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Synergistic Association With Root Endophytic Fungi Improves Morpho-Physiological and Biochemical Responses of Chenopodium quinoa to Salt Stress
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Symbiotic associations with microbes can contribute to mitigating abiotic environmental stress in plants. In this study, we investigated individual and interactive effects of two root endophytic fungal species on physiological and biochemical mechanisms of the crop Chenopodium quinoa in response to salinity. Fungal endophytes (FE) Talaromyces minioluteus and Penicillium murcianum, isolated from quinoa plants that occur naturally in the Atacama Desert, were used for endophyte inoculation. A greenhouse experiment was developed using four plant groups: (1) plants inoculated with T. minioluteus (E1+), (2) plants inoculated with P. murcianum (E2+), (3) plants inoculated with both fungal species (E1E2+), and (4) non-inoculated plants (E-). Plants from each group were then assigned to either salt (300 mM) or control (no salt) treatments. Differences in morphological traits, photosynthesis, stomatal conductance, transpiration, superoxide dismutase (SOD), ascorbate peroxidase (APX), peroxidase, (POD), phenylalanine ammonia-lyase (PAL), phenolic content, and lipid peroxidation between plant groups under each treatment were examined. We found that both endophyte species significantly improved morphological and physiological traits, including plant height, number of shoots, photosynthesis, stomatal conductance, and transpiration, in C. quinoa in response to salt, but optimal physiological responses were observed in E1E2+ plants. Under saline conditions, endophyte inoculation improved SOD, APX, and POD activity by over 50%, and phenolic content by approximately 30%, with optimal enzymatic responses again observed in E1E2+ plants. Lipid peroxidation was significantly lower in inoculated plants than in non-inoculated plants. Results demonstrate that both endophyte species enhanced the ability of C. quinoa to cope with salt stress by improving antioxidative enzyme and non-enzyme systems. In general, both FE species interacting in tandem yielded better morphological, physiological, and biochemical responses to salinity in quinoa than inoculation by a single species in isolation. Our study highlights the importance of stress-adapted FE as a biological agent for mitigating abiotic stress in crop plants.
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INTRODUCTION

Abiotic stresses linked to climate change are a major factor restricting plant growth and distribution (Bartels and Sunkar, 2005). Increases in soil salinity can result in considerable declines in plant performance by producing an ion imbalance and hyperosmotic stress (Zhu, 2001), which limits plant water uptake. Similarly, high soil salinity has deleterious effects on several physiological and biochemical processes, including declines in photosynthesis and stomatal conductance, and can lead to an increase in oxidative damage through the formation of reactive oxygen species (ROS) (Sharma et al., 2005; Bose et al., 2014; Hnilickova et al., 2021). An excess of ROS may cause severe damage to proteins, lipids, membranes, and DNA, leading to an increase in lipid peroxidation (Foyer and Noctor, 2003; Meloni et al., 2003; Apel and Hirt, 2004; Ozgur et al., 2015). In response to ROS, plants may activate an array of enzymatic and non-enzymatic antioxidant mechanisms, including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), phenylalanine ammonia-lyase (PAL), and secondary metabolites with antioxidant properties, such as phenolic compounds (Meloni et al., 2003; Ozgur et al., 2013; Al Hassan et al., 2017).

Associations with symbiotic endophytic fungi are recognized as a key component of plant responses to abiotic stress (Rodriguez et al., 2008). Horizontally transmitted fungal endophytes (FE) are ubiquitous in plants and colonize a variety of plant tissues (Rodriguez et al., 2009). Whereas most FE are defined as commensalistic, with no or yet unknown functions in plants, there are several reports of fungal symbionts improving host resilience to a range of abiotic stresses, including drought, heat, and salinity (Baltruschat et al., 2008; Singh et al., 2011; Bagheri et al., 2013; Acuña-Rodríguez et al., 2019; Gupta et al., 2021; Moghaddam et al., 2021). Interestingly, stress tolerance conferred by some FE taxa seems to involve habitat-specific fungal adaptations, i.e., fungal species isolated from plants occurring in areas characterized by high levels of environmental stress are particularly effective at enhancing host stress tolerance (Rodriguez et al., 2008; Giauque et al., 2018). For example, wheat seedlings inoculated with saline-adapted Azospirillum fungal strains have been found to have higher levels of photosynthetic pigments and proline accumulation than seedlings inoculated with non-saline-adapted Azospirillum strains (Azad and Kaminskyj, 2016). Consequently, several studies have reported that stress-adapted FE are able to mitigate negative effects of salinity by improving a range of physiological and biochemical plant responses, including photosynthesis, transpiration rate, antioxidant enzyme activity, and concentrations of osmoprotectant molecules, such as proline and soluble sugars (Rodriguez et al., 2008; Zarea et al., 2012; Azad and Kaminskyj, 2016; Li et al., 2017; Molina-Montenegro et al., 2020; Moghaddam et al., 2021). In this sense, stress-adapted FE may potentially be used as biological agents to assist in mitigating abiotic stress in plants.

