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Abstract

:

As a result of climate change, drought and heat significantly reduced plant growth. Therefore, this study aims to explore and provide more insight into the effect of different arbuscular mycorrhizal fungi (AMF) strains (Rhizophagus irregularis, Funneliformis mosseae, and Funneliformis coronatum) on tomato plant tolerance against combined drought and heat stress, as well as combined drought and heat shock. A pot experiment was performed under controlled conditions in a growth chamber at 26/20 °C with a 16/8 h photoperiod. After six weeks of growth, one-third of plants were put in non-stress conditions, while another one-third were subjected to combined drought and heat stress (40% field capacity for two weeks and 38 °C/16 h and 30 °C/8 h for 5 days). The rest of the plants were exposed to combined drought and heat shock (40% of field capacity for two weeks and 45 °C for 6 h at the end of the drought period). All data were evaluated by one- and two-way analysis of variance (ANOVA). Means were compared by Duncan’s post hoc test at p < 0.05. The obtained results showed that combined drought and heat stresses had no significant impact on root colonization. Furthermore, stressed AMF plants exhibited a decrease in hydrogen peroxide and malondialdehyde content in the cells and showed changes in defense enzyme activities (peroxidase (POD), catalase (CAT), polyphenol oxidase (PPO), and glutathione S-transferase (GST)) in leaves as well as in roots compared with their relative non-mycorrhizal plants.
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1. Introduction


As sessile organisms, plants are frequently confronted with various unfavorable environmental conditions in their natural or agronomic habitats. The degradation of farmable lands caused by abiotic stresses, which represent the major limiting factors for agriculture, poses an earnest problem concerning food security [1,2,3]. Extreme temperature (heat) and drought stresses are major abiotic stresses that limit agricultural yield; they are interlinked as they co-occur in natural conditions. The Intergovernmental Panel on Climate Change reports that it is predicted that global temperature will rise by 1.5 to 4.5 °C until the end of the current century [4]. Therefore, the negative effect of global warming on horticultural crop growth needs more attention.



Tomato (Solanum lycopersicum L.), with an annual production of 160 million tons, is one of the world’s leading vegetables used not only in raw, but also processed form (almost 40 million tons of tomatoes annually). It is a critical horticultural crop that provides a wide range of necessary nutrients for human health. They are warm-season plants; therefore, the temperature has a considerable influence on its growth and development, where the ideal temperature is estimated to range between 20 °C and 24 °C [5,6]. Moreover, drought is a limiting factor in agriculture yield production; therefore, we can assume that the co-occurrence of these two abiotic stresses (drought and heat) can be more harmful [4,7]. It has been reported that the physiological and biochemical processes of plants are affected by combined stresses, as well as the photosynthesis and synthesis of protein and energy; moreover, it has a degrading effect on the ionic and osmotic balance, which induces oxidative stress in tomato plant [7].



The production of reactive oxygen species (ROS) is one of the most critical responses of the plant under heat and drought stresses, including superoxide anions (O2−), hydroxyl radical (HO), and hydrogen peroxide (H2O2) [8]. ROS are potentially responsible for oxidative stress, leading to deleterious damage of various structural and functional biological molecules compressing proteins, lipids, and nucleic acids [9,10,11]. Besides, ROS have a negative impact on photosynthesis and nutrient remobilization, and have the ability to trigger an irreversible senescence process [12]. ROS are likely considered to have a major link with plant growth and various stresses [13,14,15,16]. Hence, the plant has an antioxidant defense system to prevent oxidative stress consisting of several antioxidant enzymes such as superoxide dismutase (SOD); ascorbate peroxidase (APX); catalase (CAT) and glutathione reductase (GR); and non-enzymatic antioxidants like ascorbic acid, reduced glutathione (GSH), and tocopherol to scavenge excessive ROS [17,18].



Arbuscular mycorrhizal fungi (AMF) belonging to Phylum Glomeromycota are one of the most important microorganisms that form a symbiotic relationship with more than 80% of land plants [19,20]. Several studies have shown that AMF can enhance the growth of the host plant through improving soil structure, nutrient, and water uptake [7,21,22]. AMF are an important tool for neutralizing and alleviating peroxidative damage through increasing antioxidant enzyme activity [23,24,25]. Besides, Duc et al. [25] reported that AMF regulated plant physiology of the tomato plant to alleviate drought, heat stress by lowering lipid peroxidation level and H2O2 accumulation, and enhancing the efficiency of ROS scavengers (higher POD, SOD, and CAT activities) [25]. Recently, Huang et al. [9] showed that arbuscular mycorrhizal (AM) fungi could alleviate drought stress by increasing root H2O2 efflux in Trifoliate orange. Furthermore, other studies reported that AMF mediated host plant responses to drought stress through osmotic adjustments such as proline and sucrose accumulation, enhancing soil structure, or through the up-regulation of stress-responsive genes and induced changes in phytohormone abscisic acid (ABA) [18,23,26,27,28]. The effects of AMF on plant growth under drought and temperature stress conditions have been described in Leymus chinensis Hemarthria altissima [29], Solanum lycopersicum [25], and Elymus nutans [30].



