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The date palm is a commercially important woody crop and is a good target plant for improving agricultural yields in extreme environments. However, salinity has been the primary abiotic stress complicating its cultivation and damaging its production worldwide. This study investigated the effect of alleviating salt stress on date palm growth and development by using arbuscular mycorrhizal fungi (AMF) and/or compost. The experiment was arranged in a completely randomized design with eight treatments. The treatments comprised control without inoculation or amendment and application of compost (made from green waste) and AMF (an autochthonous consortium) individually or in combination under non-saline (0 mM NaCl) or saline (240 mM NaCl) conditions. Growth, physiological characteristics, nutrient uptake, chlorophyll content, oxidative stress markers, and antioxidant enzyme activities were assessed. Salt stress increased sodium (Na+) and chlorine (Cl−) content, lipid peroxidation and proline, soluble sugar, and H2O2 content. However, it reduced growth parameters, AMF colonization, leaf water potential, nitrogen (N), phosphorus (P), potassium (K+), calcium (Ca2+), and chlorophyll content. The application of AMF and compost separately or in combination mitigated the deleterious effects induced by salinity. AMF inoculation contributed to plant salt tolerance through strategies such as increased nutrient uptake (particularly P and Ca2+), chlorophyll content, relative water content, stomatal conductance, antioxidant enzymatic activities (superoxide dismutase, ascorbate peroxidase, catalase) and by decreasing lipid peroxidation and H2O2 content. Plants grown in soil amended with compost under salt stress showed an improvement particularly in K+ and proline content and a decrease in H2O2 concentration compared to controls under the saline condition. In the presence of NaCl stress, the dual application of the compost and AMF consortium maximized plant growth, stomatal conductance, leaf water potential, all antioxidant enzyme activities and P, K+, N, and Ca2+ uptake as well as proline and soluble sugar content. However, it reduced Na+ and Cl− uptake and oxidative stress marker content. In conclusion, our study suggests that the application of AMF with compost has the potential to improve the tolerance of date palm seedlings to salt stress more than AMF or compost applied separately.
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INTRODUCTION

Climate change causes perturbations to the surrounding environment and significantly induces soil salinization. In arid and semi-arid regions, sporadic rainfall and high temperatures have resulted in increased evapotranspiration rates, which, when combined with the use of saline water for irrigation and excessive use of chemical products, has led to increasing soil salinization (Munns, 2005; Trenberth et al., 2014). It has been estimated that saline soils account for around 8% of the earth's surface land and are increasing worldwide (Hajiboland, 2013). Soil salinity is a global problem, damaging agricultural lands and causing a >20% reduction in agricultural yields (Porcel et al., 2012; Setia et al., 2013). The increase in soil salinity results in osmotic as well as specific ion effects, which induce secondary stress in plants known as oxidative stress (Evelin et al., 2019; Abdel Latef et al., 2020). Consequently, salt stress causes adverse effects on physiological and biochemical activities such as mineral homeostasis, seed germination, osmotic balance, photosynthesis, and respiration processes (Porcel et al., 2012; Ben Laouane et al., 2019). Oxidative salt-induced stress leads to the production of reactive oxygen species (ROS) that induce deleterious effects on normal metabolism and growth (Gill and Tuteja, 2010). However, plants can tolerate both osmotic and oxidative stress caused by soil salinity through several mechanisms (Evelin et al., 2019). Osmotic adjustment is one of the defense mechanisms that help plants to handle the osmotic and ion toxicity effects by the exclusion of the salts and compartmentation of Na+ ions in the vacuole or apoplast (Apse and Blumwald, 2007). Salinity tolerance can also occur via the production of osmolytes such as glycine-betaine, proline, and soluble sugars (Zhu, 2003). Furthermore, plants possess an efficient antioxidant defense system to scavenge ROS (Sharma et al., 2012). Enzymatic antioxidants, including superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and glutathione reductase (GR) have been previously reported as the main antioxidant enzymes under salinity stress (Abdel Latef and Chaoxing, 2014; Foyer, 2018; Evelin et al., 2019).

Arbuscular mycorrhizal fungi (AMF) have generated growing interest as an efficient alternative to promote plant growth and stress tolerance. They may also contribute to increased yield and nutrition of host plants for sustainable agriculture (Baslam et al., 2011a, 2012; Baslam and Goicoechea, 2012; Bouamri et al., 2014; Bowles et al., 2017; Rillig et al., 2019; Zhang et al., 2019). This symbiosis is known to mitigate the harmful effects of salt stress on plants although the fungi are adversely affected by salinity themselves (Abdel Latef and Chaoxing, 2011; Ait-El-Mokhtar et al., 2019). In the saline environment, AMF improve the rhizospheric condition of the soil and enhance the mineral nutrition and the water uptake of the host plant (Augé et al., 2014; Hodge and Storer, 2014; El Kinany et al., 2019). AMF colonization has been widely reported to reduce the influx of toxic ions (sodium and chlorine) into the root system (Daei et al., 2009), and stimulate the photosynthetic apparatus and enhance the effectiveness of antioxidant defense system (Hidri et al., 2016; Boutasknit et al., 2020). These features led to in recent years the commercial production of AMF as a “biofertilizer” for field use, to reduce the intensive use of agrochemicals with no loss in yield. However, the merits of such biofertilizers are currently under debate owing to the variable effects of AMF on plant biomass (Berruti et al., 2016; Ryan and Graham, 2018; Rillig et al., 2019) which are driven by intrinsic (host plant and AMF identities) and extrinsic/environmental (nutrient and water) factors.

Previous studies have reported the utilization of organic compost fertilizers for the restoration of salt-affected soils (Meena et al., 2016; Mbarki et al., 2018). When incorporated into the soil, compost is mineralized, thereby providing a sustained release of available nutrients to plants (D'Hose et al., 2014; Ngo and Cavagnaro, 2018; Ou Zin et al., 2020). Compost can alleviate salinity stress in plants by improving soil fertility (Meena et al., 2016; Raklami et al., 2019), promoting nutrient availability and plant growth (Duong et al., 2012; Trivedi et al., 2017) and stimulating respiration, photosynthesis, and chlorophyll content (Lakhdar et al., 2008).