There is some evidence to suggest that the effects of FE may be synergistic or additive in nature, where the presence of several mutualists results in increased host benefits (Gazis and Chaverri, 2015; González-Teuber, 2016; Bilal et al., 2020). While the benefits of FE in terms of alleviating abiotic stresses have usually been demonstrated using a single FE species, synergistic effects of several FE taxa in combination have rarely been investigated. Results from a recent study, however, suggest that cooperation among endophytes leads to enhanced plant responses to combined abiotic stresses (Bilal et al., 2020). It was shown that soybean plants co-inoculated with two FE species displayed improved growth, photosynthesis, and antioxidant mechanisms in response to heavy metals, high temperature, and drought stress compared to single-inoculated and non-inoculated plants (Bilal et al., 2020). These results highlight the importance of multiple symbiotic agents interacting to ameliorate plant stress. For agricultural food crops in particular, combining symbiotic microorganisms may be useful in terms of developing and improving management strategies.

Chenopodium quinoa is a pseudo-cereal crop of the Amaranthaceae family, native to the Andean region of South America. Quinoa is an important crop due to its high protein content and resilience to a range of stressful conditions (Bascuñán-Godoy et al., 2016; Lutz and Bascuñán-Godoy, 2017). In Chile, it occurs naturally in the Atacama Desert (Rodriguez et al., 2008; Fuentes and Bhargava, 2011), where extreme climatic conditions, including heat, drought, and soil salinity (Houston and Hartley, 2003) are key constraints to plant growth and distribution. It has been suggested that colonization by microbial symbionts potentially ameliorates adverse effects of abiotic stresses in quinoa plants (González-Teuber et al., 2018). Earlier research shows that Talaromyces minioluteus (former Penicillium minioluteum) and Penicillium murcianum are the most abundant FE colonizing healthy quinoa root tissues growing near the Salar de Atacama (González-Teuber et al., 2017), with P. minioluteum observed to improve host tolerance to water stress (González-Teuber et al., 2018). In this study, quinoa plants were colonized with T. minioluteus and P. murcianum and exposed to a salinity treatment. Our goal was to assess whether individual and interactive effects of both FE enhance the ability of C. quinoa to tolerate salinity, including morphological (plant height and number of shoots), physiological (photosynthesis, stomatal conductance, and transpiration) and biochemical mechanisms (antioxidant enzymes, phenolic content, and lipid peroxidation). Based on the natural occurrence of both endophyte species in saline environments, we predicted that FE would increase tolerance to salinity in C. quinoa. Additionally, we predicted that co-inoculated plants would exhibit greater salt tolerance mechanisms than single and non-inoculated plants.



