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Abstract

:

Okra is an important crop species for smallholder farmers in many tropical and subtropical regions of the world. Its interaction with mycorrhiza has been rarely studied, and little is known about its mycorrhizal dependency, especially under drought stress. In a glasshouse experiment, we investigated the effect of Arbuscular Mycorrhiza Fungi (AMF) inoculation on growth, evapotranspiration, mineral nutrition and root morphology of five okra cultivars under ample water and drought stress conditions. ‘Khartoumia’, ‘HSD6719’, ‘HSD7058’, ‘Sarah’ and ‘Clemson Spineless’-cultivars commonly used by farmers in Sudan were chosen for their geographical, morphological and breeding background variations. The plants were either inoculated with R. irregulare or mock-inoculated. Seven weeks after seeding, the soil–water content was either maintained at 20% w/w or reduced to 10% w/w to impose drought stress. Drought stress resulted in plant P deficiency and decreased shoot dry biomass (DB), especially in HSD7058 and Clemson Spineless (69% and 56% decrease in shoot DB, in the respective cultivars). Plant inoculation with AMF greatly enhanced the shoot total content of P and the total DB in all treatments. The mycorrhizal dependency (MD)—the degree of total plant DB change associated with AM colonization—differed among the cultivars, irrespective of the irrigation treatment. Key determinants of MD were the root phenotype traits. Khartoumia (with the highest MD) had the lowest root DB, root-to-shoot ratio, and specific root length (SRL). Meanwhile, HSD6719 (with the lowest MD) had the highest respective root traits. Moreover, our data suggest a relationship between breeding background and MD. The improved cultivar Khartoumia showed the highest MD compared with the wild-type Sarah and the HSD7058 and HSD6719 landraces (higher MD by 46%, 17% and 32%, respectively). Interestingly, the drought-affected HSD7058 and Clemson Spineless exhibited higher MD (by 27% and 15%, respectively) under water-deficiency compared to ample water conditions. In conclusion, the mediation of drought stress in the okra plant species by AMF inoculation is cultivar dependent. The presence of AMF propagules in the field soil might be important for increasing yield production of high MD and drought susceptible cultivars, especially under drought/low P environments.
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1. Introduction


Drought is one of the most widespread problems in agriculture. It severely reduces plant biomass, leading to diminished crop productivity [1,2,3]. Under drought stress conditions, not only water but also nutrient availability may be severely decreased compared to ample water conditions [4]. Low soil moisture can result in disturbed nutrient diffusion and mass flow, and drought therefore often limits the availability of nutrients, especially P [5,6].



The plant root is the first organ to encounter soil moisture changes. Thus, root morphological and physiological responses to drought stress are important adaptations [7]. Substantial variations in root morphology (root length, surface area, volume and diameter) have been reported among plant species and within genotypes of plant species [8,9,10,11,12]. Variations in root morphological traits, such as length and diameter, have been used to classify soybean cultivars into different root phenotypes that could be important in conferring plant biomass production under drought [13]. Moreover, under limited soil moisture conditions, plants often re-allocate assimilates to participate in root rather than shoot growth, thereby increasing root extension into deeper soil layers [14].



Mycorrhizal dependency (MD) is the degree of plant dry biomass (shoot or total dry biomass) change associated with arbuscular mycorrhizal fungi (AMF) colonization [15]. According to Bowles et al. [16], MD is calculated based on the plant dry biomass (shoot or total ) using the individual values of the dry biomass of AM—inoculated plants and mean values of the dry biomass of non-inoculated plants within each treatment. Variation in MD has been frequently observed among different cultivars of many plant species, such as corn, rice, maize, soybean, chickpea, cowpea and sorghum [17,18,19,20,21,22,23]. A correlation between the root morphological traits and the MD was reported by Tawaraya [15]. The author reported that root traits (diameter, hair length and hair density) might be direct determinants for MD. Moreover, MD differed between geographically diverse Medicago truncatula accessions [24,25], which had diverse phenotypes in plant shoot biomass and root length that were linked to the conditions in their geographic-specific environment, including climate and soil characteristics. From an AM evolutionary point of view, Hetrick et al. [26] observed that wheat cultivars released before 1950 displayed more MD than those released later. He suggested that germplasm selection under high phosphorus fertilizer conditions could have reduced the frequency of genes for the mycorrhizal dependence of wheat. On the other hand, other studies showed no adverse effects on mycorrhizal growth response (plant shoot dry biomass) owing to modern breeding programs [27].