Given the current and growing impacts of climate change, which amplify the amplitude and frequency of heat and drought shock (to which the field plants are simultaneously exposed), it is essential to develop a biotechnological method that focuses on enhancing defense enzymes of the plant with the introduction and reuse of beneficial natural soil microbiota. To the best of our knowledge, several studies have reported on the effect of single stress on tomato plants treated with AMF, while little is known about the combined effect of drought and heat, and more studies are required. In our previous study, we examined the effect of AMF on plant tolerance to individual drought or heat shock, and combined drought and heat shock [25]. Our results showed that the combined drought and heat shock caused more severe damage to tomato plants than individual stresses, but AMF alleviated the negative impacts of the single stresses and the combined stress. We expanded the experiment with combined drought and heat stress together with combined drought and heat shock based on our previous results. However, in this study, we only focused on two combinations of drought and heat that frequently occur in field conditions and climate change. From our viewpoint, research on combinations of these stresses is more realistic because multiple stresses take place in general under field cultivation. We support the point that combined stresses (combined drought and heat stresses in our study) are unique and more natural. Therefore, the main goal of the current study is to clarify and understand the role of AM symbiosis on ROS metabolism and the antioxidative activity of tomato plants under combined drought and heat, as well as drought and heat shock, and to investigate an economically and ecologically potential way to make agriculture more resilient.




2. Materials and Methods


2.1. Substrate and Biological Materials


Solanum lycopersicum (L.) var. MoneyMaker seeds (Sieberz Ltd., Gödöllő, Hungary) were surface sterilized by immersion into 2.5% sodium hypochlorite containing 0.02% (v/v) Tween-20 for 30 min, then seeds were washed several times with sterile distilled water for 10 min. Seeds were germinated on moist filter paper in Petri dishes for 3 days at room temperature. The pre-germinated seeds were sown in plastic pots containing 0.5 kg of sterilized sand and peat mixture (4:1, v/v).




2.2. Arbuscular Mycorrhizal Fungal Inoculum


Three different mycorrhizal fungal inocula, Funneliformis mosseae (collection of Szent István University), Rhizophagus irregularis USK F1 (collection of the University of Silesia in Katowice), and Funneliformis coronatum (Giovann.), originated from Prof. Janusz Blaszkowski (Department of Plant Protection, West Pomeranian University of Technology, Szczecin, Poland), were used. All strains were cultured with Zea mays (L.) and Plantago lanceolata (L.) separately for five months in sterilized sand. The crude inoculum consisted of sand, spores, mycelium, and infected root fragments. Each pot was inoculated with 50 g (20 spores g−1) inoculum for each mycorrhizal treatment. In addition, to ensure the general microbial population in the soil and avoid mycorrhizal propagules, the non-AM plants were prepared with the same proportion of autoclaved inocula substrate together with 3 mL aliquot of AMF inocula filtrate (<20 µm) [31]. For each treatment, the inoculums were applied 4 cm below the depth of seeding in each pot.




2.3. Growth Conditions and Experimental Design


Plants were randomly distributed and grown in a climatic chamber with 600 µmol m−2s−1 photon flux density, at 26/20 °C, with 16/8 hours’ day/night temperature and 60% relative humidity at Institute of Genetics, Microbiology, and Biotechnology, Szent István University, Gödöllő, Hungary.



Experiments were carried out in eight replicates for four tomato treatments: control sample, where the plants were not inoculated with AMF (No AM); plants inoculated with R. irregularis; plants inoculated with F. mosseae; and plants inoculated with F. coronatum. For all four tomato treatments, a total of 96 pots were used, where three stress effects were examined: control with 100% field capacity, no stress (NoS); simultaneous heat and drought stress (D + H); and simultaneous drought and heat shock stress (D + HS). All plants were grown under the same non-stress conditions for six weeks, after which different stress applications were implemented (Figure S1). First of all, 32 pots were kept in non-stress conditions (growing conditions described above), while drought stress was applied for 64 pots. Drought stress was achieved by watering the plants at 40% field capacity for 14 days. Half of the drought pots (32 pots) were exposed to high temperature, that is, 38 °C for 16 h during the daytime and 30 °C for 8 h at night for the last 5 days of the experiment (from day 9, till day 14 of the drought period), while relative humidity and light intensity remained the same as in non-stress conditions. The rest of the drought pots (32 pots) were subjected to even higher temperature conditions (heat shock) at 45 °C. This took place only for 6 h before the plants were harvested.



Plants were harvested at the end of the combined stress applications (14 days after the start of drought stress). Fully expanded leaves and root samples were immediately frozen in liquid nitrogen and stored at −80 °C until further analysis.




2.4. Assessment of Tomato Plant Biomass


Four plants for each treatment were used for the estimation of fresh plant biomass.




2.5. Root Colonization by AMF


Root colonization by AMF was studied with the visual inspection method, where a stereomicroscope was used at 100× magnification [32,33]. A total of sixty (1 cm long) root pieces were randomly selected from both non-AM and AM plants from each condition (NoS, D + H, D + HS), after which they were cleaned with 10% KOH for 10 min, followed by the acidification of the segments with 2% hydrochloric acid and 0.05% trypan blue (1:1:1 proportion of water/glycerol/lactic acid), and left overnight [32]. The mycorrhizal colonization ratio was calculated by the gridline intersection method [33].




2.6. Determination of H2O2 Content


Hydrogen peroxide (H2O2) concentration in leaves and roots was measured by the U-2900 UV-VIS spectrophotometer (Hitachi) at 390 nm [34]. Here, 0.5 g frozen (leaf/root) sample was grounded with liquid N2 to obtain a homogeneous, fine powder. After that, 5 mL of cold 0.1% (w/v) trichloroacetic acid (TCA) kept in an ice bath was added and the obtained solution was centrifuged at 12,000× g for 15 min at 4 °C. Next, 0.5 mL of the supernatant was added to 0.5 mL of 100 mM potassium phosphate buffer (pH 7.0) and 1 mL of 1 M iodic potassium (KI). The reaction occurred for 1 h in darkness at room temperature.