The date palm (Phoenix dactylifera L.) is one of the most important fruit crops in the arid and semiarid areas of North Africa and the Middle East where it is cultivated for its nutritional, socio-economical, and environment value (Chao and Krueger, 2007). The fruits of the date palm are rich in essential nutrients such as sugars, proteins, fibers, minerals, antioxidants, and vitamins (Vayalil, 2012; Kamal-Eldin and Ghnimi, 2018). To date, several studies have analyzed date palm responses to salinity stress (Sperling et al., 2014; Yaish and Kumar, 2015; Meddich et al., 2018; Ait-El-Mokhtar et al., 2019; Al Kharusi et al., 2019) but few have addressed the effects of AMF inoculation in alleviating salt stress in date palms (Meddich et al., 2018; Ait-El-Mokhtar et al., 2019). Furthermore, no study has yet tested the role of the combined application of AMF and compost in the salt tolerance of date palms and the underlying mechanisms. Therefore, the present study was carried out to investigate the effects of both fertilizers alone and in combination on growth, physiological, and biochemical traits of date palm seedlings under saline conditions. This was accomplished by using native AMF and locally produced compost to improve plant tolerance, as well as a clear understanding of the mechanisms implicated in AM-compost-induced salt stress tolerance. The study paves the way for the use of biological fertilizers to strengthen plants' adaptability and to further studies on the defense mechanism and functioning of AMF and/or compost in the palm family of plants in response to changing environments.



MATERIALS AND METHODS


Biological and Organic Materials and Treatments

Seeds of Phoenix dactylifera cv. Boufeggous obtained from Aoufous palm grove (Errachidia, Morocco) were surface-sterilized by immersion for 10 min in 10% (v/v) sodium hypochlorite solution followed by several washings with sterile distilled water. Seeds were germinated in plastic bowls containing a sterile sandy substrate collected from “Oued Lahjar” river limiting the Northeastern palm grove of Marrakesh, Morocco. The river sand has the following characteristics: pH: 9.31, EC: 0.29 dS cm−1, 0.001% P (Phosphorus), 0.001% K (Potassium), 0.006% Mg (Magnesium), 0.012% Fe (Iron), 0.01% Ca (Calcium), 0.002% Na (Sodium), and 0.01% Al (Aluminum) (Anli et al., 2020). The date palm seeds were incubated for 3 weeks at 38°C in the dark. Two months after germination, seedlings were transplanted into plastic pots containing 2.3 kg of river sand (same substrate as above) previously sterilized for 3 h at 180°C during three consecutive days.

The native mycorrhizal Aoufous consortium (MAC) had been isolated earlier from the rhizospheric soil of P. dactylifera from the Tafilalet palm grove (500 km southeast of Marrakesh) and it contained a mixture of native species: (i) Glomus sp. (15 spores/g soil), (ii) Sclerocystis sp. (9 spores/g soil), and (iii) Acaulospora sp. (one spore/g soil) (Meddich et al., 2015).

The trap culture protocol was used to propagate MAC under greenhouse-controlled conditions for 3 months using Zea mays L. as a host plant. The mycorrhizal fungi inoculum was a mixture of spores, soil, hyphae, and infected root fragments from the trap culture. The most probable number (MPN) test (Sieverding, 1991) was used to assess inoculum potential infectivity and to determine the doses to be applied. According to the MPN test, the trap culture inoculum contained 1056 infective propagules/100 g. The application of mycorrhizal inoculum was carried out when transplanting seedlings. The inoculated dosage, added to the corresponding pots, was 10 g of inoculum per pot containing approximately 110 spores with Ma = 78.8%. Non-inoculated pots received the same amount of autoclaved mycorrhizal fungi inoculum.

Compost was prepared from green waste as described previously by Meddich et al. (2016). The compost had the following characteristics based on dry matter: pH (6.87), organic matter (527.2 g kg−1), organic C (306.5 g kg−1), total N (21.9 g kg−1), C/N ratio (14.0), ashes (490 g kg−1), available P (2.5 mg g−1), [image: image] (0.03 10−3 mg g−1), [image: image] (0.07 10−3 mg g−1), [image: image]/[image: image] ratio (0.44), bacterial population (2.12 105 CFU g−1), and fungal population (9.75 104 CFU g−1). The compost was added to the corresponding pots, when transplanting seedlings, in a proportion of 5% (w/w).

After transplantation, date palm seedlings were irrigated regularly with distilled water for 5 months after germination, and then transplants were subjected to two salt concentrations (0 and 240 mM NaCl). The NaCl concentration was gradually added (60, 120, 180, and 240 mM NaCl) to the pots on alternative days for 2 weeks to reach 240 mM NaCl without causing osmotic shock (Estrada et al., 2013). Excess water due to drainage was collected and added to the soil of the corresponding pots. Plants were irrigated with either distilled water (control) or saline solution (NaCl), with EC fixed of 24 dS/m until harvest. EC of the saline solution was monitored regularly and adjusted (and pH level) when necessary using NaCl and distilled water. The pH and EC were measured using a pH meter HI 9025 and a conductivity meter HI-9033 (Hanna Instruments, Padova, Italy), respectively. All plants were grown for 14 months without adding any fertilizer.



Experimental Design and Plant Growth Conditions

The experimental design consisted of eight treatments (untreated plants under normal condition, Control 0 mM; seedlings treated with compost alone under 0 mM, +compost 0 mM, seedlings inoculated with AMF alone under 0 mM, +AMF 0 mM, seedlings treated with compost and inoculated with AMF under 0 mM, +compost+AMF 0 mM, untreated plants under 240 mM NaCl, Control 240 mM; seedlings treated with compost alone under 240 mM, +compost 240 mM, seedlings inoculated with AMF alone under 240 mM, +AMF 240 mM, seedlings treated with compost and inoculated with AMF under 240 mM, +compost+AMF 240 mM) with a factorial combination of 2 × 2 × 2 CxMxS (CompostxAMFxSalinity). Pots were arranged in a completely randomized block design. Ten replications (one plant per pot) were sampled in each treatment.

Plants were grown for 14 months under semi-controlled environmental conditions in a greenhouse at the Faculty of Science Semlalia (Cadi Ayyad University, Marrakesh, Morocco) under natural light (photon flux density ranged from 500 to 750 μmol m−2 s−1). The average temperature was 25.5°C and a relative humidity average of 68%.



Determination of Plant Biomass Production and Root Colonization

At harvest, plants were first rinsed with tap water and then with distilled water. The shoot and root system were separated and the growth parameters (plant height, number of leaves, leaf area, and shoot and root dry weights) were measured. The leaf area was determined using an LC 4800 scanner and Winfolia v. 2004 software.