MATERIALS AND METHODS


Study Site and Sample Collection

Chenopodium quinoa Willd. (Amaranthaceae) is a gynomonoecious annual plant with an erect stem. It bears alternate leaves that are variously colored due to the presence of betacyanins. The inflorescence is a panicle of 15–70 cm in length, rising from the top of the plant and from the axils of lower leaves (Bhargava et al., 2006). Seeds were collected from plants growing near the village of Socaire (23°36′00″S and 67°50′60″W), situated 3.500 m above sea level, 50 km East of the Salar de Atacama. The climate in the Atacama Desert is characterized as extremely arid (Noy-Meyr, 1973). Daily average temperatures range from 7.1 to 24.5°C, with a mean annual precipitation of 18 mm (García et al., 2007). In a recent study (González-Teuber et al., 2017) characterizing the fungal endophyte community associated with roots of healthy quinoa plants growing in the Atacama Desert (Supplementary Figure 1), Talaromyces and Penicillium were identified as the dominant genera, with T. minioluteus (former Penicillium minioluteum) and P. murcianum constituting the two most abundant FE (González-Teuber et al., 2017). Inoculation experiments developed here were conducted using T. minioluteus (NCBI ID: OL634957) and P. murcianum strains (NCBI ID: OL634958). Pure cultures of each were obtained from our laboratory collection. Cultures were grown for 14 days at 28°C in 16 mm petri dishes with yeast malt agar (YMA). YMA (Atlas and Parks, 1993) was used as it has been found to be a suitable medium for spore production in both endophyte species (González-Teuber, personal observations). Spores were then collected by repetitively flooding the agar plates with distilled sterile water and rubbing the surface with a sterile spatula. Samples were transferred to sterile bottles for storage. A Neubauer chamber cell counter (HBG Company, Germany) was used to adjust the spore concentration to 1 × 107 spores mL–1. This concentration was later used to inoculate plant roots.



Plant Material and Salinity Experiment

Seeds were surface sterilized by immersion in 0.5% sodium hypochlorite for 3 min (Sauer and Burroughs, 1986). They were subsequently rinsed with sterile distilled water and dried using sterile paper towel. The effectiveness of the surface sterilization method was confirmed by the absence of any microbial growth on PDA (potato dextrose agar) plates (PhytoTechnology Laboratories), evaluated by plating water used for the final rinse. Germinated seeds were transplanted to 0.2 L plastic pots filled with a mixture of sterilized soil and sand (1:1) and grown in a growth chamber under controlled conditions (400 μmol m–2 s–1 PAR (photosynthetically active radiation), with a minimum temperature of 17°C and a maximum of 23°C. Seedlings were moderately irrigated every second day to ensure establishment. Two weeks after transplanting, plants were separated into four groups: (1) non-inoculated plants (E-), (2) plants inoculated with T. minioluteus (E1+), (3) plants inoculated with P. murcianum (E2+), and (4) plants inoculated with both fungal species (E1E2+). Non-inoculated plants (N = 10 plants) were irrigated with sterile water free of endophyte spores. Single endophyte inoculation was achieved by watering plants either with a spore solution of T. minioluteus or P. murcianum (N = 10 plants in each case; concentration adjusted to 1 × 107 spores mL–1). For co-inoculation, plants were irrigated with a mixture containing both endophyte species (1:1) (N = 10 plants; concentration adjusted to 1 × 107 spores mL–1). Non-inoculated plants (N = 10 plants) were irrigated with sterile water free of endophyte spores. After 3 weeks of FE inoculation, just prior to the salinity treatment, three E- and E+ plants were sacrificed in order to verify presence and absence of T. minioluteus and P. murcianum. This was confirmed by collecting root material and testing for the presence of both fungal species through isolation of the endophytes on culture media (Arnold et al., 2000). E- plants were free of endophytic fungi in their roots. Plants from each endophyte group were then assigned to either salt (300 mM of NaCl) or control (no salt) treatments, resulting in a total of eight plant groups. A salt concentration of 300 mM was applied, since this concentration affects physiological performance in C. quinoa (Ruiz et al., 2016, 2017). The experiment was run as a full-factorial completely randomized design. Morphological and physiological traits were measured after a period of 3 weeks, including plant height, number of shoots, photosynthesis, stomatal conductance, and transpiration. Additionally, leaf material from all plants was collected and stored at −80°C to perform measurements of antioxidative enzyme activity (SOD, APX, POD, and PAL), total phenolic content, and lipid peroxidation.



Morphological Measurements

For each plant group (N = 5 plants per treatment), plant height (cm) was measured from the ground level to the tip of the main stem. The total number of shoots was recorded by counting all branches emerging from the main stem at different node positions, including the basal branches. Although plant biomass was not measured at the end of the experiment, a previous study in C. quinoa showed that the number of shoots is positively correlated with final biomass (Shah et al., 2020). Moreover, both traits, plant height and number of shoots, have been demonstrated to be susceptible to salinity in halophyte plants, including C. quinoa (Vasquez et al., 2006; Hussain et al., 2020; Jaramillo Roman et al., 2020).