2.7. Determination of Malondialdehyde (MDA) Content


The lipid peroxidation level was determined by homogenizing 0.2 g of (leaf/root) sample in 5 mL 0.1% TCA, then the mixture was centrifuged at 10,000× g for 5 min [35]. Then, 1 mL of the previously centrifuged supernatant was mixed with 4 mL of 20% TCA containing 0.5% thiobarbituric acid (TBA). The solution was heated in a water bath (95 °C) for 15 min, then immediately cooled in an ice bath [25]. MDA was calculated based on absorbances at 532 nm and 600 nm using a double beam spectrophotometer. Lipid peroxidation level was expressed in nmol MDA amount, where the extinction coefficient was 155 mM−1cm−1.




2.8. Defense Enzymatic Activity Determination


Here, 0.5 g of frozen tomato leaf and root samples was placed in a pre-cooled sterile mortar and homogenized in liquid nitrogen (N2) together with 3 mL Tris-HCl buffer (50 mM, pH 7.8) containing 7.5% (w/v) polyvinyl-pyrrolidone K25 and 1 mM Ethylenediaminetetraacetic acid disodium salt dihydrate (Na2 EDTA). The solution was centrifuged for 20 min at 4 °C at 10,000× g. The supernatant was further used to measure enzyme activities such as peroxidase, polyphenol oxidase, catalase, and glutathione S-transferases. Until further use, samples were kept in a freezer. A double beam spectrophotometer (Hitachi U-2900 UV-VIS) was used to determine enzyme activities.



2.8.1. Glutathione S-Transferase


Glutathione S-transferase (GST, EC 2.5.1.18) activity was determined using an assay kit purchased from Sigma-Aldrich, Missouri, USA (product identification: CS0410). The reaction mixture contained substrate solution (980 µL Dulbecco’s phosphate buffer saline, 10 µL of 200 mM L-Glutathione reduced, and 10 µL of 100 mM 1-Chloro-2,4-dinitrobenzene (CDNB) with 2 µL of plant extract. As described by Habig et al., the absorbance of the solution was measured for 5 min at 340 nm [36]. GST activity was expressed in µmol ml−1min−1, where the extinction coefficient for CDNB conjugate at 340 nm was 9.6 mM−1cm−1.




2.8.2. Catalase


Catalase (CAT, EC 1.11.1.6) activity was measured using a Catalase assay kit purchased from Sigma-Aldrich, St. Louis, MO, USA (product identification: CAT 100). The activity was measured for the solution containing 5 µL of plant extract mixed with 500 µL 1X assay buffer and 500 µL H2O2 (20 mM), and the degradation of hydrogen peroxide was monitored and recorded at 240 nm wavelength for 5 min.




2.8.3. Peroxidase


Peroxidase (POD, EC 1.11.1.7) activity was assessed as the protocol of Rathmell and Sequeira [37]. Solution preparation: 10 µL plant extract was mixed with the reaction mixture 2.2 mL (0.1 M sodium phosphate buffer (pH 6.0), 100 µL of 12 mM H2O2, and 100 µL of 50 mM guaiacol). Similar to the other enzyme amount measurements, the spectrophotometric determination was done at 436 nm for 5 min. The enzyme activity was calculated by the changes in absorbance. POD activity was expressed in mmol mL−1min−1, where the extinction coefficient was 25.5 mM−1cm−1.




2.8.4. Polyphenol Oxidase


Polyphenol oxidase (PPO, EC 1.10.3.1) activity was measured by the modified procedure of Fehrmann and Dimond [38]. The assay mixture contained 2.2 mL reaction mixture (0.1 M sodium phosphate buffer (pH 6.0), 1 mM Na2 EDTA, and 20 mM catechol) with 100 µL of plant extract. The degree of quinone formation was recorded at 400 nm wavelength in 5 min. Furthermore, PPO activity was expressed in µmol mL−1min−1, where the extinction coefficient was 1150 M−1cm−1.






3. Results


3.1. Plant Growth and Mycorrhizal Colonization


Under no stress conditions, a similar trend was observed on fresh plant weight for both AM and non-AM plants. Moreover, both mycorrhiza and stress application significantly affected fresh plant biomass, and the interaction between them was also significant (Table 1).



The fresh shoot biomass was reduced under imposed stresses compared with the NoS condition (Table 2), with almost 32% of all plants subjected to D + H, while it decreased by 29% under D + HS for root colonized by R. irregularis and F. coronatum. In contrast, plants inoculated by F. mosseae did not change the biomass as compared with the corresponding non-stress condition.



The assessment of root colonization under microscopic examinations showed a good symbiotic association between different arbuscular mycorrhizal species and tomato plant roots. No mycorrhizal colonization could be detected in the roots of non-mycorrhizal plants. Moreover, no significant differences in the colonization rates of plant inoculated with three AMF inoculums were detected following various stress treatments. The highest percentage of mycorrhization reached 63.82% in plants treated with R. irregularis under D + H and 55.84% in plants inoculated with F. mosseae under D + HS.




