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Abstract

:

Several strategies promote phyllosphere colonization by soil-born Trichoderma plant-beneficial strains. One of these strategies is foliar spraying with suspensions containing large amounts of chlamydospores—spores with thick cell wall structures that make them highly resistant to harsh environmental conditions. Trichoderma biomass was produced by cultivation on a cornmeal medium and compared with the biomass produced on potato dextrose broth by microscopic and thermogravimetric analyses. The analyses revealed increased chlamydospore content and thermostability in the fungal biomass produced on the corn meal medium. The Trichoderma suspension rich in chlamydospores was sprayed on bitter gourd (Momordica charantia) leaves at two inoculant concentrations, 106 and 108 ufc/mL. The effect of these treatments on the plant physiological parameters, leaf photosynthetic pigments, polyphenol and flavonoid contents, antioxidant activities of the leaves and fruits, and yield was compared to the control (plants sprayed with water) and to the experimental treatment involving spraying with 108 ufc/mL of propagules produced in potato dextrose broth. The effect of chlamydospore-rich suspensions on plant physiological parameters was more pronounced and long-lasting compared with the other treatments. The treatment with chlamydospore-rich suspension enhanced the accumulation of polyphenols and flavonoids in the leaves (by 17% and 50%, respectively) and fruits (by 18% and 31%, respectively) and increased the antioxidant activity. The Trichoderma treatment increased the yield by +25.33–53.07%. The application of the foliar treatment with Trichoderma suspensions did not modify the cytocompatibility of the extracts from the fruits determined on the L929 cells.
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1. Introduction


The fungal strains from Trichoderma (Hypocrea) genera are largely used as microbial inputs in agricultural technologies [1]. For decades, bioproducts based on selected Trichoderma strains were used to protect cultivated plants against fungal pathogens [2,3]. In the 21st century, Trichoderma strains were reported to be active against nematodes [4,5] and insects [6,7]. The plant-beneficial strains from Trichoderma genera were also recognized as plant biostimulants [8], increasing plants’ nutrient uptake and nutrient use efficiency, enhancing plants’ tolerance to abiotic stress, and improving crop quality traits.



The multifaceted benefits of Trichoderma strains on cultivated plants result after establishing and colonizing the microbiocenosis defined by belowground and above-ground plant organs, rhizospheres, and phyllospheres, respectively [9]. Colonizing strains produce various categories of bioactive compounds: lytic exo-enzymes [10], expansin-like proteins [11], other protein elicitors [12], and secondary metabolites [13] such as volatiles 6-pentyl-pyrones [14] or trichothecenes [15]. These bioactive compounds produced by Trichoderma populations established in the plant microbiocenosis (microbial ecological niche) control plant pathogens [16,17] and plant-feeding insects [18] and/or activate plant defense pathways [19]. Colonizing Trichoderma strains mediate plant interaction at multiple trophic levels [20]



Various Trichoderma strains were demonstrated to activate jasmonic and salicylic acid plant defense pathways [21], priming plant innate immunity in a balanced manner [22]. Plant defense elicitation by compounds produced by the Trichoderma microbial colonizer boosts primary metabolism, increasing nutrient uptake and nutrient use efficiency [23]. The activation of plant defense pathways results in higher plant tolerance to abiotic stress [24]. The secondary metabolism pathways associated with different plant defense pathways result in bioactive compounds being accumulated in leaves and fruits [14]. Applying the Trichoderma strain on plants mainly activates the phenylpropanoid pathway t [25,26], leading to a higher accumulation of polyphenols [27,28].



Trichoderma strains are versatile plant symbionts [29], specific to the rhizosphere and plant root surface [16,30,31]. A harsher phyllosphere environment with lower levels of nutrients and water, a highly variable temperature, and high light irradiation [32] is less permissive to non-native Trichoderma strains. Introducing beneficial Trichoderma strains into the phyllosphere is challenging. Several strategies were developed to promote the introduction of beneficial Trichoderma strains in the phyllosphere, with the phyllosphere microbiome being essential for plant health and productivity in a changing environment [33,34,35,36]. One strategy is to utilize protective formulations, such as dry flowable formulations that include antioxidants [37] or a talc formulation [38]. The application of a 10−8 cfu/mL suspension of T. harzianum TriH_JSB36 in a sterile talc mixture (1:10 v/w) to grape leaves promoted Plasmopara viticola biocontrol by priming grape defense responses [38]. Recently, it was suggested that oil-based formulations are important for foliar-applied products due to their ability to provide protection against UV radiation, enhance biocontrol activity, and promote better adhesion on the hydrophobic surface of the leaf cuticle [39].