Gas Exchange Measurements

For each plant group, gas-exchange measurements were conducted in fully expanded leaves (third leaf from the top) (N = 5 plants per treatment) using a CI-340 handheld photosynthesis system (CID-Bio-Sciences, Inc., 4845NW Camas Meadows Drive, Camas, WA, 98607, United States). Leaves were first equilibrated at 370 mmol mol–1 of ambient CO2 and a photon density flux of 1,500 mmol m2s–1 for at least 10 min. Leaf temperature was maintained at 28°C, with airflow set at 0.2 L min–1. These conditions were kept constant for the determination of CO2 assimilation rate (net photosynthesis), stomatal conductance, and transpiration.



Antioxidant Enzymes

Leaf tissue of all plant groups (N = 3 plants per treatment) was ground into a fine powder in liquid nitrogen and stored at −80°C until protein extraction. The methodology for protein extraction and measurements of superoxide dismutase (SOD, EC 1.15.1), ascorbate peroxidase (APX, EC 1.11.1.11), peroxidase class III (POD, EC 1.11.1.7) and phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) activity was previously described in Contreras et al. (2018, 2019). SOD activity was determined by using the photoinhibition of nitro-blue tetrazolium assay (NBT) at 560 nm of absorbance (Beauchamp and Fridovich, 1971). APX was measured based on the consumption of ascorbate at 290 nm of absorbance, according to Lima et al. (2002), using molar extinction of ascorbate, ε = 2.8 mM–1 cm–1 (Köhler et al., 2017). POD activity was determined according to Pinhero et al. (1997), based on tetrahydro-guaiacol (THG) formation at 470 nm of absorbance using molar extinction of THG, ε = 26.6 mM–1 cm–1 (Köhler et al., 2017). PAL activity was measured using the trans-cinnamic acid formation at 290 nm, using d-phenylalanine as a negative control (Pellegrini et al., 1994).



Phenolic Content

Total phenolic content was determined using the Folin-Ciocalteu assay, as described in Contreras et al. (2018). The absorbance was measured at 660 nm in a microplate reader spectrophotometer (TECAN, Infinite2000pro, Austria) and expressed in gallic acid equivalents (GA) per gram of fresh weight (FW), following Singleton et al. (1999).



Lipid Peroxidation

Lipid peroxidation was estimated by measuring the concentration of malondialdehyde (MDA) by the thiobarbituric acid reactive substances (TBARS) assay. 50 mg of fresh plant tissue was ground to a powder in liquid nitrogen and suspended in 1 mL of 1% trichloroacetic acid (TCA), and the homogenate centrifuged at 13,000 rpm for 5 min. 250 μL of the supernatant was mixed with 1 mL of 0.5% thiobarbituric acid (TBA) in 20% TCA, and the mixture boiled for 30 min then cooled to room temperature. The MDA formed was quantified at 532 nm and 600 nm in a microplate reader spectrophotometer (TECAN, Infinite2000pro, Austria), using a molar extinction coefficient of 155 mM–1 cm–1 (Ederli et al., 2004).



Statistical Analysis

Effects of fungal endophytes and salinity on physiological and biochemical traits were determined with a two-way ANOVA followed by a Tukey’s HSD post hoc test. The presence of endophytes and salinity were considered fixed effects. Assumptions of normality and homogeneity of variance were tested prior to statistical analyses. All data followed these requirements except APX activity, which was log transformed to achieve homogeneity of variance. Analyses were performed using Statistica 7.0.




