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Abstract

:

The cucumber (Cucumis sativa L.) is often subjected to several fungal diseases. Rhizoctonia solani-induced cucumber damping-off and root rot are the most common diseases reported from the commercial greenhouses of the eastern area of Saudi Arabia. The objective of the current study is to explore the antagonistic activity of four Trichoderma species against R. solani in vitro and in vivo. Ten R. solani isolates (eight belonging to AG-4 and two belonging to AG-A and AG2-1) were studied. AG4 isolates were pathogenic to cucumber plants, while AG-A and AG2-1 isolates were non-pathogenic. Seven isolates of Trichoderma spp., named T. hamatum KSATR8, T. harzianum (KSATR9 and KSATR10), T. asperellum (KSATR11, KSATC, and KSAT1E), and T. longibrachiatum KSATS were isolated, and the identities of both R. solani and Trichoderma isolates were confirmed based on the phylogenetic analysis of the DNA sequence of the ITS region. The dual culture findings indicated that T. asperellum KSATC and KSAT1E exhibited the most significant inhibitory activities against R. solani, with values of 79.33 and 70.89%, respectively. Scanning electron microscope (SEM) images showed a considerable degradation in the cell wall and collapsing of R. solani hyphae by all Trichoderma species. Under greenhouse conditions, the application of T. asperellum KSATC and KSAT1E at concentrations of 2 × 108 conidia/mL revealed a reduction in root rot and damping-off incidence percentages with values that did not reveal a significant (p < 0.05) difference from those of Rizolex-T fungicide. Nevertheless, the efficacy of the fungicide attained 86.67%, being higher than that of T. asperellum KSATC, which reached 80%. Trichoderma asperellum KSATC and KSAT1E were the greatest in increasing peroxidase, catalase, and chitinase enzymes activities in cucumber plants. Conversely, a significant (p < 0.05) elevation in polyphenol oxidase enzyme (0.762 and 0.97 U/g FW) and total phenol content (0.55 and 0.62 mg/g FW) was recorded in cucumber plants treated with T. harzianum KSATR9 and KSATR10, respectively. The statistical analysis results displayed no considerable variations among cucumber plants regarding total chlorophyll content as a response to treatments with Trichoderma species and fungicides. Therefore, we endorse using T. asperellum KSATC and KSAT1E as an alternative to fungicides to manage root rot and damping-off in cucumbers.
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1. Introduction


Cucumber (Cucumis sativa L.) is amongst the most popular and economic vegetable crops used for fresh consumption [1]. Cucumber is vulnerable to various fungal diseases, including root rot and damping-off, which are among the main destructive diseases which infect cucumber worldwide [2]. Numerous fungal genera are responsible for cucumber damping-off and root rot diseases, such as Macrophomina phaseolina, Fusarium oxysporum, F. solani, Phytopathora sp., Rhizoctonia solani, and Sclerortium rolfsi [3,4,5,6,7,8]. R. solani Kühn is a root rot causal agent in many plants worldwide. Although the symptoms brought on by R. solani vary within different species, it mainly infects underground tissues. Damping-off is the most prevalent symptom of Rhizoctonia disease and is distinguished by its inhibiting infected seeds’ germination, and infected seedlings could be destroyed prior to or after emerging from the soil [9]. Rhizoctonia solani is responsible for high losses in the yield of horticultural and agricultural crops [6,7].



Depending upon the nuclei number of the hyphal cells, the basidiomycetous fungal Rhizoctonia genus is categorized as either uninucleate, binucleate, and multinucleate. Binucleate Rhizoctonia comprises 19 anastomosis groups (from AG-A to AG-U) [10], whereas multinucleate Rhizoctonia includes 13 anastomosis groups (from AG-1 to AG-13) [11] depending upon its hyphal anastomosis reactions. The multinucleate R. solani is extensively widespread, causing serious damage to over 200 plant species [12]. An increasing number of uninucleate and binucleate isolates have been recognized which also cause serious damage in various plants [13]. Rhizoctonia solani is a species complex, and is mostly classified according to its hyphal anastomosis reactions and host range. However, identification based on these interactions requires experience and may be affected by many factors, which can be time-consuming [14]. Different molecular markers were utilized to differentiate R. solani AGs [15,16,17]. However, the rDNA ITS1-5.8 S-ITS2 region sequence analysis has been verified as an increasingly effective proxy for genetic diversity and phylogenetic studies of R. solani AG and AG-subgroups [18,19].



Controlling R. solani has been erratic, challenging, and costly because of its consistent, long-living sclerotial structures in soil [20]. Several management strategies, such as cultural, chemical, and physical control techniques, have been adopted to manage root rot diseases [21,22]. Nevertheless, up until now, such approaches have been only partly successful [9]. Root rot pathogens are commonly host-specific, but some exhibit different hosts. Consequently, crop rotation cannot be entirely successful as a control method [23]. Fungicide application poses risks to human health, increases environmental pollution, and induces pathogen resistance [24]. Biological control using numerous microbes, especially fungal or bacterial strains, has been commonly utilized against airborne and soil-borne diseases in the last two decades. Since the 1920s, Trichoderma species are also well-recognized for their advantageous potential in managing many plant pathogens [25]. Besides their direct antagonistic potentialities in plant pathogens, numerous investigations have provided a robust indication that Trichoderma species, incorporated into crop production, may improve general plant growth, health, yield, and resistance to disease [21]. Trichoderma has been widely used to control the pathogenic R. solani on cucumber [26,27] and other hosts [28,29,30]. Mechanisms that have been implemented for their Trichoderma antagonistic activity have been discussed by many authors, such as mycoparasitism [31,32] and the induction of plant resistance [33,34]. Furthermore, Trichoderma can penetrate the root system without causing damage and elevate the plant’s defense ability through increasing its peroxidase and chitinase enzyme activity. Therefore, plants treated with Trichoderma are more resistant to R. solani [35]. Moreover, Trichoderma grows faster than fungal plant pathogens and can antagonize many soil-borne plant pathogens via the secreting of many compounds that are antifungal pathogens. Therefore, their application in biological control will easily induce a defense system and increase the growth rate of greenhouse plants and other agricultural crops [36,37].