To assess AMF colonization, roots fragments, from the lateral root system, were carefully washed, cleared with 10% of KOH and stained with Trypan blue (Phillips and Hayman, 1970). Thirty 1 cm long fine root segments, for each replicate sample, were observed under a Zeiss Axioskop 40 microscope at 40–100× magnification. The number of root segments colonized by different AMF structures was used to calculate AMF colonization (McGonigle et al., 1990). AMF infection frequency and intensity were determined using the equations below:
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Where “n5” corresponds to the number of roots with infection level of 5 (infection rate 90–100%). “n4” corresponds to the number of roots at level 4 (infection rate 50–90%). “n3” corresponds to the number of roots at level 3 (infection rate at 10–50%). “n2” corresponds to the number of roots at infection level 2 (infection rate 1–10%). “n1” corresponds to the number of roots at level 1 (infection rate 0–1%).



Determination of Nutrient Concentration

Oven-dried shoots and roots were powdered to determine the mineral concentration. P content was estimated using the Olsen method (Olsen and Dean, 1965). Na+, K+, and Ca2+ content in the plant was estimated by flame photometry (JENWAY, PFP7) as described by Wolf (1982). The Nitrogen (N) content was determined by colorimetry after the Kjeldahl digestion and chlorine (Cl−) content was measured using the silver nitrate (AgNO3) titration method.



Determination of Photosynthetic Efficiency and Stomatal Conductance

The third youngest, fully expanded and attached leaves from five plants for each treatment were used for measurements. An average of four records from different parts of each leaf was considered for each replicate. The efficiency of photosystem II was evaluated by measuring chlorophyll fluorescence using a portable fluorometer (Opti-sciences OSI 30p) for dark-adapted leaves. Leaves were acclimated to dark for 30 min using leaf clips before measurements were taken. Chlorophyll fluorescence variables were recorded: Initial (F0), maximum (Fm), variable (Fv = Fm- F0) fluorescence as well as Fv/Fm ratio (Baker, 2008).

Stomatal conductance (gs) was measured on five replications per treatment on a sunny day before harvest and by using a porometer system (Leaf Porometer LP1989, Decagon Device, Inc., Washington, USA) following the user manual instructions. The second youngest leaf from five different plants from each treatment was used for measurements.



Determination of Leaf Relative Water Content and Leaf Water Potential

Leaf portions were taken from two plants per replicate (the third leaf from the top) to determine the fresh weight (FW), dry weight (DW), and turgid weight (TW). Values of FW, TW, and DW were used to calculate leaf relative water content (LRWC) using the following equation (Barrs and Weatherly, 1962):

[image: image]

The leaf water potential (LWP) was measured on newly mature leaves from each plant (five repetitions per treatment) using a pressure chamber according to Scholander et al. (1965).



Determination of Photosynthetic Pigments Content

Photosynthetic pigments were extracted from leaf samples in 80% acetone according to Arnon (1949). The extracted material was centrifuged at 10,000 × g for 10 min. The optical density of the supernatants was recorded at 480, 645, and 663 nm using a UV–vis spectrophotometer (UV-3100PC spectrophotometer). Values of absorbance were used to calculate the content of photosynthetic pigments. A blank with 80% acetone served as the control.



Determination of Lipid Peroxidation and Hydrogen Peroxide Content

Lipid peroxidation was measured in terms of malondialdehyde (MDA) content according to the method of Dhindsa et al. (1981). Fresh leaf and root material (0.25 g) was homogenized in 10 mL of 0.1% trichloroacetic acid (TCA) and centrifuged at 18,000 × g for 10 min. Two-milliliter aliquots of the supernatant were mixed with 2 mL of 20% TCA containing 0.5% thiobarbituric acid (TBA). The mixture was heated at 100°C for 30 min, quickly cooled and then centrifuged at 10,000 × g for 10 min for clarification. The absorbance of the supernatant was measured at 532 nm (A532). The unspecific turbidity was corrected by subtracting A600 from A532.

Hydrogen peroxide content in leaves and roots was determined as described by Velikova et al. (2000). 0.25 g of fresh material was homogenized in a cold mortar with 5 mL 10% (w/v) TCA and then centrifuged at 15,000 × g for 15 min at 4°C. The supernatant was then recovered to determine the content of H2O2. 0.5 mL of potassium phosphate buffer (10 mM, pH 7) and 1 mL of iodic potassium (1 M) was added to 0.5 mL of the supernatant. The absorbance at 390 nm was recorded after 1 h of incubation in the dark. The blanks were made by replacing the sample extract with 10% TCA.



Determination of Proline and Soluble Sugar Content

Proline from the date palm leaves and roots was extracted following the method of Bates et al. (1973). Fresh plant material (0.1 g) was ground in a mortar with 5 mL of 3% (w/v) aqueous sulphosalicylic acid and then centrifuged at 12,000 × g for 15 min. The supernatant (2 mL) was mixed with 2 mL of glacial acetic acid and 2 mL of acid ninhydrin reagent and incubated at 100°C water bath for 1 h. The reaction was terminated by placing the mixture in an ice bath followed by extraction with toluene. The absorbance was read at 520 nm and the proline concentration was calculated from a calibration curve using proline as standard.

A sample of 0.1 g of frozen materiel from leaves and roots was homogenized with 4 mL of ethanol (80%) then the homogenate was centrifuged at 5,000 rpm for 10 min. The resulting supernatant was collected, while the rest was resuspended again by adding 2 mL of ethanol and recentrifuged. Both supernatants were used to quantify total soluble sugar according to the method described by Dubois et al. (1956). The supernatant (1 mL) was mixed with 1 mL of phenol solution (5%) and 5 mL of concentrated sulfuric acid. After 5 min, the absorbance was measured at 485 nm in a UV-3100PC spectrophotometer. Soluble sugar content was determined using glucose as a standard.



Determination of Antioxidant Enzyme Activities

Enzyme extraction was performed according to optimized protocols described by Benhiba et al. (2015). Fresh leaf and root material (0.5 g) were frozen in liquid nitrogen and the powder was extracted at 4°C in a 5 mL solution containing 0.1 M potassium phosphate buffer (pH 7.0), 0.1 g polyvinylpolypyrrolidone (PVPP), and 0.1 mmol ethylenediaminetetraacetic acid (EDTA). The homogenate was centrifuged at 18,000 × g for 10 min at 4°C, and the supernatant was kept at −20°C for subsequent enzyme assays.