RESULTS


Morphological and Physiological Responses

Plant height was significantly affected by endophyte inoculation, salinity, and E × S interaction (Table 1). Plant height decreased in response to salinity in E- and E2+ plants (P < 0.05, Tukey test), although it was not impacted by salinity in E1+ and E1E2+ plants (Figure 1A). The number of shoots was significantly affected by endophyte inoculation and by the interaction E × S. Salinity did not significantly affect the number of shoots (Table 1). While the number of shoots decreased under salinity in E- plants (P < 0.05, Tukey test), it remained constant in inoculated plants (Figure 1B). Net photosynthesis was significantly affected by endophyte inoculation and salinity. No significant endophyte x salinity (E × S) interaction effects were observed (Table 1). Photosynthesis was higher in E1E2+ plants than in E- and E2+ plants (P < 0.05, Tukey test); nevertheless, no significant differences were observed between E1E2+ and E1+ plants (P > 0.05, Tukey test) (Figure 2A). While photosynthesis decreased considerably under salinity in E- plants, it was not affected by salinity in either single or co-inoculated plants (Figure 2A). No significant effect of endophyte inoculation on stomatal conductance and transpiration was observed; however, both were significantly affected by salinity and E × S interaction. While stomatal conductance and transpiration declined in response to salinity in E- and E2+ plants, both remained constant in E1+ and E1E2+ plants (Figures 2B,C).


TABLE 1. Two-way ANOVA of the effects of endophyte inoculation and salinity on physiological and biochemical traits of Chenopodium quinoa.
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FIGURE 1. Effects of fungal endophyte inoculation and salinity on plant height (A) and number of shoots (B) of Chenopodium quinoa. White bars = no salinity stress (0 mM NaCl); gray bars = salinity stress (300 mM NaCl). E-: non-inoculated plants; E1+: plants inoculated with Talaromyces minioluteus; E2+: plants inoculated with Penicillium murcianum; E1E2+: plants inoculated with both endophytes in combination. Asterisks indicate the significance level of differences in plant responses between non-salt and salt treatments: **p < 0.01, *p < 0.05, NS = no significant difference (Tukey HSD after two-way ANOVA).
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FIGURE 2. Effects of fungal endophyte inoculation and salinity on net photosynthesis (A), stomatal conductance (B), and transpiration (C) of Chenopodium quinoa. White bars = no salinity stress (0 mM NaCl); gray bars = salinity stress (300 mM NaCl). E-: non-inoculated plants; E1+: plants inoculated with Talaromyces minioluteus; E2+: plants inoculated with Penicillium murcianum; E1E2+: plants inoculated with both endophytes in combination. Asterisks indicate the significance level of differences in plant responses between non-salt and salt treatments: ***p < 0.001, **p < 0.01, *p < 0.05, NS = no significant difference (Tukey HSD after two-way ANOVA).




Enzyme Activities

SOD was significantly affected by endophyte inoculation, salinity, as well as an E × S interaction (Table 1). It was considerably higher in single- and co-inoculated plants than in non-inoculated plants (P < 0.05, Tukey test) (Figure 3A). SOD activity increased under salinity in E-, E2+ and E1E2+ plants. For E1+ plants, however, there was no difference in SOD between control and saline treated plants (Figure 3A). Both APX and POD were significantly affected by endophyte inoculation, salinity, and E × S interaction (Table 1). Enzyme activity of both was greater in E2+ and E1E2+ plants in comparison to E- and E1+ plants (P < 0.05, Tukey test) (Figures 3B,C). APX and POD decreased in response to salinity in E- and E2+ plants but remained constant under salinity in E1+ and in E1E2+ plants (Figures 3B,C). PAL was significantly affected by salinity (Table 1); nevertheless, no significant effects of endophyte inoculation or an E × S interaction were observed. PAL increased under salinity in all treatments (Figure 3D).


[image: image]

FIGURE 3. Effects of fungal endophyte inoculation and salinity on antioxidant enzyme activities: Superoxide dismutase (SOD) (A), ascorbate peroxidase (APX) (B), peroxidase (POD) (C), and phenylalanine ammonia-lyase (PAL) (D) of Chenopodium quinoa. White bars = no salinity stress (0 mM NaCl); gray bars = salinity stress (300 mM NaCl). E-: non-inoculated plants; E1+: plants inoculated with Talaromyces minioluteus; E2+: plants inoculated with Penicillium murcianum; E1E2+: plants inoculated with both endophytes in combination. Asterisks indicate the significance level of differences in plant responses between non-salt and salt treatments: ***p < 0.001, **p < 0.01, *p < 0.05, NS = no significant difference (Tukey HSD after two-way ANOVA).