Hence, the principal goal of the present research is to inspect the antagonistic activity of four indigenous species of Trichoderma against R. solani through laboratory and greenhouse trials. Additional goals of this study are to explore the genetic identity of R. solani AG accompanied with cucumber, depending upon the phylogenetic analysis of the rDNA ITS1-5.8S-ITS2 dataset; exploring the genetic identity of natively isolated Trichoderma species based on the rDNA ITS1-5.8S-ITS2 sequence data; exploring the indirect effects of Trichoderma species on the antioxidant enzymes and phenolic as well as chlorophyll content in healthy and infected cucumber plants.




2. Materials and Methods


2.1. Sampling and Isolation of R. solani and Trichoderma


Cucumber plants exhibiting root rot symptoms were collected from 17 greenhouses in Al-Ahsa, Saudi Arabia during two seasons, 2020/2021. Samples were washed with tap water, followed by surface disinfection with NaOCl (1%) solution for 2 min and washing via sterile distilled water, and were cut into small pieces. Root pieces were then air-dried, placed into Petri dishes supplemented with potato dextrose agar (PDA) and streptomycin sulphate (0.3 g L−1), and left for about 4 days incubation at 25 ± 2 °C. The incubated plates were regularly inspected daily to visualize the emerged fungal growth. The developed fungi colonies were purified utilizing the hyphal tip method [38] and preserved in the same medium (PDA) for additional work. Obtained isolates were first identified as Rhizoctonia by relying upon mycelial features following Sneh et al. [12]. Trichoderma fungi were recovered via their isolation from soil and root samples collected from different Saudi Arabian geographical areas, i.e., Al Karj, Wadi Aldawaser, and the Research Station of King Faisal University. The isolates were kept in the dark on a PDA medium at 25 °C and were initially characterized based on their colony and conidia morphology using the taxonomic criteria of Barnett and Hunter [39]. The Trichoderma species and R. solani isolates have been permanently placed in the Pests and Plant Diseases Unit (PPDU) culture collection at the College of Agricultural and Food Sciences, King Faisal University, Al-Ahsa, Saudi Arabia.




2.2. Molecular Characterization of R. solani and Trichoderma Species


Extraction of total DNA from R. solani and Trichoderma isolates was performed following the Dellaporta protocol for genomic DNA isolation [40]. PCR sequencing and amplification of the rRNA’s internal transcribed spacer region (ITS), involving the 3’ end of 18S (small subunit), the complete 5.8S rRNA gene, the first internal transcribed spacer (ITS1), and the second internal transcribed spacer (ITS2) region, were done with primer pairs ITS4 and ITS5 [41]. The PCR reaction was accomplished in 25 µL reaction volume, containing 10 µL PCR Master Mix (amaR OnePCR, GeneDirex, Inc.), 11 µL of ddH2O, 1.5 µL of each primer, and 1 µL of template DNA. PCR amplification was done in a 2720 Thermal Cycler (Applied Biosystems, Foster City, California) with cycling conditions consisting of 95 °C for 15 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 1 min, extension at 72 °C for 1 min, and a final extension for 5 min at 72 °C [42]. The obtained PCR products were cleaned and sequenced in two directions via the Macrogene Inc. Sequencing Service (Seoul, Korea). MEGA 11 was used to edit and curate the sequences as required [43]. The sequence’s homology was analyzed with BLAST® against the NCBI sequence database (National Center for Biotechnology Information, GenBank) (www.ncbi.nlm.nih.gov/genbank accessed on 20 December 2022.). The possible phylogenetic relations among AGs of R. solani and Trichoderma species were determined via the maximum-likelihood (ML) technique for the ITS sequence data using MEGA 11 [43]. The entire deleting was adjusted as gap/missing data treatment, and the initial ML tree was automatically adjusted. The obtained ML trees were assessed by bootstrap analysis utilizing 1000 replications. The acquired trees were established utilizing MEGA.




2.3. Pathogenicity Test


2.3.1. Preparing of Inoculum


The R. solani inoculum was equipped in well-sterilized 500-mL glass flasks. Each one contained a sorghum grain and sand (2:1 v/v) mixture. The constituents had been admixed thoroughly and moistened via tap water. Afterwards, the mixture was placed in the flasks and autoclaved at 121 °C for 30 min. A 5 mm mycelial plug of 5 day-old R. solani culture was inoculated in each flask and incubated for 15 days at 25 ± 2 °C [44].




2.3.2. Preparation of Soil and Pots


A sand and peat moss (1:2 w/w) soil mixture was formulated, treated via a 5% formalin solution for sterilization, and enclosed via a polyethylene sheet. The sheet was released after two weeks, and the mixture was aerated for 10 days to ensure formalin evaporation. Then, 30 cm diameter plastic pots were immersed for 15 min in 5% formalin solution for sterilization and then dried in air for an entire day. The sterilized soil mixture was placed in these pots, with the pots each containing 3 kg.