Another strategy is to repeatedly apply highly active Trichoderma strains. T. harzianum strain T22 (ATCC® 20847™) was used to induce the accumulation of polyphenols in Vitis vinifera cv. Sangiovese grapes. Solutions with 108 spores were drenched on grape leaves every 14 days, and 10 treatments were applied [28]. Such strategy determined the accumulation of polyphenols in grapes, with concomitant control of Uncinula necator [28]. However, the high number of treatments makes the large-scale adoption of such strategy difficult.



In a previous work, we used an alternative strategy. We applied higher concentrations of a plant biostimulant Trichoderma consortium with a high amount of chlamydospores to the leaves of Passiflora cearulea [40]. This strategy proved to be effective—the treatment induced increases in the polyphenol content and the antioxidant activities of the leaves and fruits of P. caerulea. We showed that the effect of the applied Trichoderma consortium involved chloroplast proliferation to compensate for the high light stress exerted on a shadow plant by cultivation in an open space. In this work, we intended to differentiate between the contribution of inoculation with two compatible strains, which have more chances to colonize different leaves’ microhabitats, and the contribution of chlamydospores, which survive better in harsh conditions. Also, an additional goal of the present work was to investigate the effects of the foliar application of Trichoderma-based plant biostimulants on another cultivated nutraceutical plant species.



The experiments were carried out by applying the same Trichoderma consortium, prepared from biomass obtained by cultivation on cornmeal medium (which promotes chlamydospore accumulation) and from biomass obtained from potato dextrose broth (PDB). The Trichoderma suspension produced on cornmeal was sprayed at two inoculant densities, 106 and 108 ufc/mL, and that produced on potato dextrose broth was sprayed at one inoculant density, 108 ufc/mL. The plant physiological parameters; the photosynthetic pigment, polyphenol, and flavonoid contents; and the antioxidant activities of the leaves and fruits as well as the yield of the treated plants were determined and compared with those of the control group (water treatment).



The Trichoderma consortium treatments were applied on bitter gourd, M. charantia. Bitter gourd (M. charantia), acclimated in Romania in the past decade due its economic value [41], was chosen as a test plant due to its nutraceutical value, owing to a high accumulation of bioactive compounds in the leaves and fruits following secondary metabolism activation [42,43].




2. Materials and Methods


2.1. Biological Material


M. charantia (bitter gourd, bitter cucumber) plants were cultivated under greenhouse conditions (Amia, Otopeni, Ilfov, Romania) in anthropogenic soil (hortic cerno-cambic) with 3.15% humus near Bucharest—44°33′02″ N, 26°04′12″ E, altitude 91 m. The pH of the soil horizons of 0–20 cm and 0–40 cm was slightly acidic, namely 6.12 and 6,37, respectively. The total nitrogen contents (Nt%) in the soil horizons of 0–20 cm and 0–40 cm were 0.228 and 0.182, respectively. The mobile phosphorus was 51 ppm in the 0–20 cm horizon and 43 ppm in the 0–40 cm horizon. The soil of the experimental plots was prepared by disking and raised bedding. Trellises (4.2 m long) were built for each replicate block with 3 m of space within the same raised beds and connected with ropes at a 2 m height. Irrigation was carried out using a drip irrigation system (provided by Netafim, Bucharest, Romania) with the emitters at 30 cm. Composted manure was applied to the soil in November 2022 at an equivalent dose of 5000 kg/ha, and granulated fertilizer was applied with an N:P:K ratio of 80:40:40 kg/ha. Bitter ground seedlings (cv. Avangard F1, Opal, Plovdiv, Bulgaria) of around 20 cm in height were transplanted at the beginning of May 2023 at a distance of 1.4 m × 0.75 m (equivalent to 9000 plants per ha). The cultivar was selected due to its suitability for the local conditions. The temperature was maintained between 25 ± 5 °C and 18 ± 3 °C during the day and during the night, respectively, and the relative humidity was maintained between 60 and 80% in the greenhouse.



The used Trichoderma consortium included two multi-functional strains from the INCDCP-ICECHIM collection, T. harzianum Td50b (NCAIM F001412) and T. asperellum T36 (NCAIM F 001434), which were proven to be effective for phyllosphere colonization in our previous experiment conducted on P. caerulea [40]. The used strains produce lytic exo-enzymes and volatiles, including 6-pentyl-pyrone [44,45].



The mouse fibroblast L929 cell line (ATCC, NCTC clone 929, 128 cells) supplied by the European Collection of Cell Cultures (ECACC), was used for the cytocompatibility test.




2.2. (Bio)Chemical Material


Potato dextrose agar (PDA), potato dextrose broth (PDB), glycerol, and hydrochloric acid 1 M were purchased from Scharlab (Barcelona, Spain). The 96% ethanol was supplied by ChimReactiv (Bucharest, Romania). The reagent used for the determination of total polyphenols (Folin-Ciocâlteu reagent, sodium carbonate), total flavonoids (aluminum chloride, potassium acetate), and antioxidant activity (DPPH, 2,2-diphenyl-1-picryl-hydrazyl-hydrate, 7 mM 2,2′-azino-bis (3-ethyl-benzothiazoline-6-sulfonic acid) diammonium salt, ABTS, potassium persulfate) and the standards used for calibration, i.e., trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, gallic acid, and quercetin, were acquired from Sigma-Aldrich (Merck Group, Darmstadt, Germany).




