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Abstract

:

Soil salinity is one of the major obstacles that is limiting the growth and yield of groundnut. This study aims to investigate the effect of growth-promoting fungi, Trichoderma, on groundnut plants that were cultivated in saline conditions. Five different Trichoderma isolates were grown in four different NaCl concentrations. Selected Trichoderma were then applied to the groundnut seeds and their growth and development were monitored during the study. Growth inhibition, volatile organic compounds, chlorophylls, carotenoids, total phenolics and flavonoids, and minerals were assessed between the Trichoderma treatments. Increasing the salt concentration from 0.25–0.75 M decreased the growth of the Trichoderma isolates. The amounts and profiles of the volatile organic compounds from the T. asperellum isolate were significantly different to those in the T. virens isolate. In the vegetative growth stage, increased chlorophyll content was recorded in both the T. asperellum and T. virens-treated groundnut. The leaves that were obtained from the groundnut that was treated with T. virens T.v4 contained significantly higher indole-3-acetic acid (420 µg IAA/g) than the same plants’ roots (113.3 µg IAA/g). Compared to the control groundnut, the T. asperellum T.a8-treated groundnut showed increased phenolics (31%) and flavonoids (43%) and increased shoots and biomass weight at the generative growth stage. This study demonstrates that Trichoderma, with their plant growth promotion ability, could potentially be used to improve the growth of groundnut growing under salinity stress. Importantly, salt-tolerant Trichoderma could be regarded as a beneficial and sustainable way to improve the survival of salt-sensitive crops.
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1. Introduction


Soil salinity is a limiting factor for plant growth and yield [1]. Salinity is emerging as a critical abiotic stressor. Approximately 20% of all global agricultural land is subject to salinity, this percentage is expected to increase to 30% by 2050 [2]. The impacts of soil salinity are exacerbated by low rainfall, high temperature, and the salt concentration inside the plant cells caused by concentration and exposure time [3,4]. The adverse effects of salinity in salt-sensitive crops include abnormal seed germination, reduced crop vigor, and poor vegetative and generative growth [5]. At the molecular level, salinity affects a range of physiological and biochemical processes. The disturbance of antioxidant enzymes and the formation of reactive oxygen species (ROS) leads to poor nutrient uptake, cell membrane disruption, and tissue damage [6,7,8,9]. Salinity stress also influences the photosynthetic pathway and pigments, soluble proteins, respiration, glycolysis pathway, and nitrogen fixation that collectively cause early senescence [6,7,8,9]. The accumulation of salt in the rhizosphere causes changes in the osmotic pressure and ion uptake balance, membrane dysfunction, and cell dehydration. It also alters water uptake and absorption through the roots, water use efficiency, relative water content, leaf water potential, and transpiration rate [6,7,8,10,11,12].



One of the approaches to mitigating the adverse effects of salinity is to manipulate the plant rhizosphere. The microbial environment around the plant’s root system plays a crucial role in nutrient and water uptake, as well as in soil anchorage [13,14]. Several rhizospheric microorganisms produce plant hormones, such as auxin-like signals, which can improve secondary root branching. These improvements in the roots’ architecture can enhance plant growth and increase plant biomass [6,15].



Trichoderma spp. are well-known saprophytic and endophytic fungi that are commonly used as antagonistic microorganisms in order to control soil-borne pathogens. In addition to having a role as biological control agents, these fungi promote plant growth by producing phytohormones such as indole acetic acids, cytokinin, gibberellins, and zeatin [16,17]. Trichoderma can also induce plant resistance and trigger deeper root growth, which enhances water absorption and nutrient uptake in plants that are under biotic and abiotic stress [18]. Trichoderma alleviates abiotic stress by inducing the expression of local and systemic defense mechanisms and the synthesis of antioxidant enzymes that reduce the number of ROS found in host plants [4]. In addition to the effects from direct contact, Trichoderma also affects plants indirectly by releasing volatile organic compounds. These volatiles can interact with plants and stimulate metabolite changes that improve plant growth [19].



