.0001
1 84.5% 52.8% 413.5¢ 116.0°
2 100.52 143.0° 394.3° 437.34
3 295.02 205.3° 412.0° 413.5°
4 281.52 203.5° 406.5¢ 403.3°
5 265.5P 105.52 321.5¢ 382.39
6 339.5° 145.32 385.8° 403.0°
7 179.82 223.3P 151.02 409.0°
Pielou 0 0.6252 0.5952 0.783° 0.793° 0.024 <0.0001 <0.0001 <0.0001
1 0.6472 0.7062 0.777° 0.792°
2 0.8102 0.713¢° 0.772° 0.760P
3 0.7082 0.7582 0.784° 0.775°
4 0.750 0.760 0.768 0.772
5 0.753 0.795 0.785 0.781
6 0.736 0.726 0.785 0.776
7 0.7142 0.687° 0.700° 0.7672
Shannon 0 2.778% 2.5632 4.544b 4.609° 0.211 <0.0001 <0.0001 <0.0001
1 2.709% 2.7942 4.678° 3.764¢
2 3.5682 3.2932 4.616° 4.618°
3 4.0222 3.95022 4.718° 4.665°
4 42112 3.9122 46130 4.626°
5 4.0622 3.6312 4.484b 4.640°
6 4.2882 3.256° 4.672° 4.651°
7 3.6022 3.6472 3.3020 4.613°
Simpson 0 0.8622 0.8122 0.973 0.977 0.028 <0.0001 <0.0001 <0.0001
1 0.7902 0.8162 0.979 0.921
2 0.9352 0.8912 0.978° 0.979°
3 0.964 0.960 0.982 0.980
4 0.969 0.928 0.976 0.976
5 0.955 0.936 0.974 0.980
6 0.9632 0.858° 0.979° 0.979°
7 0.934 0.899 0.858 0.974
Inverse Simpson 0 7.4272 6.0492 38.127b 44.223¢ 4.884 <0.0001 <0.0001 <0.0001
1 7.8912 6.5642 48.304° 14.460°
2 19.6182 13.1682 46.218° 47.679°
3 27.8172 26.1362 55.706P 49.539°
4 33.6742 32.469? 41571 42.066°
5 33.669° 21,5182 41.184° 50.692°
6 37.1592 18.664° 47.6430 48.561¢
7 16.600? 19.2572 15.655° 38.384°
Fisher's 0 26.966° 22,5822 63.810P 63.979° 4.640 <0.0001 <0.0001 <0.0001
1 23.416° 22.1382 68.101b 51.262¢
2 34.2732 35.0352 65.208° 69.475°
3 47.9822 48.6142 68.776° 66.327°
4 48.1962 49.2682 67.699° 66.150°
5 50.3232 37.039P 62.389° 67.027¢
6 55.1622 36.0920 69.9520 68.985°
7 37.6512 45.1362 35.967° 67.726°

GBOF, organic growing medium with organic fertilizer; GBFISH, organic growing medium with fish effluent; SOILANIMAL, organic soil with animal derived material as
fertilizer (blood meal); and SOILPLANT, organic soil with plant derived material as fertilizer (malt sprouts). NS, not significant effect. For each column, different superscripts
indicate significantly different means according to Duncan’s multiple range test (P < 0.05). SEM, standard error of the mean.
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Variable Treatment (trt) p-value (trt) p-value (time)

GBOF GBFISH SOILANIMAL SOILPLANT
pH(H20) 6.1 4+ 0.04° 5.1 4 0.042 6.8 + 0.05° 6.6 + 0.05° <0.001 <0.001
EC (uScm™1) 596 + 34° 883 + 344 243 + 372 364 =+ 40° <0.001 <0.001
NO3~-N (mg L=%) 14 + 122 332 4 12° 23+ 13b 25 + 14 <0.001 <0.001
NH;*-N (mg L= 40 + 2° 12 £ 2P 1422 3408 <0.001 <0.001
NOg~-N/NH4*-N ratio 0.35 27 23 8
P(mgL™") 218 + 14° 216 + 14° 37 + 152 35+ 162 <0.001 <0.001
K+ (mgL™") 382 + 12° 423 + 129 58 + 132 88 + 15° <0.001 <0.001
Ca?* (mg L= 1) 1234 + 33° 1173 + 34b 937 + 362 1103 + 38° <0.001 <0.001
Mgt (mgL™") 254 + 9° 286 + 99 138 + 102 182 + 10° <0.001 <0.001
S042~ (mgL™") 740 + 40° 708 =+ 40° 448 + 442 799 + 4° <0.001 <0.001
Na* (mg L=1) 118 + 4¢ 97 + 6° 33472 42472 <0.001 <0.001
CI- (mgL~") 340 + 20° 43 + 20° 18 + 222 18 + 242 <0.001 <0.001