2.3. Fungal Cultivation


The two Trichoderma strains T36 and Td50b were first replicated on PDA medium in Petri dishes using fungal mycelium discs of 5 mm, obtained with a flame-sterilized core borer from older cultures. The Petri dishes were incubated for 5 days at 28 °C in a static incubator (PHCbi MIR-254-PE, PHC, Tokyo, Japan). The PDB medium was prepared according to the producer’s recommendations (24 g of powder in 1 L of ddH2O). The cornmeal medium was prepared by adding 62.86 g of cornmeal (finely ground in an M20 universal mill, IKA, Staufen, Germany) and 7.54 mL of glycerol to 927 mL of ddH2O, followed by adjusting the pH to 4.17 using 0.1 M of HCl. All media were sterilized by autoclaving at 121 °C for 15 min. After cooling to room temperature, the media were distributed in 500 mL Erlenmeyer flasks (200 mL medium/flask) and inoculated with a spore suspension of 106 conidia/mL of sterile physiological saline water (10% suspension in the final volume). The Erlenmeyer flasks were incubated at 28 °C and 130 rpm agitation, in a Unimax 1010 incubator (Heidolph, Schwabach, Germany) for 7 days.




2.4. Morphological Analysis of T36 and Td50b Biomass by Optical Microscopy


The hyphae and spores from the biomass of the two Trichoderma strains, T36 and Td50b, were visualized with a DM 1000 LED optical microscope (Leica, Wetzlar, Germany) in the brightfield (BF) module at a 40× magnification. The microscope samples were mounted as fresh slide-coverslip preparations. The average diameter of chlamydospores (determined from 20 counts per variant from 10 images) and the average thickness of hyphae (determined from 20 counts per variant from 10 images) were measured with the microscope software LAS X 5.1.0.




2.5. Thermogravimetric Analysis


A thermogravimetric analysis (TGA) was performed on dried fungal biomass using Q5000IR equipment (TA Instruments, New Castle, DE, USA) on a 16–25 mg sample in a 100 µL platinum pan. For TGA, the mycelium samples were dried in sterile Petri dishes at room temperature. The samples underwent heating from 20 °C to 700 °C with a rate of 10 °C per min under a nitrogen flow rate of 50 mL/min (99.999%). At 700 °C, the purge gas was changed to synthetic air (99.999%) in hi-res mode, and this configuration was maintained isothermally for 5 min to determine the ash content.




2.6. Experimental Treatments


The experiment included the following: V1—control (subjected to water treatment 200 L/ha spraying volume); V2—foliar treatment with Trichoderma spores obtained in the cornmeal medium (TCM), a suspension normalized to 106 cfu/mL, a spraying volume of 200 L/ha, and a spore dose of 2 × 1011 spores/ha; V3—foliar treatment with Trichoderma spores obtained in PDB medium (TPD), a suspension normalized to 108 cfu/mL, a spraying volume of 200 L/ha, and a spore dose of 2 × 1013 spores/ha; and V4—foliar treatment with Trichoderma spores obtained in the cornmeal medium (TCM), a suspension normalized to 108 cfu/mL, a spraying volume of 200 L/ha, and a spore dose of 2 × 1013 spores/ha. Each experimental repetition included 30 M. charantia plants. There were 3 repetitions in a randomized block design. Each repetition was separated by a 3 m space. An SG20 backpack sprayer (Stihl AG, Waiblingen, Germany) with an applied pressure of 275 kPa was used for the application of the treatment. The experimental treatment involved the application of two separate foliar spraying events at the beginning of June (beginning of male flowering) and, after 4 weeks, at the beginning of July (female flower development). The spraying on leaves was carried out with a flat jet and low drift nozzle (TeeJett® flat-fan TT11002 model, Spraying Systems, Wheaton, IL, US). Yield was determined for all harvesting waves from all plants in a plot and normalized as kg/ha.