Phenolic Content

Total phenolic content was significantly affected by endophyte inoculation, salinity, and E x S interaction (Table 1). Phenolic content was higher in E1E2+ plants than in E- plants (P < 0.05, Tukey test) (Figure 4), but no significant differences in its content were found between single- and co-inoculated plants (P > 0.05, Tukey test). The phenolic content increased under salinity in E- and E1E2+ plants; nevertheless, it was not different between control and saline treated plants for groups E1+ and E2+ (Figure 4).
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FIGURE 4. Effects of fungal endophyte inoculation and salinity on phenolic content of Chenopodium quinoa. White bars = no salinity stress (0 mM NaCl); gray bars = with salinity stress (300 mM NaCl). E-: non-inoculated plants; E1+: plants inoculated with Talaromyces minioluteus; E2+: plants inoculated with Penicillium murcianum; E1E2+: plants inoculated with both endophytes in combination. Asterisks indicate the significance level of differences in plant responses between non-salt and salt treatments: ***p < 0.001, **p < 0.01, NS = no significant difference (Tukey HSD after two-way ANOVA).




Lipid Peroxidation

Endophyte inoculation and E × S interaction significantly affected MDA level, but no significant effect was observed for salinity (Table 1). MDA was considerably lower in single- and in co-inoculated plants relative to non-inoculated plants (P < 0.05, Tukey test) (Figure 5). No differences in MDA were observed between control and salinity for any plant group (Figure 5).
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FIGURE 5. Effects of fungal endophyte inoculation and salinity on malondialdehyde (MDA, product of lipid peroxidation) of Chenopodium quinoa. White bars = no salinity stress (0 mM NaCl); gray bars = salinity stress (300 mM NaCl). E-: non-inoculated plants; E1+: plants inoculated with Talaromyces minioluteus; E2+: plants inoculated with Penicillium murcianum; E1E2+: plants inoculated with both endophytes together. NS = no significant difference (Tukey HSD after two-way ANOVA).





DISCUSSION


Benefits of Fungal Endophytes in Plant Performance

We showed that FE species isolated from quinoa growing in the Atacama Desert were able to mitigate negative effects of salinity in plants, suggesting a mutualistic relationship between C. quinoa and both fungal species under stress conditions. Both genera Talaromyces and Penicillium, however, are common soil inhabitants with different lifestyles (Visagie et al., 2014; Yilmaz et al., 2016). In this case, species of both genera may behave as endophytes, saprophytes or even as pathogens for some plant species (Visagie et al., 2014; Pasricha et al., 2017; Vinale et al., 2017; Tannous et al., 2020). In C. quinoa, FE promoted morphological, physiological, and biochemical responses. Morphological performance as well as photosynthesis were considerably improved in both single and co-inoculated plants. Stomatal conductance and transpiration, however, showed no improvement in response to FE. This suggests that other processes unrelated to gas exchange, such as enzyme and non-enzyme antioxidant mechanisms, could be involved in these responses. We showed that in quinoa antioxidant mechanisms, including SOD, APX, POD, and phenols, were enhanced by FE inoculation. SOD and APX are present in a range of organelles, including chloroplasts, and play a role in the water-water cycle, which is involved in ROS prevention (Asada, 1999). Whereas SOD catalyzes the dismutation of superoxide radicals into hydrogen peroxide (H2O2) and molecular oxygen (O2) downstream, APX catalyzes the reaction between ascorbic acid and H2O2 to produce water and monodehydroascorbic acid (Asada, 1999; Maruta et al., 2016). While loss of SOD isoforms has been demonstrated to lead to inactivation of photosystem I and increase photooxidative stress in plants, overexpression of this enzyme seems to result in an improvement in photosynthesis (Myouga et al., 2008; Gallie and Chen, 2019). Additionally, APX influences the H2O2 signaling mechanism related to stress responses and has been shown to lead to an improvement in the recovery of photosynthesis subsequent to plant stress (Uchida et al., 2002; Sales et al., 2013; Exposito-Rodriguez et al., 2017). Considering the role of both enzymes in photoprotection (Asada, 1999), FE inoculation in C. quinoa may promote photosynthesis, likely mediated by ROS reduction. These potentially positive effects of SOD and APX in quinoa, preventing photooxidative damage and improving photosynthetic responses, should be further assessed by measuring the photochemical balance through chlorophyll a fluorescence analysis (Kramer et al., 2004). In addition to SOD and APX, POD (usually present in cell walls) and phenols play a key role scavenging H2O2 in plants (Lin and Kao, 2001; Blokhina et al., 2003). Whereas POD was found to be similarly induced as APX by FE in C. quinoa, the phenolic content was considerably improved by FE inoculation. Importantly, enhanced antioxidant systems (enzymatic and non-enzymatic) mediated by FE in quinoa were observed to lead to low levels of lipid peroxidation. Our results suggest that both T. minioluteus and P. murcianum assist C. quinoa in alleviating ROS production, which contributes to counteracting oxidative stress under stressful conditions (Singh et al., 2011; Gupta et al., 2021).