2.3.3. Inoculation Procedure


The plastic pots were inoculated with 10 g of sorghum colonized with R. solani /kg soil and irrigated for 4 days prior to planting [45]. The autoclaved sorghum–sand mixture inoculated within the control pots was not supplemented with R. solani. Three replicates (five pots per replicate) were utilized in each isolate and control. The pots were retained in an air-conditioned greenhouse under controlled circumstances at 25 ± 2 °C temperature and 60–75% relative humidity. Cucumber seeds cv. Diala (Nickerson-Zwaan, Netherlands) were submerged in 1% sodium hypochlorite solution for 2 min for surface sterilization, followed by washing with sterile water. Seeds were planted within the pots (5 seeds/pot) and sown in non-infested soil to act as a control. The pots were allocated in the greenhouse randomly, where they were irrigated and fertilized when required. The experiment was carried out two times in an entirely random block design.




2.3.4. Disease Assessment


Disease assessment was done according to Hassan et al. [44], as follows:




	(a)

	
Pre-emergence damping-off percentage was estimated after 15 days:



Pre-emergence (%) = Number of non-germinated seeds/Number of sown seeds × 100




	(b)

	
Post-emergence damping-off percentage was estimated after 30 days:



Post-emergence (%) = Number of dead seedlings/Number of survival plants × 100




	(c)

	
Survival seedlings (%) = Number of survived plants/ Number of sown seeds × 100




	(d)

	
Disease incidence (DI) percentage was estimated after 45 days of seeding:



DI (%) = Number of infected plants/ Total number of examined plants × 100.











2.4. Evaluation of Trichoderma Species against R. solani In Vitro


The dual culture procedure [28,45] was adopted to evaluate the antagonistic impacts of T. asperellum, T. harzianum, T. hamatum, and T. longibrachiatum against R. solani on PDA medium under laboratory conditions. In this experiment, a 5 mm mycelial plug was taken from fresh R. solani culture (5-days old) and placed at a 2 cm distance from the edges of the 90-mm Petri dishes. Then, 5 mm of the fresh mycelial plug of Trichoderma was placed on the opposite side of the plate. This was followed by incubating the inoculated plates for 5 days at 25 ± 2 °C. This experiment was performed with three replicates (five plates per each) for each treatment, as well as for the control. When the R. solani mycelial growing reached the petri dish edge, the diameters of the developed R. solani colonies were measured and assessed using the suggested formula according to Hassan et al. [44]:




	
I = [(C − T)/C] × 100;



	
I = inhibition of radial mycelia growth;



	
C = the pathogen radial growth measurement in control;



	
T = the pathogen radial growth in the existence of Trichoderma isolates.









2.5. Scanning Electron Microscopy (SEM) Examination


Morphological variations in R. solani hyphae due to treatment with T. harzianum, T. hamatum, T. asperellum, and T. longibrachiatum were observed using SEM [46]. Three mycelial discs approximately 5 mm from the interaction region were placed for 3 h at 28 °C in 20 g glutaradehyde L−1 buffered with 0.1 M cacodylate buffer (pH 7.4), 10 g sucrose L−1, and 1 mM CaCl. Specimens were rinsed with the same buffer and post-fixed in this buffer for 2 h with 10 g osmium tetroxide L−1 at 28 °C. A graded ethanol series was used to acquire sample dehydration. Entirely dehydrated samples were transferred from pure ethanol through an ethanol and propylene oxide (1:1) mixture into pure propylene oxide. Discs were then attached onto stubs utilizing double-phase sticky tape and subjected to gold-palladium coating. SEM images were attained through JEOL GM 5200, Japan.




2.6. Effect of Trichoderma Species on Root Rot and Damping off Diseases under Greenhouse Conditions


Spore suspensions of the tested T. harzianum, T. hamatum, T. asperellum, and T. longibrachiatum isolates were prepared via culturing 5 mm mycelial discs from 4-days old culture on 250 mL potato dextrose broth (PDB) medium and incubation for 10 days at 25 ± 2 °C. Using a haemocytometer, spore suspensions were accustomed to 2 × 108 spores /mL [47]. Preparation of soil mixture, inoculum, and inoculation was done as described in the pathogenicity trial. The pre-inoculated pots with R. solani were treated by soil drench with 100 mL fungal spore suspension (2 × 108 spore/mL) [48]. The fungicide Rizolex-T 50% WP (Sumitomo Chemical Co., Tokyo, Japan) was applied at the endorsed dosage (2 g L−1). Cucumber seeds cv. Diala (Nickerson-Zwaan, the Netherlands) were then planted in the pots (5 seeds/pot). The experiment was repeated two times and established in three replicates (five pots per replicate) for each treatment as well as for the control. The pots were randomly distributed in an air-conditioned greenhouse at 25 ± 2 °C and 60–75% relative humidity. Irrigation and fertilization were done when needed. Based on the abovementioned equations, the pre- and post-emergence damping-off and DI proportions were assessed after 15, 30, and 45 days, respectively. The efficacy of each treatment compared to the control was assessed based on the equation proposed by Ismail [49]: Efficacy (%) = Control − Treatment/Control × 100.




2.7. Assessment of Defense-Related Enzymes


The defense-related enzymes in cucumber plants were assessed after 30 days of sowing by blending 1 g leaves in 100 mL phosphate buffer solution (7.1 pH) and filtrated through five layers of cheesecloth. The filtrate was then placed in a centrifuge which was operated at 3000× g for 15 min. Clear supernatants were utilized as crude enzymes to determine the enzyme’s activity. Measurements were taken for each enzyme at a specified wavelength every 10 s for 1 min using APEL Co., Ltd. Japan PD-303. Spectrophotometer. measurements were taken in triplicate, and the mean for the three measurements was expressed as the change in absorbance per min. per gram fresh weight (g FW) [50].