2.7. Determination of Plant Physiological Characteristics


The following physiological characteristics were determined one week after the 1st treatment and 4 weeks after the 2nd treatment (8 weeks after the 1st treatment): maximum quantum yield of photosystem II—PSII, Fv/Fm (by chlorophyll fluorescence—saturation of the photosynthetic centers from PSII); net photosynthetic rate (Pn) (CO2 fixed in the photosynthesis); and stomatal conductance (rate of exchange of gases through stomata, including water vapors). Ten randomly selected leaves from each repetition were selected for chlorophyll fluorescence determination. The measurements were carried out with a pulse-amplitude-modulated (PAM) fluorometer (Walz PAM 2500, Effertlich, Germany). According to the protocol for correctly determining the chlorophyll fluorescence parameters, the leaves were darkened for 30 min. After the darkening period, saturation light pulses were applied. The maximum photosystem II (PSII) quantum efficiency was determined as the ratio between the Fv, the variable fluorescence, and the Fm, the maximum fluorescent yield in the dark-adapted state [46]. The net photosynthetic rate was assessed using a broadleaf chamber integrated in a leaf gas exchange unit (model LCpro T, ADC Bioscientific Ltd., Herts, England). A porometer (AP4, Delta-T Devices, Burwell, UK) was used to determine the stomatal conductance according to the manufacturer’s instructions. The determination of each plant’s physiological parameters was repeated three times; middle and upper leaves were randomly selected from 10 plants for each repetition.




2.8. Determination of Total Polyphenols and Total Flavonoids


The plant materials, leaves, and fruits were sampled at the end of August, 12 weeks after the first treatment. The leaves’ material was sampled from the middle and upper leaves from 10 plants from each repetition, randomly selected. The immature, pre-climacteric fruits were randomly sampled from 10 plants from each repetition. The plant material was dried under a vacuum in a VD56 oven (Binder, Tuttlingen, Germany) at 50 °C for 24 h. The dried bitter gourd biomass was ground using a laboratory mill (SM2000, Retsch, Haan, Germany) and extracted by maceration in a 70% ethanol/water (v/v) solution for 10 days. After 10 days of maceration, the non-extracted plant material was separated by filtration. The Folin–Ciocâlteu method [47] with a slight adaptation [48] was used to determine the total polyphenol content from the ethanolic extract. Briefly, 150 µL of each sample was mixed with 750 µL of Folin–Ciocâlteu reagent, 4 mL of 15% Na2CO3, and 10.1 mL of ddH2O, resulting in a final reaction volume of 15 mL. The reaction was incubated for 2 h at room temperature in the dark. The optical density (OD) was measured at λ = 756 nm and converted to polyphenol concentration using a calibration curve constructed with gallic acid (GA). The colorimetric method with aluminum chloride was used to determine the total flavonoids using a calibration curve with quercetin (Q) [49]. Briefly, 0.5 mL of bitter gourd macerate sample was mixed with 1.5 mL of ethanol, 0.1 mL of 1 M potassium acetate, 0.1 mL of 10% aluminum chloride, and 2.8 mL of ddH2O. The mixture was incubated for 30 min at room temperature, and the OD was measured at λ = 415 nm. All analysis were performed in triplicate.




2.9. Antioxidant Activity Assay


The antioxidant activity was determined by the DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) method and the Trolox equivalent antioxidant capacity (TEAC), as described in our previous work. Known quantities of dried extracts were resolubilized using known volumes of absolute alcohols.



2.9.1. DPPH Scavenging Activity Assay


The method adapted in our previous work from Braca et al. [50] was used. Briefly, the mixture consisted of 150 μL 0.25 mM methanolic solution of DPPH, 90 µL 0.1 M of Tris-HCl buffer, and 15 µL of the sample (resolubilized in methanol). After incubating in the dark at 37 °C for 30 min., the absorbance was read at λ = 520 nm against methanol as a blank and Equation 1 was used to estimate the DPPH inhibition (%):


  %   I n h i b i t i o n =   1 −     A   s a m p l e       A   b l a n k       × 100  



(1)




where Asample is the absorbance of the sample and Ablank is the absorbance of the blank (methanol).




2.9.2. Antioxidant Capacity (TEAC) Assay


The method adapted after Re et al. [51] is described in depth in our previous work. Briefly, after generating the ABTS radical and bringing the ABTS solution to an absorbance of 0.7 ± 0.02 at λ = 734 nm, it was mixed with the sample in a 10:1 ratio, and the mixture was incubated for 6 min. The absorbance at 734 nm was expressed as µg Trolox/mL.



All assays of DPPH and TEAC were performed in triplicate.





2.10. Cytocompatibility Assay


The dried macerate sample from bitter gourd fruits were resuspended into phosphate saline buffer (PBS) and sterilized through 0.22 μm syringe filters (Merck Millipore, Darmstadt, Germany). The stabilized line of mouse fibroblast L929 cells (ATCC NCTC clone 929 cell line) provided by the European Collection of Cell Cultures (ECACC) was used for the cytocompatibility assay. Three concentrations (50, 100, and 200 µg/mL) of bitter gourd extracts were tested. The NCTC L-929 cells were cultivated as already described [40]. The cell viability was determined using a colorimetric method based on the ability of viable cells to incorporate a supravital dye, Neutral Red (NR) [52], as described in our previous work [40]. The results represent the viability percentage from the control sample V1, which is considered to be 100%.