Fungal Endophytes and Plant Tolerance to Salinity

In the absence of stress, co-inoculation had a negative impact on morphological responses in C. quinoa compared to single and non-inoculation. In symbiotic associations, such as plant-mycorrhiza or plant-FE interactions, the fungus acquires carbon from the plant, with possible impacts on plant growth (Behie et al., 2017). Our results suggest that multiple symbiosis likely acquires more carbohydrates from the plant than single symbiosis. Conversely, under conditions of stress, co-inoculation allowed growth to remain constant relative to non-inoculated plants, in which morphological traits were negatively affected by salinity. Salinity negatively impacted morphological responses in E-; nevertheless, they remained stable under salinity in single and co-inoculated plants. A similar pattern was observed for photosynthesis, which suggests that positive FE effects on photosynthesis in C. quinoa resulted in improved plant biomass. Our results are consistent with a previous study on C. quinoa, which showed that benefits of plant-endophyte associations seem to be more pronounced under conditions of stress (González-Teuber et al., 2017). The ability of both fungal genera to confer salinity tolerance to C. quinoa is likely a result of an evolutionary adaptation of the former to cope with stressful environments (dry and saline conditions), which is ultimately passed on to the host (Rodriguez et al., 2008).

Salt stress may result in degradation of photosynthetic pigments as well as D1 and D2 proteins of the photoreaction center, which leads to a decline in photosynthesis (Jansen et al., 1996). Here, we showed that salinity considerably impaired photosynthesis in non-inoculated plants, which was coupled with a reduction in stomatal conductance and transpiration. In contrast, endophyte inoculation allowed C. quinoa to keep photosynthesis constant in response to salinity, attaining levels similar to those observed in non-inoculated plants under control conditions. This is likely promoted by maintenance of stomatal conductance and transpiration, suggesting that FE regulate stomatal opening, mitigating negative effects of salinity in C. quinoa. Similar responses to salinity stress have been observed in other FE-inoculated crop species (Jogawat et al., 2013; Molina-Montenegro et al., 2020). In rice seedlings, for example, it was found that the root-endophytic fungus Piriformospora indica triggered an increase in photosynthetic pigment content under salinity stress relative to non-inoculated salt-treated rice seedlings, which showed a decline in these pigments (Jogawat et al., 2013). FE may mitigate salinity effects on photosynthesis by improving plant water status, which may result in greater stomatal conductance and ultimately higher CO2 assimilation (Zarea et al., 2012). Several studies have reported activation of antioxidant systems mediated by FE under salinity stress (Bagheri et al., 2013; Radhakrishnan et al., 2013; Li et al., 2017; Zhang et al., 2019). In C. quinoa, SOD activity increased in response to salinity in non-inoculated and inoculated plants. SOD improvement under saline conditions is a common response in a wide range of plants (including C. quinoa), even in the absence of fungal symbiosis (Cai and Gao, 2020). Nevertheless, FE inoculation, and particularly co-inoculation, improved SOD activity compared to non-inoculated plants. APX and POD have often been observed to increase under saline conditions in FE inoculated plants (Bagheri et al., 2013; Li et al., 2017; Zhang et al., 2019), although this was not the case in our study; rather, they remained constant in saline treated groups E2+ and E1E2+. This suggests that these enzymes are unlikely to play a significant role in C. quinoa in response to salinity. Both enzymes are likely important in the absence of stress in quinoa, however, showing a strong activation response to FE inoculation under non-saline treatments. Additionally, we found that both PAL and phenolic content increased in response to salinity, which is expected, since PAL is involved in the phenylpropanoid pathway, which leads to the synthesis of secondary metabolites such as phenolic compounds (Hahlbrock and Scheel, 1989). Taken together, our results showed that FE assist C. quinoa to induce both antioxidant enzymes and metabolites, improving plant tolerance to salinity stress. Salinity usually increases the level of lipid peroxidation in plants (Al Hassan et al., 2017), which may lead to higher membrane permeability and ion loss from the cells (Gupta and Huang, 2014). Here, we showed that salinity did not elevate MDA content in either inoculated or non-inoculated quinoa plants. This suggests an innate tolerance to salinity in the C. quinoa cultivar used in this study.