2.7.1. Polyphenol-Oxidase Activity


The polyphenol-oxidase (PPO) enzyme activity was estimated following Matta and Dimond [51]. The mixture used for the reaction comprised 0.1 mL enzyme extract + 1 mL sodium phosphate buffer solution (0.1 M at pH 7.0) + 1 mL catechol (0.03 M), and was completed with distilled water to be 6.0 mL and incubated at 30 °C for 3 min. The PPO activity was measured as a change in the absorbance at 495 nm.




2.7.2. Peroxidase Activity


The peroxidase (PO) activity was appraised following the technique described by Allam and Hollis [52]. The mixture used for the reaction comprised 0.3 mL enzyme extract + 0.5 mL phosphate buffer (0.1 M at pH 7.0) + 0.3 mL pyrogallol (0.1 M) + 1 mL 0.1% H2O2. The distilled water was added until the mixture was completed up to 3.0 mL. The change in the absorbance at 422 nm denotes the PO activity.




2.7.3. Catalase Activity


The catalase (CAT) enzyme was appraised utilizing the technique described by Aebi [53]. First, 0.1 mL crude extract was admixed with 0.5 mL sodium phosphate buffer (0.2 M at pH 7.6) and 0.3 mL 0.5% H2O2 in the sample cuvette. Afterwards, distilled water was added until the mixture reached an ultimate volume of 3.0 mL. The H2O2 breakdown was then carried out with the absorbance estimation at 240 nm.




2.7.4. Chitinase Activity


Chitinase (CHT) activity assessment was achieved following Wirth and Wolf [54] and utilizing chitin as a substrate. In this method, 1 mL of 1% (w/v) colloidal chitin was added to sodium phosphate buffer (0.05 M at pH 6.6), and 1 mL of enzyme extract was then mixed by shaking for 1 hour at 500 rpm and 37 °C. The tubes were incubated for an hour at 37 °C. The reaction was stopped in boiling water, then the mixture cooled and centrifuged for 5 min at 10,000× g. The supernatant was collected to appraise CHT activity as the change in the absorbance at 540 nm.





2.8. Estimation of Total Phenol Content


Total phenolic compounds (TPC) were calorimetrically estimated after 30 days of sowing using the phosphotungstic-phosphomolybdic acid reagent Folin-Cioalteu as described by Snell and Snell [55]. The optical density was calorimetrically measured at wavelength 520 nm. The measurements have been presented as mg of gallic acid per gram of fresh weight (mg/g FW) [49].




2.9. Estimation of Total Chlorophyll Content


The total chlorophyll contents (TCC) of Chl. a and Chl. b were measured in cucumber leaves after 30 days of sowing utilizing the technique described by Nagata and Yamashita [56] at wavelengths of 645 and 663 nm, respectively. The total chlorophyll content (TCC) was expressed in mg/g F.W and determined using the equation of Arnon [57]:




	
Chl. a = 12.72A663 − 2.59A645



	
Chl. b = 22.9A663 − 4.67A645



	
Chl. t = 20.31A645 + 8.05A663









2.10. Statistical Analysis


All attained data were analyzed utilizing analysis of variance (ANOVA) among treatments following Snedecor and Cochran [58]. Means were compared via least significant differences (LSD) utilizing SPSS software v. 8.0. (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. R. solani Isolation and Molecular Characterization


Ten R. solani isolates were recovered from cucumber plants with infected roots (Figure 1a,b) which were collected from various commercial greenhouses in the eastern area of Saudi Arabia between September and April 2021. Ten isolates of R. solani were recovered from the roots of cucumber plants with a frequency which reached 95–100%. Microscopic examination revealed that nine isolates were multinucleate while one isolate was bi-nucleate. Eight isolates belonged to the AG-4 anastomosis group, while one isolate was AG2-1. The only binucleate isolate was AG-A (Figure 1c–g). Blast analysis of the obtained sequences against known sequences of R. solani AGs from NCBI GenBank confirmed that eight R. solani isolates belonged to the multinucleated AG-4 group, which showed 99.07% similarity to R. solani (Accession No. OQ357845) (Figure 1d). Further, the isolate PPDURS10 (Figure 1e) showed 99.8% homology with R. solani (AG2-1) (Accession No. MF474260), and PPDURS9 was a binucleated cell (Figure 1c) and showed 100% homology with R. solani (AG-A) (Accession No. OQ410437). The ML tree derived from the ITS sequences revealed a distinct differentiation between anastomosis groups of R. solani (Figure 2). The isolates attained in the current study and those retrieved from GenBank (Table S1) were categorized into three major groups with strong bootstrap values (99–100%). Based on the ML analysis (Figure 2), eight R. solani isolates (Figure 1d,f) belonged to the multinucleated AG-4 group. In contrast, the isolates PPDURS9 (Figure 1c,g) and PPDURS10 (Figure 1e,g) of R. solani belonged to the binucleated AG-A and AG2-1 groups, respectively. Only two representative R. solani (AG-4) isolates (PPDURS1 and PPDURS4) and the PPDURS10 and PPDURS9 isolates were deposited in the NCBI database (Table 1 and Table S1).




3.2. Trichoderma Species Isolation and Molecular Characterization


Seven Trichoderma isolates, representing four species, were recovered from soil rhizospheres and the roots of cucumber plants (Table S1). The blast search results showed that one isolate, KSATR8, was 100% similar to T. hamatum (Accession No. KY951914). In contrast, the two isolates KSATR9 and KSATR10 showed 100% similarity with T. harzianum (Accession No. MT529404). Three isolates, KSATR11, KSATRTC, and KSA1E, showed 100% similarity with T. asperellum (Accession No. MK928418). The isolate KSATS exhibited 100% homology with T. longibrachitum (Accession No. MT520646). Trichoderma isolates were deposited in the NCBI database under accession numbers OQ423222 (T. hamatum), OQ423223, and OQ423224 for T. harzianum KSATR9 and KSATR10, respectively. The evolutionary history specified from the ML technique revealed that the Trichoderma isolates were accommodated in four discrete clades (Figure 3). The three isolates KSATR11, KSATC, and KSA1E resided in three subclades within T. asperellum in a clade which was moderately maintained with a bootstrap (BS) value of 80%. The single isolate KSATR8 grouped with reference sequences of T. hamatum in a highly supported clade with BS values reaching 99%, whereas the isolate KSATS sub-clustered with T. longibrachitum in a clade which was strongly maintained by BS of 100%. In contrast, the isolates KSATR9 and KSATR10 grouped with T. harzianum in a clade which was strongly maintained by BS 100%. The Trichoderma isolates obtained in the present investigation were deposited in the NCBI database (Table S1).