Superoxide dismutase (SOD, EC 1.15.1.1) activity estimation was based on the ability of SOD to inhibit the photochemical reduction of nitro blue tetrazolium (NBT) and was assayed by the method of Beyer and Fridovich (1987). One unit of SOD was defined as the amount of enzyme required to induce a 50% inhibition of NBT reduction at 25 °C. The activity of SOD was expressed at unit min−1 mg−1 protein. Catalase (CAT, EC 1.11.1.6) activity was determined by monitoring the decrease in absorbance at 240 nm for 3 min following the consumption of H2O2 (Aebi, 1984). The reaction mixture consisted of 0.1 M potassium phosphate buffer (pH 7.0), 0.1 mM EDTA, 20 mM H2O2 and 100 μL of enzyme extract in a 2 mL volume. The activity of ascorbate peroxidase (APX, EC 1.11.1.11) was measured according to the method of Amako et al. (1994). APX was assayed as a decrease in absorbance at 290 nm for 1 min. The assay mixture contained 50 mM potassium phosphate buffer (pH 7.0), 0.5 mM H2O2, 0.1 mM ascorbate, and 100 μL of enzyme extract. The reaction was started by adding the enzyme extract and the decrease in absorbance was recorded. Peroxidase (POD, EC 1.11.1.7) activity was measured using the guaiacol test by following the change of absorbance at 470 nm. The activity was assayed for 3 min in a reaction solution containing 100 mM potassium phosphate buffer (pH 7.0), 20 mM guaiacol, 10 mM H2O2, and 0.1 mL enzyme extract in a 3 mL volume (Polle et al., 1994). The protein concentration in the different extracts was determined following the protocol of Bradford (1976) by using bovine serum albumin (BSA) as a standard.



Statistical Analyses

The experiment data presented are mean values based on five replicates ± standard error (SE) per treatment. Statistical analysis was carried out with the software package SPSS 10.0 for Windows. All results were subjected to a three-way multivariate analysis of variance (MANOVA) for main effects (Salinity, S; Compost, C; AMF inoculation, AMF) and their interactions. A principal component analysis (PCA) was performed using XLSTAT-software v. 2016, to explore the different interactions among variables and different applied treatments. The comparisons among means were assessed using Duncan's test calculated at P < 0.05.




RESULTS


Growth and Mycorrhizal Colonization

Salinity had a significant adverse (P < 0.001) (Table 1 and Figure S1) effect on the growth of date palms by reducing plant height, the number of leaves, leaf area and shoot and root dry matter (Table 1). The impact of salinity was more pronounced in roots than shoots. Root dry matter was reduced by 42% while shoot dry weight was reduced by 34% compared with non-stressed plants. Application of AMF and compost separately or in combination improved all the plant growth characters affected by salt. The dual application of AMF and compost significantly mitigated the effects of salt stress on all growth parameters followed by the AMF treatment, which in turn was better than the compost treatment. Under the saline condition, the maximum improvement was recorded for the shoot dry matter of plants grown in the presence of AMF and compost with an increase of 226% and the minimum improvement was recorded for the plant height of seedlings grown in the presence of compost with an enhancement of 12% in comparison to untreated stressed plants. Interactions among C × M × S treatments were significant (P < 0.05) for the number of leaves and leaf area (Table 1 and Figure S1).


Table 1. Growth traits and AMF infection of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination.

[image: Table 1]

As shown in Table 1, no root colonization was observed in non-inoculated plants. Mycorrhizal colonization was particularly high in the absence of salinity stress and compost (Fa = 100%, Ma = 79%). Under NaCl stress, the frequency and intensity of mycorrhization decreased by 33 and 57%, respectively (P < 0.001). In the same conditions, root colonization was further reduced by the application of compost (Fa by 53% and Ma by 63%). Significant interactions between C×M×S treatment were observed for these two parameters (P < 0.01) (Table 1 and Figure S2).



Nutrient Content

Results from Figure 1 indicate that the application of the different treatments had considerable effects on the different mineral uptakes of date palm plants under saline and non-saline conditions. P, N, K+, and Ca2+ content was significantly (P < 0.001) decreased with the application of 240 mM NaCl in comparison with the control plants. K+ content was the most affected with ca. 40% decrease and the least affected was P content with ca. 25% decrease. However, the uptakes of Na+ and Cl− were significantly (P < 0.001) higher in salt-affected plants. As a result, the K+/Na+ and Ca2+/Na+ ratios were significantly (P < 0.001) reduced by NaCl stress (Table 2). Under saline stress, the dual application of AMF and compost showed a greater increase in P, N, K+, and Ca2+ nutrients and a maximum decrease in Na+ and Cl− content. This was followed by the application of AMF alone, which recorded a greater increase in P and Ca2+ uptakes and maximum decrease in Na+ content. In contrast, the application of compost alone showed only a high increase in K+ content (Figure 1). Accordingly, and under the same conditions, plants grown in the presence of AMF+compost had greater values for K+/Na+ and Ca2+/Na+ in both shoots and roots compared to the untreated plants, whereas the mycorrhizal plants only showed greater values for Ca2+/Na+ (Table 2). The interaction between C × M × S application had a significant effect on Na+ and K+ uptakes and K+/Na+ ratio (P < 0.05) (Figure 1 and Table 2).


[image: Figure 1]
FIGURE 1. Mineral concentrations (A, sodium, Na+; B, chloride, Cl−; C, phosphorous, P; D, nitrogen, N; E, potassium, K+; and F, calcium, Ca2+) of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination. The values of each parameter labeled by different letters indicate significant differences assessed by Duncan's test after performing a three-way MANOVA (P < 0.05). nsnon-significant; *significant at P < 0.05; **significant at P < 0.005; ***significant at P < 0.001.



Table 2. Shoot and root K/Na and Ca/Na ratios of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination.

[image: Table 2]



Physiological Parameters and Water Status

The effect of salt stress and non-saline treatment on leaf relative water content (LRWC), leaf water potential (LWP), stomatal conductance (gs), and photosynthetic efficiency variables is shown in Table 3. In general, the untreated date palm plants were more sensitive to salinity than treated plants. The parameter most affected by salinity was gs, which decreased 42% in non-treated stressed plants. Under salt stress, LRWC and photosynthetic efficiency recorded the maximum improvement (20 and 92%, respectively) with mycorrhizal plants and best leaf water potential and stomatal conductance enhancement (53 and 107%, respectively) were obtained with the AMF+compost application. Interactions among C×M×S treatment had a significant effect (P < 0.001) on stomatal conductance and photosynthetic efficiency (Table 3). Salt stress caused a severe decrease in the quantum efficiency of photosystem II (Fv/Fm) in non-treated plants. The presence of AMF and/or compost had significantly higher Fv/Fm as compared to untreated plants independently of the salinity conditions.