Although AMF occur naturally in almost all agricultural fields, their occurrence and diversity may be reduced following the application of unsuitable agricultural cultural practices such as tillage, monoculture, choice of crop and other cropping practices [28]. Management of AMF in agricultural fields could be a promising tool for enhancing crop productivity especially under limited soil moisture and/or nutrient availability.



Okra (Abelmoschus esculentus L. Moench.) is widely grown in tropical and subtropical regions including Sudan, where it is the most commonly grown vegetable and the staple food of the Sudanese. A genotype ‘Sarah’, representing the wild-type of okra is mainly used as a dry powder in food preparation, while the more domesticated okra types are mainly used fresh. The large genotypic variability in Sudan comprises rain-fed and irrigated types of okra [29]. This includes the cultivars ‘Khartoumia’, ‘HSD6719’, ‘HSD7058’, ‘Clemson spineless’, and the wild-type ‘Sarah’. Khartoumia’, a locally improved cultivar, is the cultivar most frequently grown in the irrigated sector in the Khartoum area. ‘HSD6719’ is a farmer cultivar (landrace) grown in El Fuda, South Kordofan state, Sudan. The area is characterized by a hot semi-arid climate with a unimodal rainfall pattern (760 mm per year). The soil is characterized by low P (<15 ppm and reaching 7 ppm in some sites). Vegetables including okra are grown under unreliable rainfall conditions and low agrochemical inputs. ‘HSD7058’ is a farmer cultivar (landrace) grown in Arbaat, El Gonab, Red Sea State, Sudan. The Arbaat area constitutes a khor (wadi, valley or ravine), bounded by relatively steep banks, which in the rainy season becomes a watercourse. Although rainfall is insufficient to support rain-fed cropping in the area, water from the khor is harvested and used for garden crop irrigation on the relatively fertile sedimentary soil. The farmer cultivars are usually selected by farmers during harvest based on morphological characteristics, such as the size of the plant, color or size of the fruits. The seeds of the healthy plants are reserved for growing the next crop. ‘Sarah’ is a wild-type okra and grows in different rain-fed parts of Sudan. ‘Clemson Spineless’ is an introduced cultivar (selected by Clemson University, USA) grown in the irrigated sector.



In Sudan, okra is grown mainly by subsistence farmers under low input of agrochemicals or irrigation. Despite its ecological and economic importance and role in human nutrition, mycorrhiza research has paid very little attention to okra up to now, concentrating instead on the few plant species that have global industrial importance. Little is known about AMF effects on root morphology and nutrient uptake in okra plants under drought stress conditions. Moreover, cultivar differences in okra response to mycorrhizal colonization have not been addressed.



Here, we investigate the effect of AMF inoculation on the shoot and root dry biomass, root development, evapotranspiration and the content of P, N, Fe and Zn in the shoot of five okra cultivars under ample water and drought stress conditions. The cultivars ‘Khartoumia’, ‘HSD6719’, ‘HSD7058’, and ‘Clemson spineless’, commonly grown by Sudanese farmers in different regions, and the wild-type ‘Sarah’ were selected for their geographical, morphological and genetic (breeding) variations.




2. Materials and Methods


2.1. Experimental Design and Growth Conditions


The experiment was set up with a factorial design with 3 factors: (1) AMF inoculation treatment, comprising non-inoculated (−M) and inoculated plants (+M); (2) the okra cultivars ‘Khartoumia’, HSD6719, ‘HSD7058’, ‘Sarah’ and ‘Clemson Spineless’; and (3) a water regime, comprising ample water conditions (+W) and drought stress conditions (−W). Four replicates were used for each treatment, giving a total of 80 plants. The experiment was conducted in a glasshouse at the Institute of Vegetable and Ornamental Crops (IGZ) in Grossbeeren, Germany (52°22′ N, 13°20′ E). Plants were cultivated from June to August and randomly placed on tables in the glasshouse where the average day/night temperatures were 26 °C/22 °C and relative air humidity averaged 62%. Air humidity in Sudan ranges between 22% and 73%. It is worth mentioning that low air humidity in the desert climate and semi-arid climate in Sudan exist especially outside of the monsoon season. This is an important abiotic factor to consider besides the soil moisture factor when translating the results of this study to field conditions.