Soil salinity not only limits plant growth and development, but also restricts the growth of soil microorganisms, including Trichoderma [20,21]. Nevertheless, several salt-tolerant Trichoderma species have been reported [11,21,22,23]. The application of salt-tolerant Trichoderma mitigates the negative effects of salinity in salt-sensitive crops such as rice, maize, wheat, tomato, and cucumber [11,22,24,25,26].



In a previous study, we applied salt-tolerant Trichoderma in order to improve the growth of groundnut in a saline environment [27]. This present paper reports the further study of this system, wherein we attempted to elucidate the interactions between the crop, microorganism, and various conditions of abiotic stress. Our aims were to (i) determine the effect of salt on the in vitro growth of Trichoderma; (ii) identify the volatile organic compounds (VOCs) that were released by Trichoderma in salt media; and (iii) evaluate the biochemical changes in groundnut which was treated with the salt-tolerant Trichoderma and cultivated in saline environment.




2. Materials and Methods


2.1. Selection of Salt-Tolerant Trichoderma


Five Trichoderma isolates, specifically two isolates of T. virens and three isolates of T. asperellum, were obtained from the Indonesian Legumes and Tuber Crops Research Institute’s collections [28,29]. The Trichoderma isolates (T. virens T.v4, T. virens T.v3, T. asperellum T.a1, T. asperellum T.a5, and T. asperellum T.a8) were known to have antagonistic activity and plant growth-promoting effects in leguminous crops. In preparation for salt-tolerance trials, the isolates were grown on potato dextrose agar (PDA) and incubated for 3 days. A 5 mm mycelial plug from each isolate was placed on PDA containing 0.25, 0.50, 0.75, or 1.00 M of sodium chloride (NaCl). The diameter of each isolate was measured and used to calculate the percentage of growth inhibition [20]. Six replicates were prepared for each concentration of NaCl.




2.2. Identification of Volatile Organic Compounds from Salt-Tolerant Trichoderma


The methods that were used to prepare the Trichoderma cultures and to determine the VOCs were adopted from Inayati et al. [30]. Initially, T. virens T.v3 and T. asperellum T.a8 were separately grown on PDA containing 0.50 M of NaCl for 4 days. A mycelial plug of each isolate was then sub-cultured into a 20 mL headspace vial containing the same media. The vials were incubated for 48 h at 25 °C.



The VOCs that were produced by both isolates were extracted by solid phase micro extraction (SPME), whereby fiber sorbents that were coated with 65 µm of polydimethylsiloxane (PDMS)/divinylbenzene (DVB) were set up in the autosampler. Samples were extracted for 30 min then analyzed by GC-MS (Trace 1310 GC-MS, Thermo Scientific, Waltham, MA, USA). The oven temperature was programmed as follows: 0–2 min at 40 °C; 2–12 min at 40–200 °C; 12–17 min at 200–260 °C; and then 17–22 min at 260 °C. The spectra were identified using the NIST Mass Spectral Library version 2.2 (Gaithersburg, MD, USA) and Wiley Spectral Library 10th edition (John Wiley and Sons Inc, Hoboken, NJ, USA).




2.3. Trichoderma Conidia and Salinity Treatments for Seeds


The groundnut seeds were provided by the seed production unit of the Indonesian Legumes and Tuber Crops Research Institute. Conidia from four of the Trichoderma strains were harvested after 7 days of culture and made into suspensions (1 × 106 CFU/mL). The groundnut seeds were placed in the conidial suspensions according to a randomized block design with four replicates per Trichoderma treatment, as described by Taufiq and Yusnawan [27]. Non-treated seeds were included in the study and served as control samples (T0 = without Trichoderma). The seeds treated with the four different Trichoderma were identified as T1 (treated with T. virens T.v4), T2 (treated with T. virens T.v3), T3 (treated with T. asperellum T.a8), and T4 (treated with T. asperellum T.a1).