Table 3. Physiological traits and water status of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination.

[image: Table 3]



Photosynthetic Pigments Content

As shown in Table 4, salinity caused a significant (P < 0.001) decline in photosynthetic pigment concentrations. Indeed, the application of NaCl stress in untreated plants decreased chlorophyll a (Chl a) by 58%, chlorophyll b (Chl b) by 51%, carotenoids by 47%, and total chlorophyll by 56% in comparison with non-stressed plants. The application of compost and AMF separately or in combination significantly improved the content of different photosynthetic pigments under saline conditions. Date palm seedlings grown in the presence of salt stress and the application of AMF alone or in combination with compost yielded marked increases in photosynthetic pigment concentrations (207 and 190%, respectively for Chl a, 222, and 212% for Chl b, 172 and 167%, respectively for carotenoids, and 213 and 198% for total chlorophyll) compared with untreated salt-affected plants. Significant interactions among C × M × S treatment were observed for chlorophyll a and carotenoid content (P < 0.05) (Table 4).


Table 4. Photosynthetic pigment content of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination.

[image: Table 4]



Hydrogen Peroxide and Malondialdehyde Content

There was an apparent significant (P < 0.001) increase in the content of hydrogen peroxide (H2O2) and malondialdehyde (MDA) concentrations (in shoots and roots) with the application of NaCl stress as compared with non-salinized plants (Figure 2). A maximum increase (ca. 40%) was recorded for root H2O2 content and a minimum increase (18%) was observed for root MDA content. In contrast, AMF and/or compost applications reduced those parameters in both stressed and non-stressed date palm seedlings as compared to untreated plants. Indeed, the lowest significant values were recorded by plants treated with AMF+compost followed by AMF-inoculated plants and finally plants treated with compost.


[image: Figure 2]
FIGURE 2. Hydrogen peroxide and MDA content in the shoot (A,C) and the root (B,D) of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination. The values of each parameter labeled by different letters indicate significant differences assessed by Duncan's test after performing three-way ANOVA (P < 0.05). nsnon-significant; *significant at P < 0.05; **significant at P < 0.005; ***significant at P < 0.001.




Proline and Soluble Sugar Content

The results related to the effect of salt stress on proline and soluble sugar content in date palm seedlings are presented in Figure 3. Plants exposed to salinity showed significantly (P < 0.001) greater proline and soluble sugar concentrations in comparison with non-exposed plants. In the presence of NaCl stress, application of AMF alone or in combination with compost led to the highest percentage improvement of soluble sugar in shoots (32 and 41%, respectively) and roots (ca. 90% in both), while there were no significant differences in root proline content between untreated and plants treated with the dual application.
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FIGURE 3. Proline and soluble sugar content in the shoot (A,C) and the root (B,D) of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination. The values of each parameter labeled by different letters indicate significant differences assessed by Duncan's test after performing three-way ANOVA (P < 0.05). nsnon-significant; *significant at P < 0.05; **significant at P < 0.005; ***significant at P < 0.001.




Antioxidant Enzyme Activity

Exposure of date palm plants to salt stress led to a significant (P < 0.001) increase in antioxidant enzymes APX, CAT, POD, and SOD in the shoot (Table 5) and root (Table 6) activity. POD activity was the most affected by salinity and recorded a maximum increase of 62% in roots compared to non-salt affected plants. A further significant increase was observed in antioxidant enzyme activity in plants treated with AMF and compost separately or in combination under saline condition. The highest significant improvement was recorded with the dual application of AMF and compost followed by AMF inoculated plants and then compost amended plants. This improvement was more marked in the roots than in the shoots. CAT activity was the activity most sensitive to the treatments applied and showed an enhancement of 74% in AMF treated plant shoots in comparison to untreated plants under salinity stress. C×M×S treatment effects on antioxidant enzymes activity were significant (P < 0.001) for root POD activity (Tables 5, 6).


Table 5. Shoot antioxidant enzyme activity (APX, CAT, POD, and SOD) of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination.
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Table 6. Root antioxidant enzyme activity (APX, CAT, POD, and SOD) of date palm plants under saline and non-saline conditions after application of compost and AMF alone or in combination.
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Principal Component Analysis

Principal component analysis (PCA) took into account all the analyzed parameters of the different treatments. Two main components accounted for 91% of the variability observed in the data with 60% for PC1 and 31% for PC2 (Figure 4 and Table S1). Under the non-saline condition, PCA analysis showed a positive correlation among the different biofertilizers (applied separately or combined) for growth, physiological and water parameters, AMF infection, nutrient (N, P, K, and Ca, and K/Na and Ca/Na ratios), photosynthetic pigments, and protein content, which were highly correlated to each other. The analysis also confirmed the negative impact of salt concentration on these parameters. The biplot revealed the positive correlation linking salt treatment and Na, Cl, MDA, and H2O2 content. Under saline conditions, PCA showed a clear positive correlation between the antioxidant system (antioxidant enzyme and osmolytes) and the AMF application alone or combined with compost.
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FIGURE 4. Principal component analysis of the studied traits of different biofertilizer treatments in date palm plants growing under saline and non-saline conditions. S, Salinity; M, arbuscular mycorrhizal fungi; C, compost; PH, plant height; NL, number of leaves; LA, leaf area; SDW, shoot dry weight; RDW, root dry weight; Fa, AMF infection frequency; Ma, AMF infection intensity; Na, sodium uptake; Cl, chloride uptake; P, phosphorous uptake; N, nitrogen uptake; K, potassium uptake; Ca, calcium uptake; LRWC, leaf relative water content; LWP, leaf water potential; gs, stomatal conductance; Fv/Fm, photosynthetic efficiency. Chl a, chlorophyll a; Chl b, chlorophyll b; Chl T, total chlorophyll; Car T, carotenoids; S-K/Na, shoot K/Na ratio; R-K/Na, root K/Na ratio; S-Ca/Na, shoot Ca/Na ratio; R-Ca/Na, root Ca/Na ratio; S-H2O2, shoot H2O2 content; R-H2O2, root H2O2 content S-MDA, shoot MDA content; R-MDA, root MDA content; S-Proline, shoot proline content; R-Proline, root proline content; S-Sugar, shoot sugar content; R-Sugar, root sugar content; S-APX, shoot ascorbate peroxidase activity; R-APX, root ascorbate peroxidase activity; S-CAT, shoot catalase activity; R-CAT, root catalase activity; S-POD, shoot peroxidase activity; R-POD, root peroxidase activity; S-SOD, shoot superoxide dismutase activity; R-SOD, root superoxide dismutase activity; S-Protein, shoot protein content; R-Protein, root protein content.