2.2. Growth Substrate and AM Fungal Inoculation


Eighty black, round 2.5 L plastic pots (Teku Container BC 17; Pöppelmann, Germany) were filled with 2540 g of growth substrate. To obtain a growth substrate suitable for this experiment, material from the C-horizon of a Luvisol (loamy sand) was sieved and mixed 1:1 (v/v) with quartz sand. The loamy sand substrate was chosen because of its poor available P content. Calcareous soils, such as the substrate used here, have a strong tendency to fix P [5]. Therefore, the substrate used in the present work was chosen to reflect the soil conditions in arid areas, such as Sudan, where soils are often calcareous and have high pH. We mixed the loamy sand substrate with the quartz sand to allow easier separation and washing of the root system from the substrate at harvest time. The substrate mixture was characterized as 72% sand, 21% silt and 7% clay.



Prior to use in the experiment, the substrate was dry-heated (85 °C/48 h) to eliminate any existing AMF propagules. Thereafter, the mineral nutrients were added to the substrate as a nutrient solution. The following amount of salts were added to the substrate: 200 mg N (NH4NO3), 50 mg P (KH2PO4), 200 mg K (K2SO4), 100 mg Mg (MgSO4), 10 mg Cu (CuSO4), 10 mg Fe (Fe-EDTA) and 10 mg Zn (ZnSO4) kg−1 dry substrate. The salts were solubilized in deionized water and then carefully mixed into the substrate. The fertilized substrate was incubated at room temperature before it was used in the experiment. The aim of this fertilization was to provide the plants with an optimal supply of all nutrients except for P (low availability in the substrate). This nutrient supply condition prevails in many Sudanese agricultural fields. The chemical properties of the mixture substrate after dry heating are described in Table A1.



Rhizoglomus irregulare inoculum was produced in a glasshouse at IGZ, Grossbeeren, Germany. The starter inoculum was quartz–sand-based and contained propagules of Rhizoglomus irregulare supplied by INOQ GmbH (Schnega, Germany). To establish AMF treatment (+M), the fungal inoculum (air-dried AM colonized root pieces and adhering substrate containing extraradical AM mycelium with spores, a substrate similar to the one used in the experiment) was homogeneously mixed with the growth substrate at a rate of 7% (w/w). The non-mycorrhizal plants (−M) were inoculated with the same amount of dry heated inoculum plus a filtrate of non-dry-heated (oven at 85 °C for 48 h) mycorrhizal inoculum to obtain the same initial microflora and soil physical properties across all treatments. Six weeks after the sowing date, plant roots were checked to confirm AMF colonization. To determine the AMF-colonized root length, samples of approximately 1 g fresh weight were taken from each root system and stored in 15% ethanol. Roots were then stained with 0.5% trypan blue in lactic acid [30] and a minimum of 200 intersections per sample was counted using a modified gridline intersection method [31,32] and a dissecting microscope with 50× magnification.




2.3. Plant Material, Cultivation and Irrigation


Seeds of ‘HSD6719’, ‘HSD7058’ and ‘Sarah’ were kindly provided by the gene bank of the Agricultural Research Corporation, Wad Madani, Sudan. Seeds of ‘Khartoumia’ were obtained from a seed provider in the local market ‘SougBahri’, Khartoum, Sudan. The ‘Clemson Spineless’ seeds were obtained from Vertriebsgesellschaft Quedlinburger Saatgut mbH, Aschersleben, Germany. Three okra seeds were seeded per pot.



The substrate was watered with deionized water up to 20% (w/w). One week after germination, the seedlings were thinned to 1 seedling per pot considering plants of similar size in all pots. Starting 6 weeks after sowing, substrate water content was either maintained at 20% (+W) or reduced to 10% (w/w) (−W) to impose drought stress. Daily evapotranspiration from each planting pot was gravimetrically estimated by placing the pot on a balance and measuring the weight. The water lost from each pot was replaced daily with deionized water to maintain the average soil water content according to the respective treatment.