3.3. Pathogenicity Test


The recovered R. solani isolates were tested for their pathogenic potentiality on cucumbers under greenhouse conditions (Table 1). In this respect, R. solani PPDURS10 of the AG2-1 group was non-pathogenic and did not induce pre- nor post-emergence root rot or damping-off of cucumber seedlings. R. solani PPDURS9 exhibited non-significant pre- and post-damping-off values relative to healthy control and PPDURS10, suggesting that this isolate is non-pathogenic to cucumber plants. Nevertheless, all isolates of AG-4 were pathogenic to cucumber with significant variations (Table 1). All AG-4 isolates caused different degrees of pre-damping-off, post-root rot, and post-damping-off symptoms. Nevertheless, the isolates PPDURS1 and PPDURS2 of the AG-4 group were the most severe among those tested, and significantly decreased the survival of cucumber seedlings either pre- or post-emergence. Therefore, the isolate PPDURS2 was selected for additional experiments due to its aggressiveness on cucumber seedlings, which caused 76.67% pre- and 23.33% post-damping-off for all sown seeds, with no surviving seedlings. There was no DI recorded for this isolate because no seedlings survived.




3.4. Antagonistic Activity of Trichoderma Species on the R. solani Mycelial Growth


The in vitro findings of the dual culture procedure specified that the tested Trichoderma species considerably repressed the R. solani mycelial growth (Figure 4a,b). In this respect, the highest inhibitory spectrum was T. asperellum KSATC and T. asperellum KSA1E, which revealed the highest inhibition percentages of 79.33% and 70.89%, respectively. In contrast, T. asperellum KSATR11 exhibited the lowest inhibitory effect against R. solani (Figure 4a,b).




3.5. Scanning Electron Microscopy (SEM) Examination


A scanning electron microscope observed mycelial discs in the interaction regions between R. solani and Trichoderma species (Figure 5). The diameter of R. solani hyphae (Figure 5a,b) is larger than the hyphae of Trichoderma species; thus, they are easily distinguishable. Following the interaction, different patterns of mycoparasitism were observed, such as overgrowth, degradation in the cell wall, and the collapsing (arrows) of R. solani hyphae by T. harzianum KSATR10, T. hamatum KSATR8, and T. longibrachiatum KSATS (Figure 5c–e). In comparison, T. asperellum KSATC formed coiled hyphae and wrapping (arrows) around R. solani and revealed a possible digestion of the penetrated mycelium and hyphal lysis (Figure 5e).




3.6. Effect of Trichoderma Species on Damping-Off and Root Rot Disease under Greenhouse Conditions


The results outlined in Table 2 exhibit that the examined Trichoderma species demonstrated a significant (p < 0.05) decrease in pre- and post-root rot and damping-off relative to control and untreated plants. In this respect, the highest significant decrease in total percentages of pre- (10%) and post-damping-off (13.33%) were recorded for T. asperellum KSATC, with efficacy reaching 80%. It is clear from the obtained data that no significant (p < 0.05) differences occurred between T. asperellum KSATC and fungicide treatment regarding pre- and post-damping-off as well as DI values. In addition, the treatments with T. asperellum KSATC showed a survival percentage of up to 76.67%, with a low incidence of root rot disease that reached 4.76%. However, the efficacy of the fungicide treatment was recorded as 86.67%, which is higher than for the treatment with T. asperellum KSATC, which touched 80%. Furthermore, a comparable trend of results was detected with the treatment of T. asperellum KSAT1E, which exhibited non-significant (p < 0.05) values of pre- (13.33%) and post-damping-off (23.33%) when compared to Rizolex-T fungicide treatment. In the infected control, R. solani caused pre-damping-off for 86.66% of sown seeds and post-damping-off of 13.33% of the remaining germinated seeds. This explains why the post-damping-off value of the infected control is lower than any treatments except Rizolex-T 50% and healthy control.




3.7. Assessment of Defense-Related Enzymes


The results demonstrated in Figure 6 indicate that the activities of the PO, PPO, CAT, and CHT enzymes were significantly (p < 0.05) improved in cucumber plants after treatment with Trichoderma species compared to either healthy or infected as well as fungicide-treated plants. Among the tested Trichoderma species, T. asperellum KSATC and T. asperellum KSAT1E exhibited a significant (p < 0.05) increment in the activity of PO (Figure 6a), CAT (Figure 6c), and CHT (Figure 6d) in cucumber plants, followed by T. harzianum KSATR10. Cucumber plants treated with T. asperellum KSATR11 showed the lowest PO, CAT, and CHT activity in comparison with other Trichoderma treatments, but were still significantly higher than either healthy or infected as well as fungicide-treated plants (Figure 6a,c,d). Meanwhile, T. harzianum KSATR10-treated cucumber plants revealed the greatest elevation in PPO activity, followed by those treated with T. harzianum KSATR9, T. asperellum KSATC, and T. asperellum KSAT1E (Figure 6b).