DISCUSSION

The present study confirms, for the first time, the synergistic effect of AMF inoculation and the addition of green waste compost on improving date palm tolerance to salinity. Organic amendments (Tartoura et al., 2014; Mbarki et al., 2018) and AMF inoculation (Ait-El-Mokhtar et al., 2019; Ben Laouane et al., 2019) have been reported to confer certain complex beneficial changes on plant growth and physiological and biochemical characters under salt stress. Adverse effects of salinity on date palm growth and development have been reported by many authors (Sperling et al., 2014; Yaish and Kumar, 2015; Ait-El-Mokhtar et al., 2019; Al Kharusi et al., 2019). In the present investigation, salinity stress significantly reduced date palm growth parameters, with the impact of salinity being more pronounced in roots than shoots. Previous studies showed that salt stress adversely affects the establishment, growth, and development of plants due to osmotic stress and disrupts many metabolic processes (Porcel et al., 2012; Abdel Latef et al., 2019a,b; Evelin et al., 2019). Roots are in direct contact with the soil solution from which they absorb minerals and water. Thus, they are the first to encounter the saline medium and play a key role in transporting these elements to the leaves. In the context of salt tolerance, roots are the first site of defense against NaCl and may directly limit or exclude sodium uptake (Munns, 2005; Liu et al., 2015; Rana et al., 2019). Another important aspect of root systems compared to shoots is their anatomy. The stele tissues in roots are internally surrounded by cortex and epidermis, while they are distributed throughout parenchyma cells in the shoots. Evidence has emerged that the root cortex must do the heavy lifting of excluding Na+ from shoots, which requires an energy cost (ATP) used by antiporters as part of a tissue tolerance mechanism (Munns et al., 2020). Further, salt typically affects root elongation and architecture by reducing cell size and cell division and altering differentiation patterns (Potters et al., 2007; Bernstein, 2013). AMF inoculation and compost amendment significantly mitigated the inhibitory effects of salinity on growth which may be because AMF can acquire nutrients released from the composted waste (Hodge et al., 2001; Cavagnaro, 2014). The application of AMF and/or compost might improve the physicochemical and biological characteristics of the soil (Rillig and Mummey, 2006; Weber et al., 2014), and enhance the release of nutrients in the soil, which makes them more available to the plant (Astiko et al., 2013; Baslam et al., 2014). Furthermore, the spreading of AMF hyphae, beyond the root zone, provides P and other immobile nutrients to plants and thereby promotes biomass production (Porcel et al., 2012).

Under saline stress, date palm growth parameters were mostly enhanced by the dual application of AMF and compost although salinity and compost amendment hampered AMF root colonization. Zhang et al. (2017) reported that mycorrhizal colonization of trifoliate orange (Citrus trifoliate L.) root was negatively affected by salinity stress which was attributed to the direct effect of NaCl on the fungi. Several authors have also shown that salinity reduces mycorrhizal colonization through inhibition of spore germination and hyphal growth or reduction of the spread of mycorrhizal colonization and the number of arbuscules (Hajiboland et al., 2010; Evelin et al., 2019). Likewise, a reduced percentage of colonization of roots by AMF in the substrate amended with compost has been reported in other research (Graceson et al., 2014; Watts-Williams and Cavagnaro, 2014). This could be explained by the release of larger amounts of mineralized P into the soil, which can result in a reduced colonization (Baslam et al., 2011b; Lehmann et al., 2011). Besides, composted organic material comprises products of decomposition, which can induce inhibition of mycorrhizal fungi (Gryndler et al., 2008).

The adverse effects of salinity stress on plant growth could be related to nutrient imbalances (Evelin et al., 2019). In this study, the uptake of P, N, K+, and Ca2+ and K+/Na+ and Ca2+/Na+ ratios in date palm seedlings was lower under salinity stress. On the other hand, Na+ and Cl− content was higher in plants irrigated with saline water—factors which induce the ionic imbalance and disrupt photosynthesis and other metabolic functions of the cell (Ramoliya et al., 2004). AMF and compost applications have been shown to affect plant physiological processes, especially nutrient absorption, and therefore plant tolerance to salt stress (Abdel Latef et al., 2016; Chaichi et al., 2017; Enebe and Babalola, 2018; Mbarki et al., 2018). In this investigation, the improvements in nutrient uptake (K+, P, N, and Ca2+) under saline conditions were greatest with the dual application of AMF and compost. Improvements were less marked with AMF inoculation and even fewer with just compost treatments. Chaichi et al. (2017) demonstrated that tomato plants grown in the presence of compost tea enriched with AMF showed enhanced cation acquisition, including K+, Ca2+, and Mg2+, under salt stress. In the same vein, Sallaku et al. (2019) reported an obvious increase in the uptake of P, K+, and Ca2+ in AM cucumber seedlings, while AMF inoculation reduced the uptake of Na+. Furthermore, it has been reported that organic matter amendments improve N and P concentrations in plants grown in saline soils (Mbarki et al., 2018). The improvement of date palm tolerance to salinity by increasing P might be attributable to the role of P uptake in preserving the integrity of cell membranes and in facilitating the compartmentalization of toxic ions in vacuoles (Bothe, 2012). Moreover, the inhibition of Na+ absorption through roots in mycorrhizal plants and/or the decrease of Na+ mobility in compost-amended soil might be considered other strategies that improve salt adaptation in plants (Enebe and Babalola, 2018). AMF and compost application can alleviate Na+ and Cl− toxicity. For example, vacuoles of AMF vesicles can store different ions such as sodium and chloride under salinity constraints (Miransari, 2010). Also, the organic amendment is directly related to mechanisms for Na+ removal from soil such as Na+ leaching and the Na+ adsorption ratio ratio (Chaganti and Crohn, 2015; Drake et al., 2016). Our study demonstrated that the K+/Na+ and Ca2+/Na+ ratios in mycorrhizal date palm seedlings, especially in the presence of the compost application, were increased under saline conditions. The higher K+/Na+ and Ca2+/Na+ ratios were found to be a key parameter to alleviate salt stress in plants, since Na+ ions may compete with K+ and Ca2+ ions for membrane transport sites (Evelin et al., 2019). Maintenance of a higher K+/Na+ and Ca2+/Na+ ratios in the cytosol is a crucial aspect for the protecting physiological cellular functioning from detrimental salinity changes (Ahanger et al., 2015). Greater values of these ratios protect photosynthetic tissues by blocking Na+ entry (Cuin et al., 2011) and improve hydraulic conductivity and Ca2+ signaling pathways (Lovelock and Ball, 2006).