The seeds were then grown in saline soil, which had been treated with 69 kg N/ha of fertilizer. The soil was characterized by slightly high pH (8.0), low N (0.18%), high P2O5 (115 ppm), high K (1.14 me/100 g), and 13.75% Na saturation [27]. All of the other conditions regarding cultivation (i.e., plot dimensions, inter-row spacing, planting density, and sowing method), fertilizer applications, irrigation, and pest management were adopted from a previous study [27]. The samples of groundnut were collected from 30 plants and they were taken diagonally from each plot of 9 × 10 m. Each sample representative was collected from ten plants.




2.4. Chlorophyll Content in Groundnut Leaves


Chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car) were extracted from the samples as follows [31]. The fresh groundnut leaves were ground in liquid nitrogen and then extracted in 90% (v/v) methanol/demineralized water. The samples were sonicated, vortexed for 5 min, and centrifuged at 2968× g for 10 min (Thermo Scientific Megafuge 40R, Waltham, MA, USA). The absorbance (A) of the supernatants was measured using a spectrophotometer (Hitachi Double Beam UH5300, Tokyo, Japan). The presence of Chl a, Chl b and Car was quantified and the concentrations were expressed in mg per g of sample, as follows:


Chl a = 16.82 A665.2 − 9.28 A652.4










Chl b = 36.92 A652.4 − 16.54 A665.2










Car = (1000A470 − 1.91 Chl a − 95.15 Chl b)/225












2.5. Determination of Indole-3-Acetic Acid (IAA) Synthase in Groundnut


The IAA synthase concentrations in the groundnut root and leaf samples were estimated according to Inayati et al. [28]. Briefly, 0.5 g of plant tissue was finely ground, mixed with 10 mL of 0.05 M phosphate buffered saline, vortexed, and then centrifuged. The supernatant was mixed with 50 μL of MnCl2, 10 μL of MgSO4, 1.5 mL of PBS, and 500 μL of L-tryptophan and then incubated at 37 °C for 30 min. The mixture was incubated at 37 °C for a further 30 min after the addition of Salkowski reagent. The absorbance at 530 nm was measured using a spectrophotometer. The IAA was expressed as µg IAA per gram of sample. The samples were prepared in triplicate and the IAA solution was used as the standard.




2.6. Determination of Total Phenolic and Flavonoid Contents


The total phenolic content and total flavonoid content in the groundnut shoots were estimated according to Yusnawan and Inayati [32] with minor modifications. Fresh samples were ground in liquid nitrogen in triplicate and kept in 80% (v/v) methanol overnight in the dark. The samples were centrifuged, and the resulting supernatant was used in the total phenolic and total flavonoid assays.



The total phenolic content of the samples was estimated, after the addition of Folin–Ciocâlteu reagent, by means of quantification against a gallic acid calibration curve. The total phenolic content was expressed in gallic acid equivalent (mg GAE/g).



The total flavonoid content was estimated after the addition of aluminum chloride and quantification against a catechin calibration curve. The total content of flavonoids was expressed in catechin equivalent.




2.7. Determination of Minerals


The minerals were extracted using nitric acid and perchloric acid. The analyses of the sodium, potassium, and calcium that was present in the groundnut plants were determined by using atomic absorption spectrometry (Shimadzu AA-7000, Kyoto, Japan) [33].




2.8. Statistical Analysis


The Trichoderma growth inhibition, plant growth, and biochemical data were statistically analyzed using Team R (RStudio Integrated Development for R, RStudio, Inc, Boston, MA, USA). The level of significance was reported by the Least Significance Difference (LSD) at a p-value of 0.05. The top 40 compounds of the VOCs were clustered and visualized in a heatmap using MetaboAnalyst 5.0 (https://dev.metaboanalyst.ca/, accessed on 2 November 2021).