2.4. Harvest, Quantification of AMF Colonized Root Length and Plant Growth Measurement


Plants were harvested 11 weeks after seeding. At harvest, shoots were separated directly above the surface of the substrate. The shoots were separated into leaves and stems and the fresh weight was recorded (for stems and leaves inclusive of lost leaves). Roots were carefully removed, washed of the growth substrate and the fresh weight was recorded. Two representative root samples each consisting of 1 g fresh weight were obtained by mixing 3 subsamples collected from the root system after dividing it into 3 vertical sections starting from the top of the root. Half of the representative root samples were stored in 15% ethanol to determine the AMF colonization rate (Section 2.2). The second half was scanned and analyzed with image processing software WinRHIZO Arabidopsis 2012b (Regent Instruments, Québec, Canada). Weight-based upscaling to the bulk root was implemented to estimate the mean root diameter and root length density. Leaf area (LA) was measured with the LI-3100 Area Meter (LICOR, Lincoln, NE, USA). The plant material (root, stem and leaves inclusive of lost leaves) was dried at 60 °C for 72 h in a drying oven, after which the plant dry weight (DW) was recorded. The mycorrhizal dependency was calculated within each treatment (cultivar × substrate water content) by using the individual values of the total dry biomass of +M plants and mean values of the total dry biomass of −M plants according to Bowles, Jackson and Cavagnaro [16] using the following formula:


%MD = (total DW (mycorrhizal plant) − mean total DW (non-mycorrhizal plants))/(mean total DW (non-mycorrhizal plants)) × 100












2.5. Nutrient Analysis and Statistics


Dried shoot material, including stem and leaves inclusive of lost leaves (subsample of 200–300 mg), were digested with 5 mL concentrated HNO3 (65%) and 2 mL H2O2 (30%) at 200 °C for 15 min in a microwave (MARSXpress 250/50; CEM Corporation, Charlotte, NC, USA), filtrated and taken up to 50 mL with distilled water. The concentrations of P, Fe and Zn were measured in the filtrate using an ICP-OES analyzer (Thermo Scientific iCAP™ 7400; Thermo Fisher, Taufkirchen, Germany) separate for element-specific wavelength according to the manufacturer’s instructions. To quantify N concentrations in the shoot, approximately 15 mg of the pulverized plant material, including stem and leaves inclusive of lost leaves, was analyzed after dry oxidation in an elemental analyzer (Elementar Vario EL, Elementar, Germany) following the Dumas method.



Data with a normal distribution (Kolmogorov-Smirnov test; p > 0.05) and homogeneity of variance (Levene’s test; p > 0.05) were subjected to factorial analysis of variance (ANOVA). The multiple comparison Tukey’s test was used to assign significant differences between means, applying a cut-off of p < 0.05. Data that were not normally distributed were subjected to the Kruskal-Wallis test (p < 0.05). Statistics were performed using the STATISTICA program version 12 (StatSoft Inc., Tulsa, OK, USA).





3. Results


The five tested cultivars exhibited different leaf shapes (Figure 1).



3.1. Mycorrhizal Status


No colonization was observed in the roots of plants of the −M treatments. The percentage of colonized root length was not distinctly different among the cultivars. However, the drought stress treatment significantly decreased the root colonization rate in all cultivars except for Clemson Spineless, where the reduction was not significant (Figure 2).




3.2. Evapotranspiration


The effect of the okra cultivar on plant evapotranspiration rates was significant between 6 and 8 weeks after seeding (WAS). After that, the differences in evapotranspiration rates between cultivars levelled off and were not significant (Figure 3). Two weeks after initiating the drought stress treatment (9 WAS), evapotranspiration rates were significantly affected by drought stress. For instance, +W plants had higher evapotranspiration rates than −W plants in both +M and −M treatments (Figure 3). The evapotranspiration of +M plants was more extremely limited by drought treatment compared to −M plants (Figure 3).




3.3. Plant Shoot Height


At 4 WAS (first measurement), the plant shoot height was found to not be affected by the inoculation nor substrate water content but by the cultivar (Figure A1). At 7 WAS, shoot height was significantly affected by the inoculation treatment but not the cultivar or the substrate water content (Figure A1). At 10 WAS and 3 weeks after drought initiation (third measurement), the shoot height of okra plants was significantly lower in the drought stress treatment. Under drought stress, the shoot height was significantly higher in mycorrhizal plants compared to non-mycorrhizal plants in all the cultivars except HSD7058 (Figure A1).