3.8. Estimation of TPC and TCC


The obtained data in Figure 7a revealed that cucumber plants exhibited significant (p < 0.05) variances within the TPC compounds in response to treatment with Trichoderma species. The greatest increase in TPC was recognized in cucumber plants treated with T. harzianum KSATR10, followed by those treated with T. harzianum KSATR9 and T. asperellum KSATC (Figure 7a). Inversely, the statistical analysis showed no great variations among cucumber plants in terms of TCC in response to treatments with Trichoderma species (Figure 7b).





4. Discussion


Root rot diseases are a global problem in the production of agricultural crops. Rhizoctonia solani is a significant root rot pathogen which is capable of causing severe damage to cucumber [26,27,28,34]. In the current investigation, 10 R. solani isolates were recovered from cucumber root rot samples. Most isolates were multinucleate and belonged to AG4, while one isolate belonged to AG2-1, and the only detected binucleated isolate was AG-A [59,60]; their identities were confirmed based on their phylogenetic relationship inferred by MEGA 11 software. Most (80%) isolates belonged to the multinucleate AG-4 group. According to the literature, AG-4 R. solani frequently causes root rot on cucumber [44,61,62,63]. Other investigators have reported similar results on cucumber. For example, R. solani AG-4 was frequently (61.9%) isolated from the surveyed cucumber greenhouses [62]. Moreover, R. solani AG-4 is the increasingly predominant (97.9%) anastomosis group isolated from cucumber plants [59]. The results of the current work revealed two isolates belonging to the binucleate AG-A and AG2-1 groups, these being less frequently isolated anastomosis groups. As support for our finding, other studies have reported the association of AG-A with cucumber with a very low frequency of 1.9% [62].



The tested R. solani AG-4 isolates exhibited variability in causing pre- and post-damping-off and root rot in comparison with the control treatments. This variability in virulence can be attributed to the variances in the growth speed and their parasitic nature [64]. The pathogenicity test findings revealed that the variances in the virulence of multinucleate and binucleate R. solani isolates were statistically significant (p < 0.05). Our findings are congruent with those previously reported [60,62], in which the binucleate Rhizoctonia AG2-1 was weakly or not pathogenic to cucumber and tomato. In this regard, Yıldırım and Erper [62] discovered, through a pathogenicity trial, that the binucleate Rhizoctonia AG2-1 was moderately virulent on cucumber. Furthermore, Eken and Tuncer [60] demonstrated that the binucleate Rhizoctonia isolates of AG-A and AG-K were weakly aggressive on tomato.



The current investigation explored the antagonistic activity of four Trichoderma species against damping–off and root rot disease in cucumber, attempting to find an effective and secure technique for controlling such diseases. The Trichoderma isolates exhibit an increasingly variable antagonistic ability [65]. This was clear in this study, in which T. asperellum KSATC and T. asperellum KSA1E revealed the highest inhibition percentage, 79.33% and 70.89%, respectively, against R. solani when compared to other tested species. In a related study, T. asperellum T-5A revealed a great inhibitory activity against R. solani under laboratory and greenhouse conditions [66]. Moreover, the antagonistic activity of T. asperellum TA1 revealed the highest (84.44%) inhibitory effect against R. solani, the principal cause for cucumber root rot and damping-off, relative to other species [67]. Furthermore, it was confirmed that T. aggressivum f. europaeum had great antagonistic activity against R. solani and different phytopathogens, greater than 80% [28]. Trichoderma longibrachiatum caused 82% and 75% in vitro mycelial growth inhibition of R. solani and B. cinerea, respectively [68]. Generally, the outcomes from the comparison differ among Trichoderma species and isolates against different phytopathogens [28]. This coincides with our study case, in which the strain of T. asperellum KSATR11 displayed the lowest activity against R. solani in laboratory and greenhouse trials. Additionally, these findings are also influenced by the temperature, growth medium, and other parameters.



The greenhouse trials also revealed promising results, in which T. asperellum KSATC and T. asperellum KSA1E were the greatest treatments for reducing root rot and damping-off in cucumber. The efficacy of fungicide treatment is still the highest, but the values of pre- and post-damping-off and DI are statistically insignificant (p < 0.05) compared to those of T. asperellum KSATC. In vivo trials against R. solani and other soil-borne pathogens have reported comparable results to those described in this study. For example, Rini and Sulochana [29] found that applying T. harzianum or T. pseudokoningii resulted in a 25% reduction in Rhizoctonia root rot of chili. Correspondingly, the T. asperellum strain (T-34) decreased the R. solani disease incidence when maintained at 103 conidia ml−1 [69]. Also, the findings of Huang et al. [70] point out that the T. harzianum strain SQR-T37 was an effective antagonist against R. solani in a mycoparasitic manner and reduced damping-off disease in cucumber seedlings. Thus, our findings are of great interest for considering T. asperellum KSATC as a secure and effective alternate for fungicides in managing such diseases.



The obtained SEM images revealed the dense coiling and penetration of T. asperellum KSATC inside the R. solani hyphae, causing digestion and lysis of its cell wall. Inbar et al. [71] reported similar observations for the T. harzianum and Sclerotinia sclerotiorum interaction using a light microscope. Using a SEM, it was demonstrated that T. harzianum Th-9 overgrew and coiled around R. solani, causing hyphal damage. Consistently, using the same method [72], T. longibrachiatum caused lysis and overgrowth of R. solani and F. oxysporum f.sp. capsici in a dual cultures trial [67].