Salt stress affects the photosynthesis apparatus in many ways. The osmotic stress induced by salinity reduces stomatal conductance, which decreases the availability and assimilation of CO2 (Chaves et al., 2009). Salinity disrupts the photochemical reactions of photosynthesis, especially PSII (Hidri et al., 2016). Our study showed a decline in photosynthetic pigment content (Chl a, Chl b, carotenoids, and total chlorophyll) coupled with a decrease in photosynthetic efficiency (Fv/Fm) under saline conditions. This adverse effect is linked to the destruction of chloroplast as a direct effect of salt stress (Zörb et al., 2009) and the decrease in the activity of photosynthetic pigment synthesizing enzymes (Murkute et al., 2006). The reduced chlorophyll content may be attributed to the low uptake of minerals, especially magnesium, in the presence of salinity (Giri and Mukerji, 2004). Application of AMF and compost resulted in a significant increase in photosynthetic attributes such as chlorophyll pigment content and stomatal conductance, reflecting a significant improvement in photosynthetic efficiency. The enhancement of N uptake owing to the AMF and compost treatment might improve photosynthetic attributes because N is considered a key component of the Rubisco enzyme (Ahanger et al., 2014). Rao and Chaitanya (2016) reported that the presence of Mg2+ due to organic amendment and subsequent increase in its uptake due to AMF application could be possible reasons for greater photosynthetic capacity. This might also be attributed to the accumulation of proline and glycine betaine in mycorrhizal plants which protects PSII pigment-protein complexes as well as CO2-fixing enzymes such as RuBisCO and rubisco activase (Talaat and Shawky, 2014).

Salinization not only affected photosynthetic capacity, but also the water status of the seedlings. Plants grown under saline conditions showed a significant decrease in LRWC and leaf water potential. This decline in water status is related to the water stress generated by salinity since salt immobilizes water and makes it unavailable for the plant roots (Füzy et al., 2008). However, AMF and compost application significantly improved the water status of the plant under salt stress, as indicated by the greater LRWC and less negative leaf water potential values. This may be explained by improved hydraulic conductivity and water absorption capacity mediated by the mycorrhizae even under saline conditions (Kapoor et al., 2008). Medina and Azcón (2010) suggested that organic amendment and AMF symbiosis were able to change soil structure by inducing aggregate formation which improves water availability in soil.

The decline in date palm biomass under saline condition was accompanied by increased levels of MDA and H2O2. Our results are supported by earlier studies on two cultivars of P. dactylifera L. cv. Umsila and cv. Zabad (Al Kharusi et al., 2019), Cicer arietinum L. (Rasool et al., 2013), Capsicum annuum L. (Abdel Latef and Chaoxing, 2014), and Ephedra aphylla (Alqarawi et al., 2014). Root tissues exhibited higher ROS accumulation and oxidative damage than shoot tissues. Plants treated with NaCl in combination with AMF and compost application showed a smaller increase in MDA and H2O2 concentrations. The same result was reported by Rasool et al. (2013) and Tartoura et al. (2014) in the presence of salt stress. This effect can be linked to improvements in the antioxidant enzyme system which scavenges the ROS before they react with membrane lipids thus reducing lipid peroxidation. Proline and sugars figure among the most commonly used metabolites to assess the degree of response to salt stress (Evelin et al., 2019). In the present study, under stress conditions, date palm plants showed enhanced proline and soluble sugar content, which was further enhanced by the application of AMF and compost. This may be a defensive reaction which improves the resistance of date palm seedlings to salt stress by maintaining osmotic balance and mitigating the free radical damage caused by osmotic stress (Ahanger et al., 2014). In the presence of NaCl, AMF colonization could set in motion mechanisms that launch improved proline synthesis and therefore a better tolerance of the plant to salt stress (Hashem et al., 2016). Our findings of an increase in proline and soluble sugar concentrations following the AMF and compost application under saline stress confirm the findings of Chinsamy et al. (2013) and Talaat and Shawky (2014). Proline has been shown to act as a chemical protein chaperone and to prevent protein aggregation under salt stress (Ignatova and Gierasch, 2006). The enhancement of proline in plants treated with AMF and compost helped to protect against oxidative stress given its involvement in the stabilization of redox enzymes. Hoque et al. (2008) reported that the exogenous application of proline to cell cultures was positively correlated with the increased activity of different antioxidant enzymes (i.e SOD, CAT, and (ASC)-GSH cycle-related enzymes) under saline conditions.

Salinity tolerance in plants has been associated with the induction of the antioxidant enzyme system and the reduction of oxidative damage. Here, we show that NaCl stress significantly increased the antioxidant enzyme activity (SOD, POD, APX, and CAT) of the date palm, and this activity was further increased in treated plants, particularly those grown with the dual application of AMF and compost. Similar results were reported previously in other species (Hashem et al., 2015; Hidri et al., 2016; Ramzani et al., 2017; Ben Laouane et al., 2019). SOD is considered one of the first enzymes of defense and enables the scavenging of superoxide radicals into hydrogen peroxide which is further detoxified to water (Mittler, 2002). The conversion of H2O2 to H2O can be catalyzed by the action of enzymes, such as CAT, APX, and POD (Mittler, 2002). In our study, the increase in SOD activity was consistent with the improvement in the activity of hydrogen peroxide- scavenging enzymes (CAT, POD, and APX). Furthermore, the induction of the activity of antioxidant enzymes in plants treated with AMF and compost compared with untreated plants was associated with lower H2O2 content and lipid peroxidation, thereby indicating an efficient ROS scavenging system in the date palm through a reduction in oxidative stress and less membrane damage in the treated plants.