3. Results


3.1. Growth Inhibition of Trichoderma in PDA Containing Salt


After 4 days incubation, there were significant differences in the growth inhibition of the five Trichoderma isolates that were treated with 0.25, 0.5 and 0.75 M of NaCl (Figure 1). The Trichoderma isolates that were treated with 1 M of NaCl did not show a significant difference in mycelial growth. The Trichoderma isolates without added NaCl (the control condition) grew without any inhibition and fully covered the Petri dish. At the lowest salt concentration (0.25 M of NaCl), T. virens T.v3 and T.v4 suffered from the salinity stress; this is indicated by their having a higher rate of growth inhibition (22.2–22.4%) compared to the T. asperellum T.a1, T.a5, and T.a8 isolates (7.8–10.9%). Overall, increasing the NaCl concentration to 0.75 M also increased the growth inhibition between the Trichoderma isolates and the difference was significant. The greatest growth inhibition rate (74.8%) was found in T. virens T.v4. The T. asperellum T. a1, T.a5, and T.a8 isolates exhibited growth inhibition rates ranging from 53–59% when treated with 0.75 M of NaCl, which were lower than that of T. virens T.v4. When incubation was extended to 7 days, the mycelial growth of the 0.25 and 0.50 M-treated isolates covered the Petri dishes, but the isolate that was grown in 0.75 M of NaCl was unable to reach the edge of the Petri dish.




3.2. Identification of Volatile Organic Compounds from Salt-Tolerant Trichoderma


The VOCs that were released by the T. asperellum T.a8 and T. virens T.v3 isolates that were grown for 4 days in 0.50 M of NaCl were identified for comparison. The heatmap (Figure 2) shows that there were significant differences in the amount of VOCs and the VOC profiles between the samples. The volatile compounds from T. virens T.v3 that were present in high amounts are: isoprophyl-1-methyl, ledene oxide, and acetone. Whilst trans-calamenene, cis-calamenene, naphthalene, and ylangene were predominantly found in the T. virens isolates that were grown in media without salt. The amounts of gurjunene, butanol, and himachalene that were identified in T. asperellum T.a8 were relatively higher than those of other volatiles. The T. asperellum control (i.e., the condition that was not treated with NaCl) released mainly ethanamine, cyclododecasiloxane, and cyclopentasiloxane, thus showing a different profile. The only volatile that was identified in both T. virens T.v3 and T. asperellum T.a8 was azulene, though the amount was relatively low.




3.3. Chlorophyll Content


In the vegetative growth stage, the levels of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car) significantly increased in the groundnut that was treated with T. virens and T. asperellum compared to the control groundnut (Figure 3). The level of Chl a showed an increase from 9.9–28.1%, the Chl b increased from 11.4–33.0%, and the Car increased from 18.3–46.2%. The highest amount of Chl a (270 mg/g) was discovered in the groundnut that was treated with T. virens T.v4 and T. asperellum T.a8. However, the Chl b and Car contents in the groundnut that were treated with T. virens T.v4 were greater than those in T. asperellum T.a8.



In the generative growth phase, the groundnut control contained a higher level of Chl a and Chl b than the other treated groundnut samples, except those treated with T. virens T.v3. During the vegetative growth phase, the amounts of Chl a, Chl b and Car in the control groundnut were lower than in the treated ones. Whilst, in the generative growth phase, the Chl b level in the control was higher than that of the treated counterparts.




3.4. Determination of Indole-3-Acetic Acid (IAA) Synthase


IAA synthase naturally occurs in plants and this study measured the IAA synthase concentrations present in the plants’ roots and leaves after being exposed to Trichoderma. During both the vegetative and generative growth stages, the measured amount of IAA synthase in the leaves was higher than that in the roots. In the vegetative growth phase, the plants that were treated with T. virens T.v4 (T1) had the highest accumulation of IAA synthase compared to other treatments; specifically, the leaves contained 420 µg/g and the roots 113 µg/g. In general, T. virens T.v4 (T1) apparently increased IAA synthesis in roots and leaves compared to T. asperellum (Figure 4). However, in the generative growth stage, T. virens T.v3 (T2) and T. virens T.v4 (T1) decreased IAA synthesis compared to the T. asperellum isolates. Interestingly, the highest level of IAA synthase was found in the groundnut that was treated with T. asperellum T.a8 (T3) during the generative growth phase; the amount of IAA synthase in the roots and leaves was 144 and 347 µg/g, respectively.