Mechanisms through which Trichoderma maintains resistance to plant pathogens have been clarified by numerous researchers [31,32,68,73]. Trichoderma can combat phytopathogenic fungi by mycoparasitism, which implicates growth suppression or destroying the pathogen and its structures at the same site [32]. Other mechanisms were reported, involving the triggering of defense-related genes within T. harzianum and T. asperellum-treated plants [30], producing volatile and nonvolatile enzymes and antibiotics [74,75], or inducing molecular and biochemical variations within the plants [33]. In our study, increased concentrations of defense-related enzymes PPO, PO, CAT, and CHT were considerably observed in plants treated with Trichoderma relative to the untreated and fungicide-treated plants under infection with R. solani. Similar to our findings, Hassan et al. [67] stated that T. asperellum and other bacterial bio-agents conferred resistance to cucumber plants against R. solani via elevating the PO, PPO, and CAT enzymes. Furthermore, Konappa et al. [76] specified that T. asperellum treatment conferred protection against R. solanacearum through initiating defense-related enzymes PPO, PO, and PAL-1,3-glucanase. This finding could support our results that the reduction in root rot and damping-off due to T. asperellum KSATC and T. asperellum KSAT1E were correlated with increased defense-related enzymes, thereby conferring resistance to cucumber plants. Moreover, the indirect effects of Trichoderma in controlling diseases through inducing plant-systemic resistance have been previously detailed in many studies [33,77]. The indirect effects include the induction of systemic plant resistance through products (elicitors) released from the cell walls of the plant host, improving plant growth, enhancing stress tolerance, and improving the uptake of nutrients.



In the present study, treatment with Trichoderma revealed an increased accumulation of TPC in cucumber plants due to R. solani infection. The highest elevation in TPC and PPO enzyme was attributed to the treatment with T. harzianum KSATR10 and KSATR9. The role of polyphenol oxidase activity in resistance to plant disease likely originates from its capability to oxidize phenolic compounds to quinines, which often reveal higher toxicity toward microorganisms relative to the original phenols [78]. This could explain our results that increases in TPC by T. harzianum KSATR10 and KSATR9 are associated with increased PPO enzyme. Also, the accumulation of phenolic compounds in Trichoderma-treated plants has been correlated with oxidative biochemical defense against pathogenic fungi [77,79]. Additionally, phenolic compounds can serve as electron and hydrogen donors, preventing root tissue from oxidative damage throughout pathogen attacks [80]. Therefore, we suggest that the accumulation of TPC may significantly contribute to cucumber protection against R. solani, as previously documented [81]. Additionally, all Trichoderma-treated plants, especially those treated with T. harzianum KSATR10 and KSATR9, experienced an elevated TCC level relative to healthy and infected control plants. These results coincide with previous studies on T. harzianum application on maize plants. When applied directly to the seeds or the soil, the fungus induced increased levels of chlorophyll and growth parameters [82].



Trichoderma species also have a diverse set of effectors and elicitors which are recognized by plant receptors to activate signaling and gene regulation, which serves as the foundation for Trichoderma spp. to develop R. solani defense responses [83]. For example, Doni et al. [84] stated that the inoculation of rice seedlings with T. asperellum coincides with the upregulation of some genes in rice that were recognized to be included for photosynthesis and chlorophyll biosynthesizing. Moreover, a recent study [79] indicated that 15 days after inoculation, promising increases in the relative expression levels of three defense-related genes (PAL, CHS, and HQT) were observed in all T. pubescens-treated tomato plants. Very recent findings also demonstrated that seeds bioprimed with T. asperellum, T. harzianum, and their combination induced the strengthening of the cell wall by the lignification and expression of six defense-related genes: CaPDF1.2, SOD, APx, GPx, PR-2, and PR-5 in pepper against anthracnose diseases caused by Colletotrichum truncatum [79].




5. Conclusions


Our study documented the association of three AGs of R. solani with the root rot of cucumber. It is interesting to note that, through pathogenicity tests, the non-pathogenic AG2-1 did not induce pre- or post-damping-off nor root rot in cucumber. Surprisingly, these non-pathogenic groups improved the growth of cucumber plants. In the current study, the treatment with T. asperellum KSATC and KSAT1E revealed a reduction in root rot and damping-off incidence percentages with values not significantly (p < 0.05) different from Rizolex-T fungicide. They also showed a marked increase in the concentrations of three defense-related enzymes (PO, CAT, and CHT) in treated cucumber plants. PPO enzyme and TPC significantly (p < 0.05) increased in cucumber plants treated with T. harzianum KSATR9 and KSATR10. The output of this study can be considered a step toward developing eco-friendly control measures using a combination between T. asperellum (KSATC and KSAT1E) and T. harzianum (KSATR9 and KSATR10) to control R. solani, enhance cucumber growth, and induce systemic resistance. Following this pilot study, future research can be focused on studying the combinatory effects of both T. asperellum and T. harzianum for the commercial production of bio-fertilizers using indigenous resources to promote sustainable agriculture in Saudi Arabia.
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Figure 1. Root rot symptoms (arrow) observed on cucumber plants in a commercial greenhouse (a,b), cultures of R. solani (AG-A) (c), AG-4 (d), AG2-1 (e), multinucleate (arrow) (f) and binucleate (arrows), and (g) hyphae of R. solani. 
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Figure 2. Maximum likelihood (ML) tree of 13 R. solani isolates obtained from the heuristic search by applying the Maximum Parsimony technique through MEGA 11. The accession numbers in the tree are followed by the name of the host and the origin of R. solani isolates. The numbers above branches are the bootstrap values of 1000 replications. The tree was rooted with the outgroup taxa R. solani 16-108 (AG-3) (GenBank Accession No. KX129969). The isolates obtained in this study are emphasized with a black background. 
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Figure 3. Maximum likelihood (ML) tree of 15 isolates of Trichoderma species obtained from the heuristic search by applying the Maximum Parsimony method using MEGA 11. The numbers above branches are the bootstrap values of 1000 replications. The tree was rooted with the outgroup taxa T. atroviride VI03932 (GenBank Accession No. AM498487). The isolates obtained in this study are emphasized with black background. 