Taken together, the results indicate that the application of compost and AMF alleviated salt stress in date palm crops in a synergistic manner and through physiological and biochemical processes (Figure 4). Even if the organic amendment decreased AMF root colonization, the combined effect of compost and AMF seems to be the most efficient way to boost the tolerance of date palm seedlings to salinity. Indeed, AMF and compost alone or in combination (right side of PC1) appear to confer multiple forms of protection to the date palm, as these application are positively correlated with growth-related parameters, plant photosynthetic traits, and nutrients homeostasis. AMF and/or compost were negatively associated with MDA and H2O2. Under stress, the combination AMF+compost was positively associated (PC2 axis) with antioxidant enzyme (SOD, POD, and CAT) activity and proline biosynthesis. These associations suggest that the application of microbial inocula and compost co-occurred with enhancement in leaf gas exchange, induction in the photosynthetic apparatus and increased accumulation of pigments associated with light harvest, and alleviation of stress damages by regulating the antioxidant enzymes under high-salinity. This finding is supported by the fact that at high-salinity (240 mM NaCl) concomitant protein degradation occurred in untreated plants (as a single group, negatively correlated with agro-physiological and growth parameters) that lost antioxidant enzyme activity, while the high salt-treated plants still had a strong scavenging system consisting of antioxidative molecules. As a result, AMF and compost improved water relations without penalizing plant growth under salt stress. Figure 5 gives an overview of the various mechanisms commonly elicited by compost and AMF which systemically counter the deleterious effects of salt stress and rectifies them, thereby ultimately improving plant growth and productivity. Date palm plants growing under saline conditions showed an ionic imbalance, physiological drought, and oxidative stress, which leads to reduced biomass. Although there are similarities in the mechanisms induced by the application of compost and AMF to alleviate all the negative effects of salinity, there are, however, slight variations underlying the basic mechanisms involved when both biofertilizers are used. AMF can improve the water and nutrient status of host plants via the boosting of nutrient and water uptake by the hyphal structure effect and the activity of ion and water transporters. Similarly, compost also raises nutrient concentrations in plants, since it is a source of mineral elements (N, P, and K). Furthermore, compost may improve water uptake by increasing soil water holding capacity. The improvement of nutrient and hydraulic conductance alleviates the salinity-induced growth effects in plants. AMF and compost can also mitigate the toxicity of Na+ and Cl− by preventing these ions from interfering with the plant root system. Also, AMF symbiosis and compost amendment can alleviate osmotic and oxidative stress by stimulating osmolyte synthesis and antioxidant enzymes and by reducing oxidative stress marker levels (H2O2 and MDA). Furthermore, increased stomatal conductance along with chlorophyll content enhancement and PSII efficiency contribute to boost the photosynthesis machinery necessary for plant performance under saline conditions. The symbiotic association of AMF together with compost (5% W/W with respect to culture soil) might have influenced positive plant growth by an increase in nutrient supply. The addition of compost alters the soil pH and in turn, affects nutrient availability to plants. The positive effects of the compost on AMF derived from altering the physicochemical properties of soil, changes in nutrient dynamics—mainly phosphorous availability—, the release of organic compounds, increased water content and plant available water, root hydraulic conductivity, and changes in the composition of root exudates might all have contributed to a significant increase in the plants' performance under normal and saline conditions as compared to untreated plants or those containing AMF or compost alone (Akhter et al., 2015; Kohler et al., 2015; Kranz et al., 2020). Mimmo et al. (2011) have shown the substrate-dependent variations in plants root exudation patterns. The altered response could be due to the accumulation of new compounds in root exudates which may have a stimulatory effect on mycelial growth and development (Scheffknecht et al., 2006). The growth advantage conferred by the mycorrhizal consortium in the amended soil might be related to the capacity of the fungi to acquire nutrients slow-released from the composted residue (Cavagnaro, 2014). El Kinany et al. (2019) found that the mixture of compost and AMF contributed to uptake of mobile micronutrient boron, which has a crucial role in cell wall formation and stability, maintenance of structural and functional integrity of biological membranes, movement of sugar or energy into growing parts of plants (Takano et al., 2002; Shireen et al., 2018).
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FIGURE 5. Schematic representation of various mechanisms induced by AMF and compost application in date palm plants under salt stress.


Our results provide an experimental basis for the application of compost and AMF fertilizers as a sustainable method for the remediation of salt-affected soils in arid and semi-arid areas, especially in fragile ecosystems such as palm grove oases.



CONCLUSIONS

Salinity stress reduced growth, physiological, and biochemical traits of date palm seedlings considerably. AMF-inoculated plants grown in compost-amended soil exhibited large improvements in these parameters under NaCl stress. The application of AMF and compost separately or in combination increased water status parameters, photosynthetic efficiency, and the concentration of photosynthetic pigments under saline conditions by enhancing N, P, K+, and Ca2+ uptake and reducing Na+ and Cl− content. The synergy between AMF and compost in salinity tolerance was manifested in the improvement in growth, soil nutrient status, and physio-biochemical traits together with the decrease in MDA and H2O2 as compared to no-mycorhizal and compost-free plants. This dual application alleviated the oxidative stress induced by salinity by stimulating antioxidant enzyme activity and therefore the reduction of hydrogen peroxide and lipid peroxidation. All these beneficial effects protected membrane integrity and the different cell components from the adverse effects of salinity. The combined treatment of AMF and compost yielded the greatest improvement in the parameters measured in date palm seedlings under salt stress, with the application of AMF alone in second place and then finally that application of compost alone. Our findings highlight the importance of considering the dual application of AMF and compost to alleviate the detrimental effects of salinity and promote plant growth in salinized soils in arid and semiarid areas.
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The values of each parameter labeled by different letters indicate significant differences assessed by Duncan'’s test after performing three-way ANOVA (P < 0.05). AMF, arbuscular
orrhizal fungi; APX, ascorbate peroxidase; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase. "Snon-significant; *significant at P < 0.05; “'significant at P < 0.005;
significant at P < 0.001
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The values of each parameter labeled by ilferent letters indicate significant differences assessed by Duncan’s test after performing three-way MANOVA (P < 0.05). AMF, arbusculer
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significant at P < 0.001
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The values of each parameter labeled by different letters indicate significant differences assessed by Duncan’s test after performing a three-way MANOVA (P < 0.05). AMF, arbuscular
mycorrhizal fungi; PH, plant height; NL, number of leaves; LA, leaf ; SDW, shoot dry weight; RDW, root dry weight; Fa, AMF infection frequency; Ma, AMF infection intensity.
S non-significant; *significant at P < 0.05; **significant at P < 0.005; ***significant at P < 0.001.
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