2.11. Statistical Analysis


A statistical analysis was conducted (One-Way ANOVA) using the SPSS 21 software package (IBM, Armonk, NY, USA) with Duncan’s multiple range test. The data were analyzed in evolution. A least significant difference (LSD) test was employed at a significance level of p < 0.05.





3. Results and Discussion


The morphological features of the Trichoderma strains used, T36 and Td50b, in both PDB and the cornmeal medium were long cylindrical hyphae with a straight or sinuous aspect, segmented in several compartments with one or more nuclei; green micro- and macroconidia with a globular aspect; and spherical chlamydospores with thick walls, either intercalated or at the end of the hyphae (Figure 1 and Figures S1 and S2).



Chlamydospores were more abundant in the culture with cornmeal than with PDB, which is in agreement with previous studies on corn flour and T. harzianum [53]. Another observation worth mentioning is the presence of numerous vacuoles in the hyphae grown in the cornmeal medium (see blue arrows in Figure 1c,d and Figure S1 and S2) that were not observed in PDB. Overall, the mycelia from the cornmeal samples had a glassy, bright aspect.



The average diameter of the chlamydospores was slightly higher in the cornmeal medium (15.19 ± 2.91 µm and 16.32 ± 3.59 µm for T36 and Td50b, respectively) than in PDB (10.55 ± 2.48 µm and 10.49 ± 2.11 µm for T36 and Td50b, respectively), as shown in Figure 2a. The hyphae developed in the cornmeal medium had a higher average thickness (7.49 ± 1.45 and 7.59 ± 1.79 µm for T36 and Td50b, respectively) than in PDB (5.20 ± 1.75 µm and 5.26 ± 0.86 µm for T36 and Td50b, respectively), as shown in Figure 2b.



The thermogravimetric analysis revealed three main transitions in the thermograms of the Trichoderma biomass (Table 1, Figure 3 and Figure S3).



The first transition was between 30 °C and approximately 190 °C for PDB and 220 °C for cornmeal. The peak temperature of this transition (T1) was higher for the fungal biomass grown in the cornmeal medium (142.0 ± 10.5 °C for T36 and 133.0 ± 4.6 °C for Td50b) than in PDB (116.5 ± 9.5 °C for T36 and 101.6 ± 3.0 °C for Td50b). These differences were statistically significant. The weight loss (WL) was slightly higher for T36 and Td50b in cornmeal than in PDB. This transition was very broad and can be assigned to bound water, volatiles, and thermolabile compounds. The increase in the transition temperature, without significant changes in WL, suggests stronger bound water molecules, stronger interactions, and/or the presence of more thermostable compounds in the mycelium grown in the cornmeal than in PDB.



The second transition was up to 330 °C and 340 °C for mycelium from the cornmeal medium and from PDB, respectively. The peak temperature of this transition (T2) was higher for the fungal biomass grown in the cornmeal medium (305.2 ± 1.7 °C for T36 and 307.2 ± 0.7 °C for Td50b) than in PDB (299.1 ± 1.1 °C for T36 and 302.1 ± 0.4 °C for Td50b). The WL was higher as well by approximately 5–7% for the cornmeal medium compared to the PDB medium. This transition has previously been shown to have a significant contribution from β-glucan in macromycetes [53,54], and it probably includes other polysaccharides, lipids, and proteins as well. Our results indicate an increase in the biomasses of T36 and Td50b mycelium represented by these compounds when the strains were grown in the cornmeal medium compared to the control in PDB.



The third transition was from 330/340 °C to 700 °C. This transition was characterized by a peak temperature (T3) and WL that were slightly higher than the mycelium from the cornmeal medium compared to that of PDB. This transition has been shown to have a contribution from chitin in macromycetes [54,55]. In our case, the standard chitin had the main peak at an intermediate temperature (380 °C) between T2 and T3, closer to T3. These data suggest that the chitin in these strains is more thermostable than the isolated chitin and the chitin from the macromycetes.



A significant effect was observed for the residue and ash contents that were significantly decreased in the cornmeal compared with PDB (Table 1). This indicates a lower accumulation of minerals. It is worth mentioning that the ash content of T36 was higher than that of Td50b in PDB but became similar in the cornmeal. This indicates that the effect of cornmeal on ash accumulation was higher for T36 than for Td50b. The difference between the residue and the ash represents carbonaceous structures that formed upon thermal degradation. This was similar for T36 grown in PDB and cornmeal (11.63 ± 0.30 versus 11.11 ± 0.37%, respectively) but slightly lower for Td50b grown in cornmeal medium than in PDB (11.02 ± 0.23 versus 13.42 ± 0.45%, respectively). Td50b seemed to accumulate less carbon in cornmeal than in PDB, and the values in cornmeal were similar between T36 and Td50b.