3.2. Accumulation of Hydrogen Peroxide and Lipid Peroxidation


D + H and D + HS significantly increased the generation of H2O2 in tomato plants, leading to considerable oxidative damage, which can be measured as malonaldehyde (MDA) content. Under NoS condition, no significant difference was observed in the H2O2 amount for tomato leaves: No AM = 3.06 ± 0.46 nmol g−1 FW, R. irregularis = 2.38 ± 0.48 nmol g−1 FW, F. mosseae = 2.39 ± 0.40 nmol g−1 FW, and F. coronatum = 2.96 ± 0.70 nmol g−1 FW (Figure 1A). However, significant increases in leaf and root H2O2 content were detected in plants without AM inoculation only under stress conditions (D + H, D + HS). AM treatment significantly (p < 0.0001) reduced H2O2 concentration compared with that of non-AM plants (Table 1, Figure 1). In detail, plants inoculated with F. mosseae showed a considerably lower H2O2 accumulation in leaves under D + H stress relative to non-mycorrhizal ones (reduced by 35%), for plants inoculated by both R. irregularis and F. coronatum, where the H2O2 decreased by 20%. Under D + HS, no significant differences in H2O2 levels were observed among the three AMF species (R. irregularis, F. mosseae, and F. coronatum), where AMF species reduced H2O2 levels in leaves by almost 23% compared with no AMF under D + HS.



In roots, there were significant (p < 0.0001) main effects of AM inoculation, stress application, and their interaction on root H2O2 accumulation (Table 1). The level of hydrogen peroxide was significantly higher in non-AM plants than in AM plants (increased by almost 61%) under imposed stresses (D + H, D + HS) in comparison with no stress conditions and was significantly decreased in inoculated plants. In D + H, H2O2 levels were decreased by 24%, 29%, and 39% in plants inoculated by R. irregularis, F. mosseae, and F. coronatum, respectively. Remarkably, under D + HS, plants inoculated with F. mosseae exhibited substantially reduced H2O2 accumulation by 63% compared with the non-inoculated plants and by 47% and 49% in plants treated by R. irregularis and F. coronatum, respectively.



Although under NoS, leaf MDA content did not change significantly, in both non-AM plants and AM plants, MDA increased as stress treatments were applied. AMF treatment significantly decreased MDA content compared with non-AM plants. Under the D + H stress, MDA content decreased by 27%, 31%, and 16% in leaves, while the decreases were 14%, 32%, and 36% under D + HS in R. irregularis, F. mosseae, and F. coronatum, respectively. In roots, AM plants showed a significant decrease in MDA levels for roots colonized by R. irregularis, F. mosseae, and F. coronatum by 25%, 27%, and 21%, respectively, under D + H compared with the corresponding uninoculated plants. For D + HS plants, an increase in MDA level was observed in roots inoculated by F. coronatum (by 22% compared with that of non-AM roots), while no significant differences among other treatments were found.



A significant positive correlation between leaf H2O2 and leaf MDA was found under D + H (r = 0.64 **), as well as between leaf H2O2 and root MDA (r = 0.61 *) (Table S1), while under D + HS, a substantial positive correlation between leaf H2O2 and leaf MDA (r = 0.89 ***) and leaf MDA and root H2O2 (r = 0.70 **) was also observed (Table S2).



Under different stress applications, the accumulation of H2O2 and MDA was higher in the leaves than in roots. However, H2O2 and MDA concentrations in the leaves and roots of AMF plants were lower than those of non-AM plants under combined stresses.




3.3. Defense Enzyme Activities


In this experiment, CAT, PPO, POD, and GST were selected, because these enzymes are known to be involved in ROS scavenging. Their activity was determined in shoots and roots of all plants for both inoculated and non-inoculated ones. Defense enzyme activity (CAT, PPO, POD, and GST) was stimulated and increased in both leaves and roots when they were exposed to the studied combined stresses. However, there was a slight difference between the inoculated and non-inoculated plants because the activity was significantly higher in mycorrhiza treated tomato plants.



No significant difference was observed in leaf POD activity among AM and non-AM plants under no stress conditions (Figure 2). POD activity significantly increased by 26%, 38%, and 60% in plants treated with R. irregularis, F. mosseae, and F. coronatum, respectively, under D + H stress compared with the corresponding non-AM plants. Furthermore, plants inoculated with F. mosseae and F. coronatum subjected to D + HS exhibited an additional boost in the activity of POD, where it increased by 86% and 102%, respectively, as compared with non-AM ones. In contrast, leaf POD drastically decreased (by 43%) in plants colonized by R. irregularis, approaching the level found in non-stressed plants.



In the case of roots, there were significant (p < 0.0001) main effects of AM inoculation and stress applications on POD activity, and an interaction between the two main factors (Table 1). Root POD activity appeared to be consistently increased in plants under both combined stress conditions compared with that of non-stress plants (Figure 2B). POD activity was strongly enhanced in roots colonized with R. irregularis and F. coronatum under D + H (increased by 268%) and D + HS (increased by 141% and 143%, respectively) as compared with non-AM plants, while plants inoculated with F. mosseae showed a decrease in root POD activity by 64% under D + HS (analysis of variance (ANOVA) results are shown in Table 1).



There were significant main effects of AM inoculation and stress imposed (p < 0.0001) and their interaction. The imposed stresses substantially induced leaf PPO activity in plants compared with non-stress conditions (Figure 3A). The data showed no significant differences among control, R. irregularis, F. mosseae, and F. coronatum under both D + H and D + HS (Figure 3A). In roots, under D + H, PPO activity was increased by 43% and 64% in plants treated by R. irregularis and F. coronatum, respectively, compared with that in non-AM plants (Figure 3B), whereas it decreased by 24% in plants inoculated with F. mosseae. Moreover, under D + HS, the highest root PPO activity (increased by 30%) was in roots colonized by R. irregularis, while it decreased by 40 and 24% in plants inoculated with F. mosseae and F. coronatum, respectively, compared with the corresponding non-AM plants.