n = 5. Differences in variables among treatments were compared using a repeated measures mixed model in SAS. For each column, different superscripts indicate
significantly different means according to Duncan’s multiple range test (P < 0.05).
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Object Total yield (kg BER Tomatoes Loose 2 tomatoes 3 tomatoes 4 tomatoes 5 tomatoes 6 tomatoes 7 tomatoes

m-2) (number of tomatoes per vine per vine per vine per vine per vine per vine
% tomatoes m~2) % % % % % % %
GBOF 22.378 2.8 239 24 6.4 17.0 34.0 27.7 8.2 4.6
GBFISH 27.840 0.9 274 0.8 52 125 22.7 35.8 152 7.8
SOILANIMAL 22.501 0 226 3.3 7.2 12.7 24.7 35.0 127 4.4

SOILPLANT 24.127 0 224 4.4 5.0 156.6 22.4 37.2 11.9 3.6
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Compunds

C. michiganensis

5 42
6 42
Streptomycin sulfate® 0.9
Carbendazim® No test
Prochloraz® No test

P syringae

14

42

3.4
No test
No test

MIC (M)

A. brassicicola

8.4
16.7
No test

0.4

F. graminearum

1339
1339
No test
82
No test

R. cerealis

8.4
No test
16.3
No test

3Streptomycin sulfate was used s a positive control for antibacterial assays. ® Carbendazim and prochloraz were used as positive controls for antifungal assays. *~" means

no antifungal activity:
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Strains Root length (mm) Hypocotyl length (mm)

Amaranth Lettuce Amaranth Lettuce
1 4.60 + 0.00 - - -
2 13.03 £ 0.32 - - -
3 7.65+2.90 - - -
4 0 — 0 _
5 0 0 0 6.36 + 0.59
6 0 0 0 4.90 +1.43
Glyphosate 0 0 0 3.76 £0.25
HoO 16.43 £ 1.55 20.94 £2.15 7.40 £0.77 8.40 £ 0.59

The concentration of glyphosate was 200 ug/mL. A length <2.0 mm was regarded
as no germination. =" means no obvious effect on seedling growth.





OPS/images/fmicb-10-01285/fmicb-10-01285-t005.jpg
Strains Amaranth

Root length (mm) Hypocotyl length (mm)
4 6.77 +£1.93 6.30 + 1.01
5 0 447 £1.29
6 0 520+0.87
Glyphosate 0 0
Ho,O 16.43 + 1.55 7.40 £ 0.77

The concentration of glyphosate was 50 ug/mL. A length <2.0 mm was regarded
as no germination.
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Doses of Chi18H8 Larval Duration of larval Pupal weight at

(Uot/cm? diet) mortality (%) stage (days) day 8 (g)
0O (control) 0.00 + 0.00 27.21 +£0.27 1.32 £ 0.04
6 6.06 + 3.03 27.58 + 0.32 1.31 £0.05

Each value represents the mean =+ standard error of three independent
experiments. Each experimental group was composed of 11 larvae. Larvae
mortality is reported as the percentage of the initial number of larvae.
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Doses of 53D1 Larval Duration of larval
(Uror/cm? diet) mortality (%) stage (days)
0 (control) 278278 24,83+ 021
6 61.11 +£2.78° 3169+ 1.37*

Maximal larval weight
before pupation (g)
3.32+£0.09
2.14.+015°

Pupal weight at Cocoon weight at

day 8 (9) day 8 (g)
1.06+0.04 0.24+0.01
0.80 + 0.06* 0.13+0.01*

of 12 larvae. Larvae mortaliy is reported

Each value represents the mean + standard error of three

Ea
as the percentage of the initial number of larvae. *p < 0.001 versus control, Student's t-test.

ch experir group was
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Purification step Volume (mL)  Total proteins (mg)  Total activity (U)  Specific activity Purification (-fold) Yield (%)
(U/mg protein)

“

IBs 10.6 123.0 334 0.27 1.0 100.0
Soluble fraction from IBs 53.0 7.8 2623.0 36.7 785 84.0
B)

Crude broth 1000.0 1125.0 1080.0 0.96 1.0 100.0
Ammonium sulfate precipitation 200.0 1090.0 1067.1 0.98 1.0 98.8
Affinity chromatography 114.1 349 956.6 27.4 285 88.5

For both proteins, data are refative to cells (Chi18H8) or cell-free culture broth (53D1) from 1 L of culture. Activity was assayed on 4-MU-(GIcNAC)z as substrate, in
100 mM sodium acetate pH 5.0.
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