Figure 3. Maximum likelihood (ML) tree of 15 isolates of Trichoderma species obtained from the heuristic search by applying the Maximum Parsimony method using MEGA 11. The numbers above branches are the bootstrap values of 1000 replications. The tree was rooted with the outgroup taxa T. atroviride VI03932 (GenBank Accession No. AM498487). The isolates obtained in this study are emphasized with black background.



[image: Sustainability 15 07250 g003]







[image: Sustainability 15 07250 g004 550] 





Figure 4. R. solani inhibition rate in dual culture with Trichoderma (a). In vitro antagonistic activity of four species of Trichoderma against R. solani mycelial growth (PPDURS2) (b). Expressed values represent the mean of three replicates (five plates per each) ± stanard deviation. Bars designated by different letters significantly differ (p < 0.05) depending upon the least significant difference (LSD) test. 
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Figure 5. SEM images demonstrating the parasitic process of the tested Trichoderma species. Untreated R. solani cultures in control (a,b), dual culture interaction showing mycoparasitism process of T. harzianum KSATR10 (c), T. hamatum KSATR8 (d), T. longibrachiatum KSATS (e) causing turgidity, shrinkage, and degradation (arrows) of the hyphal cell wall of R. solani. Mycoparasitism process showing coiling of T. asperellum KSATC (arrows) over the hyphae of R. solani (f). 
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Figure 6. Enzymatic activity levels of PO (a), PPO (b), CAT (c), and CHT (d) estimated in diseased and healthy cucumber plants in response to treatments with Trichoderma species and Rizolex-T fungicide compared to control. The expressed values (U/g FW) are the mean of three replicates ± standard deviation. Bars with various letters significantly (p < 0.05) differ depending upon the least significant difference (LSD) test. 
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Figure 7. Levels of TPC (a) and TCC (b) in diseased and healthy cucumber plants in response to treatments with Trichoderma species and Rizolex-T fungicide compared to control. Values are presented as the mean of three replicates ± standard deviation. Bars with various letters significantly (p < 0.05) differ depending upon the least significant difference (LSD) test. 
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Table 1. Results of pathogenicity assessment of R. solani isolates on cucumber plants under greenhouse conditions.
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Isolates

	
AGs

	
Pre-Damping off %

	
Post-Damping off %

	
Survival %

	
DI %






	
PPDURS1

	
AG-4

	
80.00 a *

	
16.67 cd

	
3.33 ef

	
33.33 bcd




	
PPDURS2

	
76.67 ab

	
23.33 bcd

	
0.00 f

	
0.00 d




	
PPDURS3

	
66.67 ab

	
23.33 bcd

	
10.00 def

	
66.67 abc




	
PPDURS4

	
70.00 ab

	
16.67 cd

	
13.33 cde

	
16.67 cd




	
PPDURS5

	
63.33 bc

	
13.33 de

	
23.33 c

	
61.11 abc




	
PPDURS6

	
50.00 c

	
30.00 b

	
20.00 cd

	
100.00 a




	
PPDURS7

	
33.33 d

	
26.67 bc

	
40.00 b

	
70.00 ab




	
PPDURS8

	
26.67 d

	
50.00 a

	
23.33 c

	
100.00 a




	
PPDURS9

	
AG-A

	
3.33 e

	
3.33 ef

	
93.34 a

	
0.00 d




	
PPDU RS10

	
AG-2-1

	
0.00 e

	
0.00 f

	
100.00 a

	
0.00 d




	
Healthy control

	
0.00 e

	
0.00 f

	
100.00 a

	
0.00 d




	
L.S.D ≥ 5

	
14.97

	
11.176

	
11.749

	
52.79








Values in the table are the mean of three replicates (five pots per replicate) for each treatment as well as the control. * The values in each column with different letters are significantly (p < 0.05) different according to the least significant difference (LSD) test.
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Table 2. Trichoderma species antagonistic activity against R. solani-induced damping-off and root rot under greenhouse conditions.






Table 2. Trichoderma species antagonistic activity against R. solani-induced damping-off and root rot under greenhouse conditions.





	Treatments
	Pre Damping off %
	Post Damping off %
	Efficacy %
	Survival %
	DI %





	T. hamatum KSATR8
	40 b *
	26.67 ab
	33.33
	33.33 e
	22.22 abc



	T. harzianum KSATR9
	36.67 b
	30.00 ab
	33.33
	33.33 e
	30.55 ab



	T. harzianum KSATR10
	16.67 c
	26.67 ab
	56.67
	56.67 d
	17.78 bc



	T. asperellum KSATR11
	50.00 b
	40.00 a
	10
	13.33 g
	16.67 bc



	T. asperellum KSATC
	10.00 cd
	13.33 bcd
	80
	76.67 c
	4.76 c



	T. asperellum KSAT1E
	13.33 cd
	23.33 abc
	63.34
	63.34 d
	9.52 bc



	T. longibrachiatum KSATS
	36.67 a
	40.00 a
	23.33
	23.33 f
	44.44 a



	Rizolex-T 50%
	6.67 cd
	6.67 cd
	86.67
	86.67 b
	3.70 c



	Infected control
	86.667 a
	13.33 bcd
	0
	0.00 f
	0.00 c



	Healthy control
	0 d
	0.00 d
	0
	100.00 a
	0.00 c



	L.S.D ≥ 5
	13.97
	18.36
	-
	9.95
	24.25







Values in the table are the mean of three replicates (five pots per replicate) for each treatment as well as the control. * The values in each column with different letters are significantly (p < 0.05) different according to the least significant difference (LSD) test.
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