No significant difference among treatments was observed under both no stress condition and D + H, as compared with the corresponding non-AM plants. Moreover, under D + HS, R. irregularis and F. coronatum enhanced leaf CAT activity by 42% and 57%, respectively, in plants as compared with that of uncolonized plants (Figure 4A). In roots, significantly higher activity of CAT was observed in plants exposed to both stresses, compared with that of plants under no stress conditions. Under D + H stress, no significant differences in CAT activity were observed among treatments (Figure 4B), while a higher CAT activity (increased by 30%) was observed in plants inoculated with F. mosseae under D + HS, while plants inoculated with R. irregularis and F. coronatum increased root CAT activity by 4 and 11%, respectively, as compared with non-AM plants. There were significant impacts of AMF inoculation and stress imposed (p < 0.0001) and their interaction (Table 1) on leaf CAT activity as well as on root CAT activity.



Leaf glutathione-S-transferase activity was significantly increased in plants inoculated with F. mosseae compared with that of non-AM plants under NoS conditions. Moreover, the same inoculant enhanced the GST activity (increased by 46%) in colonized plants in comparison with uninoculated plants in D + H, while the same tendency was observed in roots colonized by R. irregularis and F. coronatum (Figure 5A). Under D + HS, no significant difference could be observed among non-AM plants and various AMF strains (R. irregularis, F. mosseae, and F. coronatum).



In roots, the two-way ANOVA test indicated a significant difference in AM inoculation, stress application, and their interaction (Table 1). A slight increase in root GST activity was determined in plants inoculated with F. mosseae, which increased by 17% compared with non-inoculated ones, while a similar trend occurred in root GST activity for both plants inoculated by R. irregularis and F. coronatum (increased by 8% and 22%, respectively) under D + H. Moreover, no significant impact on root GST activity was observed among non-AM plants and AM treatments under D + HS.



Under D + H stress, arbuscular mycorrhizal colonization had a significant positive correlation with leaf GST (r = 0.65 **), leaf POD (r = 0.57 *), root GST (r = 0.53 *), and root POD (r = 0.72 **), but had a negative correlation with leaf H2O2 (r = −0.67 **), leaf MDA (r = −0.76 ***), root H2O2 (r = −0.69 **), and root MDA (r = −0.66 **) (Table S1), while under D + HS, a substantial positive correlation was found among AM colonization leaf CAT (r = 0.65 **) and root CAT (r = 0.51 *), but a negative correlation was found with leaf H2O2 (r = −0.74 **), leaf MDA (r = −0.69 **), and root H2O2 (r = −0.89 ***) (Table S2).





4. Discussion


Combinations of drought and heat frequently occur in field conditions and under climate change, particularly in semi-arid and hot growing regions in Mexico, Argentina, North Africa, South Africa, Australia, and the Mediterranean countries, and in high latitude, semi-arid growing regions of eastern and central Asia, Kazakhstan, the USA, and Canada [39]. In the present study, we attempted to mimic the field condition of a relatively long-lasting drought period together with a short period of heat stress (heat shock), which usually takes place at mid-day (combined drought and heat shock), and the combination of a drought period with more prolonged heat stress, which is a regular occurrence in semi-arid and hot growing regions. Arbuscular mycorrhizal fungi establish mutualistic interactions with more than 80% of all plant species, providing a direct physical link between the soil and plant roots [20,40,41]. AMF is one of the most used biological agents in boosting plant growth, helping in photosynthesis, and enhancing tolerance to biotic and abiotic stresses [42,43]. Nevertheless, there are still gaps in our knowledge regarding the regulatory mechanisms underlying AMF mediated tolerance under combined drought and heat stresses. As the aim of this study, we examined the effects of three AMF strains on tomato plant growth and their redox status when plants are exposed to combined heat and drought (D + H) and drought and heat shock (D + HS) stress. Our results indicated that inoculation with different AMF species (R. irregularis, F. mosseae, and F. coronatum) could enhance the tolerance of combined drought and heat stress of tomato plant by improving the antioxidant enzymes system, which in turn lowered cellular H2O2 and decreased lipid peroxidation (MDA).



Plant biomass increase is considered the most obvious and direct feature reflecting symbiosis-mediated plant growth and performance under different abiotic stresses. The stimulation of plant growth by AMF under abiotic stress has been documented in various studies [44,45]. Our results revealed that different stress applications (D + H and D + HS) impede tomato growth compared with NoS (Table 1), which might have been due to the effect on plants photosynthetic capacity, and thereby reduced stomatal conductance or the unavailability of nutrients. These results confirmed the finding of Quiroga et al. [46], who demonstrated that water deficit negatively affected the growth of drought-sensitive maize pretreated with R. irregularis, strain EEZ 58 (Ri), and especially in the case of drought-tolerant maize pretreated with the same strain. Moreover, limited irrigation significantly reduced the root dry weight of Medicago sativa inoculated with the mixture of R. intraradices and F. mosseae [13]. Contrariwise, Echinacea angustifolia seedlings inoculated with R. irregularis had higher dry weights than those of non-mycorrhizal seedlings under salt stress conditions [24]. On the other hand, we found that root colonization of tomato was not affected by different stress conditions (D + H and D + HS) as compared with the non-stressed control group. This phenomenon can be attributed to the limited period of stress applications, or perhaps the different species of AMF (R. irregularis, F. mosseae, and F. coronatum) used in our experiment have high efficiency with tomato roots when exposed to abiotic stress conditions. Another study conducted by Boutasknit et al. [47] explained that drought does not affect root colonization because it is linked to the unchanged carbon availability of the host plant. Moreover, this finding agrees with a study conducted by Pedranzani et al. [23], where Digitaria eriantha plants were inoculated with R. irregularis and subjected to drought, salinity, and cold stress. In contrast, water stress decreases the root colonization of different AMF with plant species such as soybean [48], rice [49], Ocimum gratissimum [50], Trifolium repens [51], and Triticum aestivum [52]. Interestingly, Pearson correlation analysis in our study illustrated that mycorrhizal colonization had a close correlation with some defense enzyme activities, and a negative association with H2O2 and MDA levels under both combined stresses (Tables S1 and S2), highlighting the role of AMF in ROS metabolism in the host plants exposed to such simultaneous abiotic stresses.