3.4. Shoot Dry Biomass


Drought stress significantly affected the shoot dry biomass (−M/+W vs. −M/−W). The shoot dry biomass was significantly lower in −W plants compared to +W plants for HSD7058 and Clemson Spineless (69% and 56% decrease in the shoot DB, in the respective cultivars). The decrease was slightly lower for Khartoumia, HSD6719 and Sarah (42%, 5% and 44% decrease in the shoot DB, in the respective cultivars) (Figure 4). The shoot dry biomass did not differ significantly among the cultivars but was significantly affected by the inoculation treatment. AMF colonization significantly increased the shoot dry biomass in all cultivars under both +W and −W treatments (Figure 4).




3.5. Leaf Area and Leaf-to-Stem Ratio


In comparing the five cultivars, the leaf area from lowest to highest was Khartoumia < Sarah < HSD7619, HSD7058 and Clemson Spineless. Drought stress (−M/+W vs. −M/−W) decreased the leaf area only in HSD7058 irrespective of the inoculation treatment. AM inoculation increased the leaf area remarkably in comparison to the non-AM treatment, irrespective of the water treatment or cultivar (Table A2). The leaf-to-stem dry weight ratio was statistically similar among the tested cultivars (Table A2). Drought stress resulted in significantly lower leaf–stem ratios compared to well-watered conditions (−M/+W vs. −M/−W) in HSD6719, Sarah and Clemson Spineless (Table A2). AM-inoculated plants had a lower leaf–stem ratio in HSD6719 compared to non-inoculated plants, while other cultivars remained unaffected by the inoculation treatment (Table A2).




3.6. Root Dry Biomass


The root dry biomass differed significantly according to the cultivar. HSD6719 had the highest root dry biomass while Khartoumia had the lowest (Figure 5). Drought stress decreased the root dry biomass in comparison to ample water conditions (−M/+W vs. −M/−W). This decrease was significant in HSD7058 (Figure 5). AMF colonization (+M vs. −M) significantly increased the root dry biomass of okra plants irrespective of cultivar or substrate water content (Figure 5).




3.7. Root Development


In general, the values of specific root length (SRL) in cm/g root DW and the root length density (RLD) in cm/cm3 were remarkably high especially in +M plants as compared to values published for okra plants. The root diameter was comparable to that found in published studies [33,34,35,36,37].



The SRL differed significantly between the cultivars and was in the following order from lowest to highest: Khartoumia < Sarah and Clemson Spineless HSD7058 < HSD6719 (Figure 6). Drought stress significantly reduced SRL in Clemson Spineless, Sarah and HSD6719 irrespective of the inoculation treatment, while Khartoumia and HSD7058 remained unaffected by drought stress (Figure 6). Inoculation with AMF significantly increased the specific root length in all treatments (Figure 6).



The RLD varied significantly depending on the cultivar and was in the following order from lowest to highest: Khartoumia < HSD6719, Sarah and Clemson Spineless < HSD7058. The RLD of non-mycorrhizal plants was not affected by the drought stress, irrespective of the cultivar (Figure 6). However, among mycorrhizal plants, drought stress significantly reduced the RLD of HSD6719, Sarah and Clemson Spineless compared to well-watered plants. Inoculation with AMF significantly increased the RLD under both +W and −W treatments in all cultivars except for HSD7619, where a significant effect of AMF inoculation was observed only in +W treatment.



The root diameter was statistically similar for all five studied cultivars. Drought stress decreased the root diameter only in Khartoumia in treatment −M/−W compared with the well-watered counterpart. AM-inoculated plants showed significantly smaller root diameters than non-inoculated plants in the case of Sarah at +W but not for any other cultivar (Figure 6).



The root-to-shoot dry weight ratio differed significantly according to the cultivar in the following order: Khartoumia < Sarah < HSD7058 and Clemson Spineless < HSD6719. Drought stress treatment did not affect the root–shoot ratio except for Khartoumia, where +M/+W plants showed a lower root–shoot ratio compared to +M/−W plants. AM inoculation (+M vs. −M) resulted in significantly higher root–shoot ratios for HSD7058 and Clemson Spineless at +W treatments, and a similar effect was shown by trend at the corresponding −W treatments (Table 1).