3.5. Total Phenolic and Flavonoid Contents at Vegetative and Generative Growth Stages


The phenolic contents in the treated and control samples were comparable, ranging between 1.4–1.8 mg/g GAE (Figure 5). In the vegetative growth stage, treatment with T. virens (T1 and T2) and T. asperellum (T3 and T4) increased the phenolic content in the treated groundnut compared to the control groundnut. The groundnut that was treated with T. asperellum T.a8 (T3) had a 30.6% higher phenolic content than the control and higher than that of the T. asperellum T.a1 (T4) treatment. The highest phenolic content was 1.83 mg/g GAE, this was determined in the T. asperellum Ta.8-treated groundnut (T3) during the generative growth stage; this represents a 34.5% higher phenolic content than that of the control.



The flavonoid content in the treated groundnut was higher than that of the control samples, particularly in the vegetative growth stage (Figure 6). The groundnut that was treated with T. asperellum T.a8 (T3) and T.a1 (T4) had a higher flavonoid content than the other treatments. This shows that the T. asperellum T.a8 (T3) and T.a1-treated (T4) groundnut had greater phenolic and flavonoid contents than the control. Flavonoid content also increased from 20.5% (T2) to 42.7% (T3) at the vegetative growth stage (Figure 6), and elevated from 1.9% (T3) to 16.4% (T4) at the generative growth stage.




3.6. Changes in Growth Parameters


The seeds that were treated with T. virens and T. asperellum showed a 28.4–32.9% increase in shoot height during the vegetative growth stage, compared to the control (Table 1). However, there were no differences in the root lengths or the dry weights of the shoots, roots and dry biomasses between the control and the sample that was treated with T. asperellum T.a8 (T3). During the generative growth phase, the treatment with T. asperellum T.a8 (treatment T3) led to increased dry weight of shoots and the biomass of 45.3% and 44.2%, respectively (Table 2).



The different superscripts within the columns of Table 1 and Table 2 correspond to significant differences between treatments, based on the LSD test (p < 0.05). T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1.




3.7. Minerals in Groundnut Plants


The absorption of sodium (Na) in the groundnut plants that were treated with T. virens was 1.2–1.3-fold higher than the absorption that was seen in the control plants (Figure 7). The potassium (K) concentration in the groundnut that was treated with either T. virens or T. asperellum was similar to that of the control plants. Only the samples that were treated with T. virens T.v4 exhibited increased calcium (Ca) absorption compared to the control samples.





4. Discussion


4.1. Growth Inhibition of Trichoderma


Our experimental data indicate that the isolates of T. virens were more sensitive to sodium than those of T. asperellum, this was the case even when sodium was added to the growth media at the lowest concentration of 0.25 M. The salt tolerance of Trichoderma is likely to depend on the isolate, concentration, and duration of the NaCl exposure. According to Ben Alaya et al. [34], microorganisms that are exposed to high NaCl concentrations in growth media subsequently determine the degree of growth suppression. This is possibly due to the suppression of cellulase and polygalacturonase enzymes.



Our study showed that as NaCl concentration increased so too did the level of growth inhibition of Trichoderma. This is consistent with previous work by Rawat et al. [11]. In their study, Trichoderma isolates were subjected to lower NaCl concentrations (0.07–0.24 M) than in the current study. At 0.24 M of NaCl, the highest salt concentration in study by Contreras et al. [16], one Trichoderma isolate reached a maximum linear growth of 8.8 cm after 4 days of incubation. This is similar to our data, where the growth inhibition in isolates treated with T. asperellum T.a1 and T.a8 showed 8.0 and 8.2 cm of linear growth.



Variation in the salt tolerance of Trichoderma has been observed in both commercial and native Trichoderma isolates. There are reports of 61.2% growth inhibition in Trichoderma that was treated with 0.34 M of NaCl for 4 days [23]; 83–85% from treatment with 1 M of NaCl; and 45% from treatment with 1.4 M of NaCl [21]. A plausible reason for this growth inhibition could be that higher NaCl concentrations slow down the development and growth of Trichoderma, thus causing morphological changes in both the mycelia and conidia [23].