H2O2 and MDA accumulation can be considered as typical criteria for assessing stress application damages, while antioxidant enzymes are one of the important features in plant defense that scavenge the harmful effects of ROS, caused by various biotic and abiotic factors. In our experiment, H2O2 and MDA levels were measured to investigate the effect of AMF symbiosis on stress tolerance. H2O2 increased sharply in the leaves of the tomato compared with the roots when subjected to different stresses, and they were significantly lower in the plants treated with different AMF species. MDA content (which is considered an end product of lipid peroxidation) decreased in plants treated with different AMF compared with non-AM plants under stress treatments (Figure 1). The MDA content was higher in leaves than in roots in all treatments. However, the higher H2O2 and MDA content in leaves compared with roots may be attributed to the direct exposure of leaves to light, which affects directly the photosynthesis machinery, photorespiration, and accordingly affects the mitochondria, chloroplast, and peroxisome, which are considered to be the major sites of ROS production [53,54], in contrast to the roots that lack photosynthetic activity.



Besides, our results proved the ability of AMF in lowering oxidative damages. Moreover, this is consistent with previous reports, where the reduction in H2O2 and MDA accumulation under different stress treatments could be explained by a significant increase in defense enzyme activities like CAT, POD, and PPO of AM plants. As compared with non-inoculated plants, concerning all treatments, the reduction of H2O2 and MDA can be explained by better water availability and the accumulation of osmolytes [23,27,48]. AM symbiosis decreased H2O2 and MDA accumulation under stress combination, identical to tomato plants under drought, heat, combined drought, and heat stress [25]. Drought-stressed trifoliate orange seedlings colonized by F. mosseae showed similar results [9]. Alleviated H2O2 and MDA accumulation is also correlated with stress tolerance [55]. Furthermore, we also noted higher MDA content under different stress treatments in the leaves and roots; this is coherent with the higher generation rates of H2O2. Previous studies have also documented this observation in plants under different stress [56].



Antioxidant enzymes are known to have prominent beneficial roles in fighting against stress conditions. In this study, combined drought and heat stress significantly stimulated the activities of antioxidant enzymes. Our results showed that mycorrhizal treatments upon different stress exposures led to a further rise (increase), decrease, or did not change the activities of GST, CAT, PPO, and POD relative to non-AM plants in leaves as well as in roots (Figure 2, Figure 3, Figure 4 and Figure 5). A significant increase in leaf POD activity was found for all AMF species, except for plants treated with R. intraradices under combined drought and heat shock, where it has been reduced. R. intraradices and F. coronatum showed a much higher ability to promote POD activity in roots under both stresses. Remarkably, root PPO activity was noticeably increased by R. irregularis and F. coronatum upon D + HS. The change in different antioxidant enzyme activities in tomato plants in response to different stresses is related to the various forms of antioxidant enzyme metabolism; this has been proved by Sheikh Mohamadi et al. [57] using wheatgrass genotypes under drought and salinity, and is also consistent with the finding of Tommasini et al. [58] using Cenchrus ciliaris L under drought, heat, and their combination. Moreover, our results show a positive correlation between AM colonization and leaf CAT (r = 0.65 **) and root CAT (r = 0.51 *) (Table S2), where higher root CAT activity was found in plants inoculated with F. mosseae under D + HS (Figure 4). Being a tetrameric and heme-containing enzyme, CAT catalyzes the dismutation of hydrogen-peroxide into H2O and O2 [59,60]. The increase in different antioxidant enzymes shows enhanced resistance to oxidative stress-induced by drought, where the performance of AM plants differs depending on the AMF species [27,61]. The use of AMF as a biological agent is the most efficient approach to cope with the single or combined effect of drought and heat stress through the neutralization of ROS and enhancement of the antioxidant enzymes to avoid oxidative stress [25]. It is reported that the generation of ROS stimulates the production of abscisic acid, which plays a pivotal role in signaling networks of plant response to different abiotic stresses, which leads to the up-regulation of genes controlling the production of different antioxidants enzymes [62,63,64,65]. Our results are in accordance with other findings using different AMF and plant species such as wheat inoculated by Glomus mosseae [66]; trifoliate orange treated by F. mosseae [67]; date palm inoculated by F. mosseae [68]; finger millet inoculated with R. intraradices [59]; and carob inoculated with F. mosseae, Rhizophagus fasciculatus, or R. intraradices [69]. Recently, Al-Arjani et al. [70] demonstrated that AMF inoculated plants were significantly more resilient to drought stress by the upregulation of the host antioxidant defense system, especially SOD in Ephedra foliate boiss inoculated by Claroideoglomus etunicatum, R. intraradices, and F. mosseae. Another study illustrated that GSTs could protect the plants from different abiotic stresses [71], which have the ability to catalyze the conjugation of tripeptide glutathione (GSH) to unfamiliar electrophilic and hydrophobic substrates to form less toxic or non-toxic peptide derivatives [72]. Therefore, increased total GST enzyme and isoenzyme activity in heat stress with pre-salinity treatments according to treatment alone (salt, heat) leads to decreased hydrogen peroxide levels in maize leaves [72]; many reports illustrated that ABA induces the GST activities in different plant species under individual or combined drought and heat stress [73,74,75,76]. Hashem et al. have also reported a strong positive effect of beneficial microbes in reducing oxidative stress through the upregulation of the antioxidant system in Acacia gerrardii [17]. Cabral and coworkers found that inoculation with an AMF mixture including R. irregularis BEG140, R. irregularis, F. mosseae BEG95, F. geosporum, and Claroideoglomus claroideum in wheat (Triticum aestivum) plants mitigated the adverse effects of temperature stress at 35 °C in the daytime and 25 °C in the night for seven days [77]. Otherwise, Essahibi et al. clarified the greater capacity of carob inoculated by different AMF (F. mosseae, R. fasciculatus, or R. intraradices) to tolerate water stress through increased water and nutrients uptake, stomatal conductance, improved osmotic adjustment, and enhanced antioxidant system (SOD, APX, G-POD, CAT); furthermore, he recommended the use of F. mosseae as a biological tool to improve carob tolerance to water deficit [69].