3.8. The Mycorrhizal Dependency (MD)


The five cultivars differed significantly in the degree to which they depended on AMF to produce total biomass. The order from highest to lowest MD was Khartoumia > HSD7058 > Sarah and Clemson Spineless > HSD6719. The improved cultivar Khartoumia showed higher MD by 15%, 46%, 17% and 32% compared with Clemson Spineless, the wild-type Sarah and the HSD7058 and HSD6719 landraces, respectively. Under drought stress treatment HSD7058 and Clemson Spineless had a significantly higher MD (by 27% and 15%, respectively) compared to ample water treatment. By contrast, HSD6719 showed a reverse trend with a significantly lower MD (by 20%) in the −W than in +W treatment (Figure 7).




3.9. Plant Nutrient Status


The shoot P concentration ranged between 0.6 and 1.9 mg g−1 DW across all the treatments and cultivars (Table 2). Significantly lower shoot P concentrations were present in −W compared to +W treatment in HSD7619 (−M treatment) as well as HSD7619, HSD7058 and Sarah (+M treatments). Compared to non-inoculated plants, AM inoculation increased shoot P concentration in Khartoumia, HSD6719, HSD7058, Sarah and Clemson Spineless by 58%, 83%, 79%, 89% and 118%, respectively, when plants were well-watered, and by 58%, 100%, 70%, 54% and 100%, respectively, when they were drought-stressed (Table 2).



Shoot N concentration ranged between 13 and 43 mg g−1 DW across all treatments and cultivars (Table 2). Treatments with low shoot biomass had higher shoot N concentrations, i.e., −M vs. +M plants (all cultivars) and −W vs. +W (HSD7058) (Table 2).



Shoot Fe concentration ranged between 46 and 148 mg kg−1 DW (Table 2). Fe concentration was not significantly affected by drought stress or cultivar. Higher shoot Fe concentrations were linked to lower shoot biomass, i.e., higher Fe concentrations in −M than +M plants in HSD7619, HSD7058 and Clemson Spineless (Table 2).



Shoot Zn concentrations ranged between 35 and 47 mg kg−1 DW and were not significantly affected by drought stress except in Clemson Spineless, where shoot Zn concentration was lower at −W than at +W, irrespective of AM inoculation (Table 2). AMF inoculation did not affect the concentration of Zn in the shoot of any plants in all treatments (Table 3 and Table 4).



The total content of P, N, Zn and Fe in the shoot was in accordance with the differences in shoot biomass in the respective treatments, significantly higher in +W treatments as compared to −W and higher in +M as compared to −M.





4. Discussion


In this study, we investigated the effect of AMF inoculation on evapotranspiration, mineral nutrient uptake and shoot and root development in five cultivars of okra under ample water and drought stress conditions.



As anticipated, the five showed different phenotypes, i.e., differences in leaf shape and area, root dry biomass, biomass allocation (root–shoot ratio), SRL and RLD. Previous studies also described variations in okra total dry biomass, leaf area and root length when different accessions or genotypes were grown with equal access to resources [36,37,38,39].



In the present study, exposure to drought stress reduced okra plant shoot dry biomass in all five accessions that were tested, but HSD7058 and Clemson Spineless were the most affected.



Compared with standard values cited by Hochmuth et al. [40], concentrations of P in the shoot tissue of control plants (−M) were generally indicative of severe P deficiency when plants were drought-stressed (irrespective of cultivar). Despite the higher P concentrations in the shoot of −M/+W plants as compared to −M/−W plants, shoot P concentrations of +W plants were also indicative of P deficiency. This result indicates that under the current experimental conditions, P availability was not constrained by drought treatment only, but also by the chemical substrate conditions. Indeed, calcareous soils such as the substrate used in this experiment usually tend to immobilize soluble P to a high degree [5]. Levels of N in the shoots were within the recommended average for adequate plant growth [40] in all treatments except for +M/+W treatment. The below-average N concentrations in +M/+W plants could be attributed to their higher biomass compared to the other treatments. Accordingly, the high biomass led to N dilution in the shoot tissues. A similar effect was also observed for Fe, where its concentrations in the shoot tissue of the relatively higher biomass plants were generally indicative of deficiency. The concentrations of Zn in the shoot tissues were sufficiently high in all treatments.