The optical microscopy and the thermogravimetric analysis demonstrated a more significant proportion of chlamydospores in the biomass produced in the cornmeal medium than in PDB. The larger amount of chlamydospore in the biomass produced in cornmeal than in the PDB medium is also demonstrated by the thermogravimetric analysis. To the best of our knowledge, a thermogravimetric analysis has not been previously used for the characterization of the Trichoderma biomass containing spores—it was only used for the characterization of different types of Trichoderma formulations, such as T. harzianum LQC-99 encapsulated in cellulose nanocrystals (CNC) or in a nanocomposite of CNC with carboxymethyl cellulose (CMC) [56] or T. harzianum UPM40 encapsulated in Ca-alginate–montmorillonite clay beads [57].



In the case of bacterial spores, a thermogravimetric analysis was used to demonstrate that water distribution is the key factor in spore resistance to adverse conditions such as high temperatures [58]. Our TGA data reveal a higher evaporation temperature for the bound water in the biomass obtained from cornmeal than the PDB medium—this demonstrates that a higher proportion of spores with higher resistance (chlamydospores) in the biomass was produced in the cornmeal medium than in PDB.



Figure 4 illustrates the influence of different treatments with the Trichoderma consortium on M. charantia’s physiological parameters. The foliar treatment with the Trichoderma consortium improved the photosynthesis in M. charantia. The yield of PS II was slightly enhanced (8% increase compared with the control V1). A similar low increase (3%) compared to the control (V1) at the limit of the statistical significance was demonstrated for the net photosynthetic rate. The most significant effect was seen for the stomatal conductance, which was very significantly improved by the treatment with the Trichoderma consortium.



In our previous work, we demonstrated a similar effect on blue passion flower, P. caerulea [40]. In this work, we differentiate the effect of a compatible consortium, with strains showing different plasticity and adaptability to the highly variable conditions of the phyllosphere and the abundance of chlamydospores. The treatment with chlamydospore formulation lasts for a longer period. The application of a lower dose of from propagules, namely 106 ufc/mL, which resulted from the biomass rich in chlamydospores produced in cornmeal, is almost similar with the higher dose of 108 ufc/mL, produced in PDB. Trichoderma rich in chlamydospores has a long-lasting plant biostimulant effect. Most probably, the higher survival rate of the chlamydospore in the harsh environment determines such effect. Understanding the exact mechanism of such biostimulant action needs further investigations.



Trichoderma application in the rhizosphere was demonstrated to cause metabolic reprogramming. The application of T. harzianum T22 on zucchini squash (Cucurbita pepo L.) cv. ‘San Pasquale’ triggered ROS-mediated signaling processes and improved the photosynthetic process by 4% after 30 days in one study [59] compared with the approximately 8% improvement seen after just 1 week in our case, which was maintained even after 8 weeks. T. harzianum T6776 inoculated to the root system of Micro-Tom tomatoes (Solanum lycopersicum) improved the photosynthetic activity under lab conditions at 200–300 µmol m–2 s−1 light intensity; the quantum yield of the PSII system increased slightly (1%) but with a statistically significant difference compared to the control, and the net photosynthetic rate increased by a significant 30% compared with the control [60].



The yields of the different experimental treatments are presented in Table 2.



The treatment with the Trichoderma consortium grown on cornmeal induced higher yields (141% and 153% of the control at the doses of 2 × 1011 ufc/ha and 2 × 1013 ufc/ha, respectively) than the treatment with the Trichoderma consortium grown on PDB (125% of control at the dose of 2 × 1011 ufc/ha). The yield values demonstrated that the highest influence was exerted by the Trichoderma consortium grown in the cornmeal medium (TCM), which contains a higher proportion of chlamydospores, which are more resistant to harsh environmental conditions than conidia. Such chlamydospores sustain the colonization of the phyllosphere by Trichoderma strains originating from soil and enhance the biostimulant effects. Very few studies are related to the use of Trichoderma as a plant biostimulant applied through foliar treatment. Trichoderma applied as a foliar treatment increased the quality of the tomatoes grown in different hydroponic substrates [61]. The accumulation of the total soluble solid (TSS, Brix) was enhanced by 14% at the plant from the first level after treatment with a mixture of T. asperelloides VSL4 (MH370294) and T. koningiopsis VSL185 (KU215377).



Trichoderma was tested for foliar application mainly for plant pathogen control [17,62]. One of the mechanisms involved in plant pathogen control is the activation of the plant’s defense system [17]. The activation of plant defense is also involved in the biostimulant effect [40]. In several situations, the control of plant pathogens following the foliar application of Trichoderma was associated with an increase in the crop quality, e.g., an accumulation of 35% more polyphenols in grape and a 48.7% increase in the antioxidant activity compared to the control [28]. T. harzianum T39 controls Plasmopara viticola on susceptible grapevine, cv Pinot Noir, grown in pots, through the activation of phenylalanine ammonia lyase (PAL) and stilbene synthase (STS) [63]. The activation of these stress-related enzymes enhance the biosynthesis and accumulation of resveratrol in grape [64,65]. However, to date, there are no reports on the elicitation of the resveratrol biosynthesis and accumulation in grape following Trichoderma foliar treatment to the best of our knowledge.