5. Conclusions


The present study provides new evidence concerning the beneficial role of AMF symbiosis in the alleviation of ROS accumulation caused by combined drought and heat, and combined drought and heat shock stress. Our data revealed that the accumulation of H2O2 and lipid peroxidation was much higher in leaves than in roots. However, inoculation with different AMF strains, and especially, F. moseae, could enhance tomato plants’ tolerance by lowering H2O2 and MDA content, and changed the activities of antioxidant enzymes investigated. For example, higher POD and GST activities were found in roots than in leaves of mycorrhizal plants. In contrast, higher CAT activities were found in leaves of mycorrhizal plants. However, PPO activities were not too prominent in leaves, while they increased in roots of plants inoculated by R. irregularis and F. coronatum under combined drought and heat stress. The efficiency of different AMF strains used in our experiment to endure combined drought and heat is of great importance for improving agriculture production in a vast area over the world.
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Figure 1. Hydrogen peroxide (H2O2) and malonaldehyde (MDA) accumulation in leaves (A,C) and roots (B,D) of non-inoculated plants (No arbuscular mycorrhizal (AM) and plants inoculated by R. irregularis (AM1), F. mosseae (AM2), or F. coronatum (AM3) subjected to non-stress (NoS), drought + heat stress, and drought + heat shock. Each bar represents the mean and standard deviation (n = 4). Different minuscules indicate significant difference among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. 






Figure 1. Hydrogen peroxide (H2O2) and malonaldehyde (MDA) accumulation in leaves (A,C) and roots (B,D) of non-inoculated plants (No arbuscular mycorrhizal (AM) and plants inoculated by R. irregularis (AM1), F. mosseae (AM2), or F. coronatum (AM3) subjected to non-stress (NoS), drought + heat stress, and drought + heat shock. Each bar represents the mean and standard deviation (n = 4). Different minuscules indicate significant difference among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05.
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Figure 2. The activity of peroxidase (POD) in leaves (A) and roots (B) of non-inoculated plants (No AM) and plants inoculated by R. irregularis (AM1), F. mosseae (AM2), or F. coronatum (AM3) subjected to non-stress (NoS), drought + heat stress (D + H), and drought + heat shock (D + HS). Each bar represents the mean and standard deviation (n = 4). Different minuscules indicate significant differences among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. 
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Figure 3. The activity of polyphenol oxidase (PPO) in leaves (A) and roots (B) of non-inoculated plants (No AM) and plants inoculated by R. irregularis (AM1), F. mosseae (AM2), or F. coronatum (AM3) subjected to non-stress (NoS), drought + heat stress (D + H), and drought + heat shock (D + HS). Each bar represents the mean and standard deviation (n = 4). Different minuscules indicate significant differences among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. 
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Figure 4. The activity of catalase (CAT) in leaves (A) and roots (B) of non-inoculated plants (No AM) and plants inoculated by R. irregularis (AM1), F. mosseae (AM2), or F. coronatum (AM3) subjected to non-stress (NoS), drought + heat stress (D + H), and drought+ heat shock (D + HS). Each bar represents the mean and standard deviation (n = 4). Different minuscules indicate significant differences among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. 
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Figure 5. The activity of glutathione S transferase (GST) in leaves (A) and roots (B) of non-inoculated plants (No AM) and plants inoculated by R. irregularis (AM1), F. mosseae (AM2), or F. coronatum (AM3) subjected to non-stress (NoS), drought + heat stress (D + H), and drought+ heat shock (D + HS). Each bar represents the mean and standard deviation (n = 4). Different minuscules indicate significant differences among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. 
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Table 1. Effects of arbuscular mycorrhizal (AM) inoculation (M), stress application (S), and the interaction between M and S on the measured parameters. POD, peroxidase; CAT, catalase; PPO, polyphenol oxidase; GST, glutathione S-transferase; MDA, malonaldehyde.
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Parameters

	
Variables

	
Mean Squares

	
F-Value

	
Df

	
p-Value






	
Fresh shoot biomass

	
AM inoculation (M)

	
4.548

	
7.42

	
3

	
** 0.0006




	
Stress application (S)

	
131.045

	
213.85

	
2

	
*** <0.0001




	
M*S

	
3.819

	
6.23

	
6

	
** 0.0002




	
Leaf H2O2 accumulation

	
AM inoculation (M)

	
4.991

	
18.09

	
3

	
*** <0.0001




	
Stress application (S)