4.2. Volatile Organic Compounds of Salt-Tolerant Trichoderma


The main VOCs that were released by T. virens (isoprophyl-1-methyl, ledene oxide, and acetone) differed from those released by T. asperellum (gurjunene, butanol, and himachalene). The VOCs that were produced by Trichoderma following exposure to 0.5 M of NaCl are suggested to possess antibacterial, antifungal, and antioxidant properties, with roles in cellular repair and as pheromones [19,35,36,37,38]. For instance, himachalene functions as an antioxidant that is capable of reducing singlet oxygen activity in plants that are exposed to abiotic stresses. It is also involved in repairing cell damage [37].




4.3. Chlorophylls in Groundnut


The increased chlorophylls that were found in the Trichoderma-treated roots and leaves of the groundnut are consistent with the results that have been reported in other studies. For example, the total chlorophylls in Mentha piperita were approximately 20% higher when treated with VOCs of Bacillus amyloliquefaciens [39], while the chlorophyll content in Arabidopsis thaliana increased following treatment with VOCs from Trichoderma [40]. Our results indicate that the Trichoderma treatment enhanced photosynthesis, which corresponds with the previous finding that an inoculation with Trichoderma promoted plant growth and increased photosynthetic pigment [22]. Conversely, photosynthetic pigments are known to be negatively affected by salt stress [8].



The untreated control groundnut contained less photosynthetic pigment in the vegetative growth stage than the treated counterparts. This occurred as the chlorophyll synthesis was inhibited and chlorophyllase enzyme was activated, leading to the degradation of chlorophylls [41]. Another explanation for the inhibited photosynthetic process is that NaCl also interferes with enzymes that are crucial to photosynthesis, such as phosphoenolpyruvate carboxylase and rubisco [41,42].



The increased carotenoid content in the treated groundnut was more pronounced in the vegetative growth phase than it was in the regenerative growth phase. This increase reveals the role of carotenoids as reactive oxygen species (ROS) scavengers in the oxidative stress tolerance mechanisms and in protecting the membrane during stress [43,44].




4.4. Indole-3-Acetic Acid (IAA) Synthase


IAA synthase is a plant hormone that is responsible for the regulation of a number of cellular mechanisms that are related to plant growth, including organ development and cell elongation. Our study showed that T. virens T.v4 and T. asperellum T.a8 increased the level of IAA synthase by 63.1 and 17.2% in leaves at the vegetative and generative growth stages, respectively (Figure 3). The application of microbial inducers, such as Trichoderma, has been found to increase the level of IAA in a variety of crops [22,24,45]. For example, T. asperellum Q1 increases IAA in the leaves of cucumber seedlings by 69.6% when under saline stress during the vegetative growth phase [46]. Phytohormones that are produced by Trichoderma spp. promote maize growth under conditions of salt stress [22]. The treatment of wheat grown on 180 mM salt stress with T. reesei increases the level of IAA that is present by approximately 50% [24], similar to the increase observed in our study. It can, therefore, be suggested that treatment with selected Trichoderma species triggers up-regulation of plant hormone and increases IAA synthase production.




4.5. Total Phenolic and Flavonoid Contents in Groundnut


Many plants that are grown under conditions of salt stress produce and accumulate secondary metabolites such as polyphenols, phenols, phenolic acids, flavonoids, anthocyanins, and lignin [8] in order to protect them from further damage. In our study, the phenolic content in the treated groundnut increased. Similar increases are reported to occur in maize [22], buckwheat, and barley that are cultivated in saline soil [47].



Flavonoids are a large group of phenolic compounds [48]; hence, an increase in flavonoids is expected to correlate with an increase in phenolic content. This was indeed observed in our experimental data, especially during the vegetative growth phase. Similar increases in flavonoid concentration have been observed in tomato plants that were exposed to salt stress (450 mM), this exposure almost doubled the flavonoid content from 8.7–13.7 mg of catechin equivalent per gram [42].



Phenolic compounds, including flavonoids, reduce the oxidative process by quenching singlet oxygen, absorbing and neutralizing free radicals, reducing peroxides, and alleviating salinity effects [8,49,50]. Similarly, the quenching of ROS to reduce cell damage by salt stress was also observed in salt-tolerant chickpea genotypes, which have higher concentrations of antioxidant enzymes such as superoxide dismutase, catalase, ascorbate peroxidase, and glutathione reductase than the salt-susceptible genotypes [51]. In particular, high levels of antioxidant enzyme activities minimize the membrane cell oxidative damages that can be caused by ROS [4,52].