The contribution of AMF to plant P uptake (total content of P in the shoot) was reported in soils where low P availability was induced by drought. Moreover, it was also reported in soils with a low total P content or with a high P fixing capacity [41,42,43]. Other studies reported that under depleted soil moisture, AMF inoculation resulted in higher shoot N and K concentrations compared to non-inoculated counterparts [44,45]. Here, unlike concentrations of N and Fe that were lower in +M plants compared to −M plants due to the dilution effect, concentrations of P were higher or similar in +M compared to −M plants. This result doubtlessly indicated the significant contribution of AMF to P uptake, which kept pace with the rapid growth of +M plants compared to −M plants. Moreover, the contribution of AMF to P uptake occurred not only when P was limited by drought but also under well-watered conditions.



Different combinations of plant or AM fungal species have shown different responses in terms of P uptake and total biomass accumulation [46]. Previous studies showed that plant inoculation with Rhizoglomus irregulare resulted in increased shoot total content of P and total dry biomass accumulation in different plant species, such as Abelmoschus esculentus, Medicago truncatula, Medicago sativa, Capsicum annuum and Sorghum bicolor [47,48,49,50]. However, the increase in the shoot total content of P and total dry biomass accumulation varied depending on the plant species. Other studies discussed the role of the AM fungal species in the output of the symbiosis in terms of shoot and root total content of P and total dry biomass accumulation. For instance, the inoculation of the okra plant with Rhizoglomus irregulare and Acaulospora Laevis resulted in remarkably different shoot and root total P content and total dry biomass depending on the AMF species [47]. Our data showed a significant interaction between the AMF inoculation and the cultivar. Our study reveals that besides the plant and the AMF species factors, the cultivar plays a role in the output of okra-AMF symbiosis in terms of P uptake.



Under drought stress conditions, one of the most common explanations for the enhanced P status in AM-inoculated plants was the increased absorbing surface provided by AMF hyphae, which conferred the ability to explore soil pores that retain nutrients in the soil solution as the soil dries [51,52]. In our experiment, increased RLD from AMF inoculation may indicate that the net effect of AMF inoculation on RLD was complementary to the AMF pathway (the hyphal pathway) for enhancing P uptake, especially under limited P conditions. Our results are in contrast to previous findings in safflower and wheat, where RLD remained unchanged upon AMF inoculation with Glomus etunicatum when plants were water-stressed [53]. The results are also in contrast with Bitterlich et al. [54], who found that the RLD of tomato plants was not affected by inoculation with F. mosseae when plants were exposed to sequential drying episodes. We speculate that plant species with a high MD, such as okra, may show root morphological responses to AMF colonization different from that of plant species with lower MD, such as most grasses or tomatoes. The higher values of SRL and RLD in our study compared to previously published values [33,34,35] could be attributed to the age of the plant at the time of RLD measurement. We measured the root parameters 3 months after cultivation while the other studies measured the parameters 1–2 months after cultivation.



Evapotranspiration data showed that under −W conditions, much lower daily evapotranspiration was observed in −M and +M treatments as compared to their +W counterparts (irrespective of cultivar). However, under −W treatment, +M plants had higher evapotranspiration rates in comparison with −M plants. These findings confirm earlier studies where increased transpiration for AM compared with non-AM plants was observed under conditions of drought [55,56]. The higher evapotranspiration rates under drought stress conditions in +M plants compared to −M plants could be attributed to the improved P nutrition (concentration and total content in the shoot tissues) due to AMF inoculation leading, for example, to larger leaves (as shown in Table A2) or more stomatal openings. This result is not consistent with an earlier study in Rosa hybrida [57], which reported that the enhancement of P nutrition by AMF was not correlated with transpiration rates.



The contribution of AMF to okra plant P uptake was sufficiently high to support adequate plant growth even when P was limited in the substrate, as AMF significantly enhanced the okra plant total dry biomass (presented as shoot and root dry biomass) of the five cultivars not only under −W but also under +W conditions. However, the mycorrhizal dependency (MD), or the degree to which okra plants depended on AMF in producing total dry biomass, varied among the cultivars. Among the five cultivars, HSD6719 had the lowest MD, while Khartoumia showed the highest. HSD6719 had the strongest root system in terms of higher root biomass, root–shoot ratio, SRL, whereas Khartoumia had the weakest root system. It was reported that lower mycorrhiza-dependent plants have finer roots (higher length per unit root dry weight) [15]. Here, HSD6719 showed the highest SRL among the cultivars, which probably confers the plants with a better capability to forage soil for P, especially under drought stress [58]. The rate of shoot growth is one important physiological factor that determines the rate of nutrient demand [59]. We observed that the cultivar with the highest MD (Khartoumia) had a lower root–shoot ratio compared to HSD6719, which had the lowest MD value. The root–shoot ratio data indicate that Khartoumia probably had a higher nutrient demand and consequently higher MD compared to HSD6719. Compared to ample water conditions, drought stress induced higher MD. Interestingly, this was observed in HSD7058 and Clemson Spineless, which showed sensitivity to drought stress (reduced shoot dry biomass in −M/+W compared to −M/+W).