The foliar application of Trichoderma enhanced the accumulation of polyphenols and flavonoids in the leaves of bitter gourd (Figure 5a) and the antioxidant activity (Figure 5b).



The chlamydospore formulations are more effective than the control formulation from the PDB medium in inducing the biosynthesis and accumulation of antioxidant polyphenols/flavonoids. The low dose of 106 ufc/mL produced on cornmeal (TCM) has a similar effect with the high dose produced in PBD (TPD). A similar effect of a higher accumulation of polyphenols (35% more TPC and 24% more TFC) in the leaves compared to the control was demonstrated for the application of the same consortia, T36 and Td50b, on blue passion flower [40]. The application of Trichoderma strains on the rhizosphere was demonstrated to induce the accumulation of polyphenols [59]. The effect on inducing the biosynthesis and accumulation of antioxidant polyphenols/flavonoids is similar for fruits (18%/31% higher than the control) and leaves (17%/50% higher than the control), as shown in Figure 5a and Figure 6a.



The increase in the polyphenol content in the fruits was not associated with an enhancement in the cytotoxic effect of fruit extracts, as shown in Figure 7. The change in cell viability was similar between V1, V2, V3, and V4 compared with the negative control C, and the values were not statistically reduced below 80% viability even at the highest dose tested, i.e., 200 µg mL−1 of fruit extract.




4. Conclusions


The foliar application of a Trichoderma consortium chlamydospore formulation to M. charantia promotes phyllosphere colonization and determines a long-lasting biostimulant effect, which is more pronounced when applying the Trichoderma biomass with a higher abundance of chlamydospores. The photosynthetic activity was increased by 8%, the yield was increased by 53%, the polyphenol and flavonoid contents of the fruits were increased by 18% and 31%, respectively, and the antioxidant activity was increased by 80% compared with the control. In conclusion, the treatment had the highest impact on the yield and crop quality (antioxidant compounds and antioxidant activity). More investigations related to the mechanism involved in phyllosphere colonization will offer new possibilities for the further improvement of the foliar treatment with plant biostimulant Trichoderma, including through “smart” controlled-release formulations.
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Figure 1. Optical microscopical images of T. asperellum T36 NCAIM F 001434 (a,c) and T. harzianum, Td50b, NCAIM F001412 (b,d) grown in PDB (a,b) and cornmeal medium (c,d). The blue arrows indicate the presence of vacuoles/droplets inside the hyphae in the case of the cornmeal medium. 
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Figure 2. The average diameter of chlamydospores of T. asperellum T36 NCAIM F 001434 and T. harzianum, Td50b, NCAIM F001412 (a) grown in PDB and cornmeal medium, respectively, and the average thickness of the hyphae of T. asperellum T36 NCAIM F 001434 and T. harzianum, Td50b, NCAIM F001412 (b) grown in PDB and cornmeal medium, respectively (±error bars, α < 0.05, n = 20). The asterisks represent statistically significant differences between cornmeal and PDB for T36 and Td50b: * (0.01 < α < 0.05). 
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Figure 3. The thermogravimetric analysis of T. asperellum T36 NCAIM F 001434 (a) and T. harzianum, Td50b NCAIM F001412 (b) grown in potato dextrose broth (PDB) or cornmeal medium. The weights (%) of T36 and Td50b are shown with the error bar limits (light contour, 95% interval confidence). FC—commercial fungal chitin. 
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Figure 4. The influence of different treatments with the Trichoderma consortium on M. charantia’s physiological parameters. V1—control (foliar treatment with water, 200 L/ha spraying volume); V2—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 106 cfu/mL, 200 L/ha spraying volume; V3—foliar treatment with Trichoderma spores obtained in potato-dextose broth medium (TPD), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume; V4—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume. The bars represent the means ± standard errors (n = 30 plants). The asterisks represent statistically significant differences between V2–V4 and V1: * (0.01 < α < 0.05), ** (0.001 < α < 0.01), *** (α < 0.001). 