4.6. Changes in Growth Parameters and Minerals in Groundnut


The groundnut plants’ heights increased by 13.5–42.3% during the generative phase after having been treated in the manner described in this current study [27]. Taufiq and Yusnawan [27] found that the macro nutrient concentrations of N, P and K in groundnut plants were not affected when the plants were grown in a saline-stressed condition. Notably, there was an increase in sodium, indicating a higher sodium uptake and retention by the groundnut [27]. An increased Na uptake in the plants that were treated with T. virens was also noted in the current study (Figure 7). Although Na uptake increased, the plants did not suffer from salt stress. Higher concentrations of salt cause cell ionic imbalance, whereby Na and Cl ions from the soil migrate into the plants instead of water [4,53] and influence the plants’ homeostasis [10].



The groundnut plants that were treated with T. asperellum had slightly lower sodium contents than the untreated control plants and the plants in the other treatments (Figure 7). The T. asperellum T.a8-treated plants had the lowest level of sodium, at 0.21%. Another mechanism for alleviating salt stress may be in place; Trichoderma may be able to maintain ionic homeostasis by regulating ion accumulation through the restriction of sodium movement inside the plant [54]. However, the groundnut that was treated with T. asperellum T.a8 showed higher shoots and greater total biomass in contrast to the control condition, which is in agreement with the results of a previous work on cucumber seedlings that were treated with T. harzianum [55].



In this current study, in the vegetative phase the growth of the groundnut crops that were treated with Trichoderma was better than their generative phase growth, despite the presence of salt. This result was observed in the form of increases in IAA concentration, total phenolic and flavonoid contents, and shoot height. However, the salt stress had a negative effect on the plant growth in the untreated groundnut during both the vegetative and generative growth phases. Reduced photosynthesis pigments, reduced root growth, and disturbance in mineral uptake [56] are common responses to abiotic stress [42].



The results of this study imply that the groundnut that was treated with Trichoderma developed a tolerance to saline environments by direct and/or indirect mechanisms. Specifically, the application of salt-tolerant Trichoderma seemed to have a direct influence in the form of mitigating salt toxicity in the groundnut and indirectly improved plant growth [57]. The Trichoderma application alleviated salinity stress, possibly due to a higher uptake of plant nutrients, brought about by the enhanced activity of enzymes such as peroxide, catalase, and reduced glutathione [24,57]. The potential presence of antioxidant enzymes in groundnut that could reduce high concentrations of toxic ROS, for example catalase or peroxidase [24], is worthy of future investigation.