Synergic Fungal Endophyte Association and Antioxidative System

Our results showed that, compared to single-inoculated plants, co-inoculated C. quinoa individuals were better able to mitigate salinity stress. Co-inoculation improved photosynthesis and antioxidant mechanisms, including SOD, APX, POD, and phenolic content. This is consistent with previous studies, which have revealed synergistic effects of a range of microbes on hosts, increasing plant biomass and tolerance to abiotic stresses, including drought, salinity, and heat (Larimer et al., 2014; Bilal et al., 2020; Moreira et al., 2020). The mechanisms underlying host oxidative stress protection by FE are attributed mainly to the production of numerous antioxidant compounds in plant tissues, including alkaloids, flavonoids, phenolic acids, and antioxidant enzymes (Huang et al., 2007; Hamilton et al., 2012; Gul Jan et al., 2019), which are regulated by environmental conditions (Pusztahelyi et al., 2015). Huang et al. (2007), for example, examined 292 FE isolated from a diverse range of plants and measured antioxidant and phenolic production, suggesting that all FE are able to produce antioxidant and phenolic compounds themselves. Further, the FE Yarrowia lipolytica synthesizes in vitro polyphenols and flavonoids in appreciable quantities. Additionally, inoculation of maize by this species resulted in improved plant physiological and biochemical responses to salinity (Gul Jan et al., 2019). Since FE communities are diverse and may produce a mixture of bioactive metabolites, including stress protective compounds, it is suggested that more complex microbial communities would be more likely to improve host tolerance to environmental stresses (Van Elsas et al., 2012; Bilal et al., 2020; Moreira et al., 2020). Given that FE are able to alter host chemical profiles (Markert et al., 2008; Gul Jan et al., 2019), it is expected that these antioxidant compounds are likely part of the strategy of FE to deal with oxidative stress in plant tissues. FE play an important ecological role in the ability of some plant species to grow under extreme environmental conditions (Rodriguez et al., 2004, 2008), which is likely attributable to endophyte antioxidants that contribute to enhancing overall stress tolerance in plants. Some studies have proposed that a balance between elevated ROS and antioxidant production during plant-fungus symbiosis might be an additional mechanism explaining beneficial effects conferred by FE to plants inhabiting stressful environments (White and Torres, 2010; Hamilton et al., 2012). Since both partners (FE and plants) must cope with stress-induced ROS, a plausible result is the production of antioxidants by both partners in the symbiosis (White and Torres, 2010). This would imply a mutually enhanced protection to oxidative stress. For the C. quinoa—Talaromyces/Penicillium interaction, further studies are needed to elucidate the chemical basis of the symbiotic communication responsible for plant stress tolerance.




CONCLUSION

In C. quinoa, benefits provided by FE under saline conditions included an induction of antioxidant enzymes and antioxidant metabolites, improving photosynthesis and plant performance. Additional mechanisms potentially involved in mitigation of salt effects on plant performance by FE in C. quinoa are still unknown and require further investigation. Antioxidant compounds secreted by the plant-fungus symbiosis under stressful conditions would contribute to counteracting salinity-induced oxidative stress in C. quinoa. Moreover, our study highlights the importance of multiple microbial symbionts acting in tandem to increase host benefits. Future research in this context should consider testing the effects of Talaromyces and Penicillium species on other crop species to evaluate potential benefits to agricultural production systems.
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