	
114.779

	
415.85

	
2

	
*** <0.0001




	
M*S

	
2.26

	
8.19

	
6

	
*** <0.0001




	
Root H2O2 accumulation

	
AM inoculation (M)

	
0.7

	
13.07

	
3

	
*** <0.0001




	
Stress application (S)

	
3.894

	
72.67

	
2

	
*** <0.0001




	
M*S

	
0.551

	
10.28

	
6

	
*** <0.0001




	
Leaf MDA

	
AM inoculation (M)

	
0.152

	
19.89

	
3

	
*** <0.0001




	
Stress application (S)

	
1.081

	
140.73

	
2

	
*** <0.0001




	
M*S

	
0.074

	
9.74

	
6

	
*** <0.0001




	
Root MDA

	
AM inoculation (M)

	
0.002

	
5.3413

	
3

	
** 0.0037




	
Stress application (S)

	
0.012

	
30.1518

	
2

	
*** <0.0001




	
M*S

	
0.002

	
5.7469

	
6

	
*** <0.0001




	
Leaf CAT

	
AM inoculation (M)

	
3752.957

	
12.44

	
3

	
*** <0.0001




	
Stress application (S)

	
20,880.46

	
69.23

	
2

	
*** <0.0001




	
M*S

	
1688.4

	
5.6

	
6

	
*** <0.0001




	
Root CAT

	
AM inoculation (M)

	
1951.394

	
12.46

	
3

	
*** <0.0001




	
Stress application (S)

	
16,928.51

	
108.05

	
2

	
*** <0.0001




	
M*S

	
1110.936

	
7.09

	
6

	
*** <0.0001




	
Leaf POD

	
AM inoculation (M)

	
346.791

	
15.76

	
3

	
*** <0.0001




	
Stress application (S)

	
6526.13

	
296.5

	
2

	
*** <0.0001




	
M*S

	
202.406

	
9.2

	
6

	
*** <0.0001




	
Root POD

	
AM inoculation (M)

	
2609.255

	
23.94

	
3

	
*** <0.0001




	
Stress application (S)

	
19,807.52

	
181.7

	
2

	
*** <0.0001




	
M*S

	
1465.06

	
13.44

	
6

	
*** <0.0001




	
Leaf PPO

	
AM inoculation (M)

	
0.003

	
6.96

	
3

	
*** <0.0001




	
Stress application (S)

	
0.08

	
155.71

	
2

	
*** <0.0001




	
M*S

	
0.001

	
2.21

	
6

	
* 0.0155




	
Root PPO

	
AM inoculation (M)

	
0.002

	
9.76

	
3

	
*** <0.0001




	
Stress application (S)

	
0.083

	
297.48

	
2

	
*** <0.0001




	
M*S

	
0.002

	
8.39

	
6

	
*** <0.0001




	
Leaf GST

	
AM inoculation (M)

	
0.054

	
3.59

	
3

	
** 0.0023




	
Stress application (S)

	
0.244

	
16.02

	
2

	
*** <0.0001




	
M*S

	
0.092

	
6.05

	
6

	
*** <0.0001




	
Root GST

	
AM inoculation (M)

	
0.043

	
2.62

	
3

	
* 0.0185




	
Stress application (S)

	
0.52

	
31.37

	
2

	
*** <0.0001




	
M*S

	
0.045

	
2.77

	
6

	
** 0.0026








*, **, and *** indicate significant differences at p < 0.05, 0.01, and 0.001, respectively.
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Table 2. Fresh plant biomass and AM colonization rate in plants not inoculated or inoculated by R. irregularis, F. mosseae, or F. coronatum under no stress, drought + heat stress, and drought + heat shock after eight weeks of growth.






Table 2. Fresh plant biomass and AM colonization rate in plants not inoculated or inoculated by R. irregularis, F. mosseae, or F. coronatum under no stress, drought + heat stress, and drought + heat shock after eight weeks of growth.





	
Stress Condition

	
AM Inoculation

	
Fresh Plant Biomass (g plant−1)

	
AM Colonization (%)






	
No stress

	
No AM

	
17.21 ± 0.33 Aa

	
0




	
R. irregularis

	
17.86 ± 0.84 Aa

	
58.87 ± 6.90




	
F. mosseae

	
17.17 ± 1.41 Aa

	
47.27 ± 7.35




	
F. coronatum

	
17.23 ± 1.37 Aa

	
48.01 ± 7.11




	
Drought + heat stress

	
No AM

	
11.38 ± 0.43 Bb

	
0




	
R. irregularis

	
12.28 ± 0.66 Ba

	
63.82 ± 11.47




	
F. mosseae

	
12.02 ± 0.89 Ba

	
53.16 ± 6.44




	
F. coronatum

	
11.79 ± 0.59 Bba

	
48.36 ± 9.07




	
Drought + heat shock

	
No AM

	
12.31 ± 0.34 Cb

	
0




	
R. irregularis

	
12.75 ± 1.12 Bb

	
52.09 ± 9.45




	
F. mosseae

	
15.72 ± 0.46 Aa

	
55.84 ± 8.14




	
F. coronatum

	
12.18 ± 0.47 Bb

	
51.03 ± 7.93








AM, arbuscular mycorrhizal. No AM, without arbuscular mycorrhiza. For each parameter, the means ± standard deviations are presented (n = 4). Different minuscule within a column indicates significant differences among treatments under the same conditions (no stress, drought + heat stress, or drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05. Different capital letters within a column indicate significant differences of the same treatments (No AM, R. irregularis, F. mosseae, or F. coronatum) under different conditions (no stress, drought + heat stress, and drought + heat shock) by Duncan’s post hoc test at p ≤ 0.05.
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