5. Conclusions


Two isolates of T. virens and three isolates of T. asperellum were tested on salt media. The T. virens isolates were more sensitive to 0.75 M of NaCl than the T. asperellum isolates. In general, the Trichoderma that was treated with NaCl displayed changes in the compositions and relative amounts of volatile organic compounds that were produced. Trichoderma treatment may potentially alleviate salinity stress during the vegetative and generative growth stages of groundnut. This was demonstrated by increases in the IAA, phenolic and flavonoid contents, shoots and biomass weights that were observed following the application of T. asperellum T.a8 to groundnut plants. Trichoderma treatment may thus represent an alternative approach to minimizing plant abiotic stress. Seed treatment with selected salinity-tolerant Trichoderma is a simple strategy that can be implemented by facilitating root colonization. These treatments may protect crops from the negative impacts of abiotic environmental stress and offer other benefits, such as promoting seed germination, establishment, and enhancing plant growth. T. asperellum T.a8 was found to be the best isolate, in terms of having the potential to alleviate abiotic stress in groundnut crops that are affected by salinity. In summary, the application of salt-tolerant Trichoderma may be an effective approach to improving the survival of salt-sensitive crops and to support more sustainable agriculture.
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Figure 1. The growth of T. virens (T.v3 and T.v4) and T. asperellum (T.a1, T.a5, and T.a8) on PDA containing 0.25; 0.50; 0.75; and 1.0 M of sodium chloride after 4 days of incubation. Error bars represent standard deviation. For each color in the bar chart, the same letters denote no significant difference within treatments, while different letters correspond to significant differences. 
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Figure 2. The heatmap of volatile organic compounds produced by T. virens T.v3 and T. asperellum T.a8 cultured in saline and non-saline media. T.a-0 = T. asperellum grown in media without NaCl, T.a-1 = T. asperellum grown in media with 0.5 M NaCl, T.v-0 = T. virens grown in media without NaCl, T.v-1 = T. virens grown in media with 0.5 M NaCl. 
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Figure 3. Chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Car) in groundnut grown in saline environment at vegetative (a) and generative (b) growth stages. T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1. Error bars represent standard deviation. For each color in the bar chart, the same letters denote no significant difference within treatments, while different letters correspond to significant differences. 
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Figure 4. IAA synthase in groundnut plants that were grown in saline environment at vegetative (a) and generative (b) growth phases. T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1. R = root, L = leaf, RL = roots and leaves. The error bars represent standard deviation. For each color in the bar chart, the same letter denotes no significant difference within treatments, while different letters correspond to significant differences. 
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Figure 5. The total phenolic contents in groundnut measured in the vegetative (Veg) and generative (Gen) stages. T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1. Error bars represent standard deviation. For each color in the bar chart, the same letters denote no significant difference within treatments, while different letters correspond to significant differences. 
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Figure 6. Total flavonoid in groundnut determined in both vegetative (Veg) and generative (Gen) growth phases. T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1. The error bars represent standard deviation. For each color in the bar chart, the same letters denote no significant difference within treatments, while different letters correspond to significant differences. 
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Figure 7. Concentrations of Na, K and Ca in groundnut plants in generative growth phase. T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1. Error bars represent standard deviation. For each color in the bar chart, the same letters denote no significant differences within treatments, while different letters correspond to significant differences. 
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Table 1. Comparing the shoots, roots and biomasses of groundnut plants grown in saline environment, in the vegetative growth phase. Different superscripts within the column correspond to significant differences between treatments. T0 = without Trichoderma, T1 = T. virens T.v4, T2 = T. virens T.v3, T3 = T. asperellum T.a8, and T4 = T. asperellum T.a1.
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	Treatment
	Shoot Height (cm)
	Root Length (cm)
	Shoot Dry Weight (g)
	Root Dry Weight (g)
	Biomass Dry Weight (g)





	T0
	6.86 b
	5.16 a
	0.59 a,b
	0.034 a
	0.62 a,b



	T1
	9.02 a
	3.88 b
	0.52 b,c
	0.023 b,c
	0.55 b,c



	T2
	9.12 a
	4.52 a,b
	0.45 c
	0.020 c
	0.49 c



	T3
	8.81a
	5.06 a
	0.64 a
	0.030 a,b
	0.69 a



	T4
	8.87 a
	4.93 a
	0.56 b,c
	0.029 a,b
	0.55 b,c







Different letters indicate means that are significantly different at p < 0.05.
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Table 2. Comparing the shoots, roots and plants’ biomass of groundnut grown in saline environment during the regenerative growth phase.
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	Treatment
	Shoot Height (cm)
	Root Length (cm)
	Shoot Dry Weight (g)
	Root Dry Weight (g)
	Biomass Dry Weight (g)





	T0
	10.80 a
	6.30 a
	3.12 b,c
	0.15 a,b
	3.27 b,c



	T1
	10.48 a
	6.80 a
	2.36 c,d
	0.11 b
	2.38 c,d



	T2
	10.64 a
	7.90 a
	2.16 d
	0.13 a,b
	1.89 d



	T3
	11.70 a
	3.90 b
	4.53 a
	0.18 a
	4.71 a



	T4
	11.80 a
	5.60 a,b
	3.81 a,b
	0.13 a,b
	3.94 a,b







Different letters indicate means that are significantly different at p < 0.05.
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