Figure 4. The influence of different treatments with the Trichoderma consortium on M. charantia’s physiological parameters. V1—control (foliar treatment with water, 200 L/ha spraying volume); V2—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 106 cfu/mL, 200 L/ha spraying volume; V3—foliar treatment with Trichoderma spores obtained in potato-dextose broth medium (TPD), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume; V4—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume. The bars represent the means ± standard errors (n = 30 plants). The asterisks represent statistically significant differences between V2–V4 and V1: * (0.01 < α < 0.05), ** (0.001 < α < 0.01), *** (α < 0.001).
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Figure 5. The total polyphenol and total flavonoid contents (a) and antioxidant activity (b) of M. carnantia leaves, as a function of the treatments with the Trichoderma consortium. V1—control (foliar treatment with water, 200 L/ha spraying volume); V2—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 106 cfu/mL; V3—foliar treatment with Trichoderma spores obtained in potato-dextose broth medium (TPD), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume; V4—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume. The values represent the means ± standard errors (n = 30 plants). The asterisks represent statistically significant differences between V2–V4 and V1: * (0.01 < α < 0.05), ** (0.001 < α <0.01), *** (α < 0.001). 
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Figure 6. Total polyphenol and total flavonoid contents (a) and antioxidant activity (b) of bitter gourd (M. charantia) fruits. V1—control (foliar treatment with water, 200 L/ha spraying volume); V2—foliar treatment with Trichoderma spores obtained in the cornmeal medium (TCM), suspension normalized to 106 cfu/mL, 200 L/ha spraying volume; V3—foliar treatment with Trichoderma spores obtained in potato-dextose broth medium (TPD), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume; V4—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume. Values represent means ± standard errors (n = 30 plants). Asterisks represent statistically significant differences between V2–V4 and V1: * (0.01 < α < 0.05), ** (0.001 < α <0.01), *** (α < 0.001). 
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Figure 7. The influence of different treatments with the Trichoderma consortium on the cytocompatibility of M. charantia fruit extracts. C—negative control (no cell treatment); V1—control (foliar treatment with water, 200 L/ha spraying volume); V2—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 106 cfu/mL, 200 L/ha spraying volume; V3—foliar treatment with Trichoderma spores obtained in potato-dextose broth medium (TPD), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume; V4—foliar treatment with Trichoderma spores obtained in cornmeal medium (TCM), suspension normalized to 108 cfu/mL, 200 L/ha spraying volume. The values represent means ± standard errors (n = 30 plants). The asterisks represent statistically significant differences between V1-V4 and C: * (0.01 < α < 0.05), ** (0.001 < α < 0.01). 
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Table 1. Quantitative parameters from TGA analysis of T36 and Td50b.
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	Parameter
	T36 PDB
	T36 Cornmeal
	Td50b PDB
	Td50b Cornmeal
	FC





	T1 (°C)
	116.5 ± 9.5
	142.0 ± 10.5 *
	101.6 ± 3.0
	133.0 ± 4.6 **
	43



	WL1 (%)
	4.41 ± 0.12
	4.73 ± 0.10
	4.48 ± 0.11
	4.65 ± 0.14
	5.36



	T2 (°C)
	299.1 ± 1.1
	305.2 ± 1.7 *
	302.1 ± 0.4
	307.2 ± 0.7 **
	380.0



	WL2 (%)
	27.89 ± 0.47
	34.39 ± 1.74 *
	31.58 ± 0.34
	36.44 ± 0.66 **
	76.14



	T3 (°C)
	411.0 ± 1.8
	408.8 ± 1.5
	409.3 ± 0.6
	406.6 ± 0.7 *
	617.1



	WL3 (%)
	48.88 ± 0.72
	49.45 ± 1.20
	45.74 ± 0.43
	47.58 ± 0.69
	12.36



	Residue (%) #
	18.82 ± 0.13
	11.43 ± 0.64 ***
	18.20 ± 0.51
	11.33 ± 0.39 ***
	6.14



	Ash (%) ##
	7.19 ± 0.51
	0.32 ± 0.05 **
	4.78 ± 0.60
	0.31 ± 0.03 **
	0.67



	Residue-Ash
	11.63 ± 0.30
	11.11 ± 0.37
	13.42 ± 0.45
	11.02 ± 0.23
	5.47







PDB—potato dextrose broth medium; WL—weight loss; FC—fungal chitin; # (700 °C/N2); ## (700 °C/Air). The asterisks represent statistically significant differences between cornmeal and PDB for T36 and Td50b: * (0.01 < α < 0.05), ** (0.001 < α <0.01), *** (α < 0.001).













 





Table 2. The effects of different experimental treatments on the yield of bitter gourd in a Bucharest greenhouse.
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Nr. crt.

	
Treatment *

	
Dose

	
No. of Applications

	
Production (kg/ha)

	
Additional Yield




	
kg/ha

	
%






	
V1

	
Control

	
-

	
-

	
12,019

	

	
100




	
V2

	
Trichoderma TCM

	
2 × 1011 ufc/ha

	
2

	
16,962

	
4943 ***

	
141.13




	
V3

	
Trichoderma TPD

	
2 × 1013 kg/ha

	
2

	
15,064

	
3045 **

	
125.33




	
V4

	
Trichoderma TCM

	
2 × 1013 ufc/ha

	
2

	
18,398

	
6379 ***

	
153.07




	

	

	

	

	

	
LD 5%—1465 kg/ha




	

	

	

	

	

	
LD 1%—2013 kg/ha




	

	

	

	

	

	
LD 0.1%—3059 kg/ha








* V1, con