In addition to the physiological traits, our data suggest a possible relationship between the breeding background of the cultivars and their MD. Some authors have discussed the genetic relationship of MD in genotypes within a species. For instance, it has been reported that high MD is more likely for wild-types and in older accessions and cultivars that pre-date the heavy fertilization era, while lesser MD can be expected in modern cultivars. It is believed that improved cultivars were selected for breeding programs under high P fertilizer conditions that reduced the frequency of genes for mycorrhizal dependence [60]. For example, an unimproved soybean cultivar was found to have higher MD for total dry biomass compared to an improved cultivar [20]. On the other hand, contrasting results have also been reported, where modern cowpea cultivars showed a higher MD in total dry biomass and shoot total content of P and N than the wild-type [22]. In the present experiment, the breeding-improved Khartoumia cultivar showed a higher MD compared to wild-type Sarah and the farmer’s local cultivars (landraces) HSD6719 and HSD7058. However, the introduced cultivar Clemson Spineless showed a similar MD to the wild-type and the local farmer cultivars. Wild okra grows in natural sites, whereas landraces are grown by subsistence farmers under low-input agriculture. Thus, these cultivars are expected to be more adapted to low P conditions, which was reflected in the lower MD for P uptake compared to the breeding-improved Khartoumia. Our results indicate that modern plant breeding programs do not necessarily lead to the suppression of plant MD. Under field conditions, soil microbiota interactions exist unlike in pot experiments under controlled conditions and sterilized soil that are often used in mycorrhizal experiments. Therefore, despite the positive results of our study, field experiments are needed to confirm these results.




5. Conclusions


The results of our study indicate the remarkable potential of AMF to enhance both P uptake, in terms of total shoot P content, and total dry biomass of okra plant species not only under ample water conditions but also under drought stress that induces strong limitation regarding P availability.



We revealed new findings regarding the role of the cultivar in the outcome of okra-AMF symbiosis, especially under limited P and soil moisture conditions.



Our study indicates the significance of the presence of AMF propagules in field soil for increasing yield production of high MD cultivars such as Khartoumia or drought-affected cultivars such as HSD7058 and Clemson Spineless. To translate the output of this research to field conditions, further experiments on a larger okra cultivar set are needed.
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Table A1. Properties of the mixture substrate.






Table A1. Properties of the mixture substrate.









	Organic Matter Content (% of Substrate DW)
	1.8



	pH in (CaCl2)
	7.5



	Total cation exchange capacity (CEC) (µmol/g−1 DS)
	66



	CaCl2-extractable Mg (mg kg−1 DS)
	78



	CAL-extractable P (mg kg−1 DS)
	6.9



	CAL-extractable K (mg kg−1 DS)
	36



	Ca (mg kg−1 DS)
	3000



	CAT-extractable micronutrients:
	



	B (mg kg−1 DS)
	0.04



	Cu (mg kg−1 DS)
	0.5



	Mn (mg kg−1 DS)
	12



	Zn (mg kg−1 DS)
	0.2







CAL-Extraction according to Schüller [61], CAT-Extraction according to Alt and Peters [62].
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Figure A1. Shoot height (cm) of five okra cultivars measured 4, 7 and 10 weeks after seeding. Plants were non-inoculated (white bars) or inoculated with R. irregulare (black bars). Asterisks indicate significant differences of the factors cultivar (C), AM-inoculation (M) and substrate water content (W) and their interactions (Kruskal-Wallis test, n = 4, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p > 0.05 (ns)). Shown are mean values ± standard deviation. Within each cultivar mean values followed by the same small letter are not significantly different (Tukey test, n = 4, p < 0.05). Cultivars followed by the same capital letter are not significantly different (Tukey test, n = 4, p < 0.05). 
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Table A2. Leaf area (in cm2 per plant) and ratio of leaf:stem (based on DW) of the five okra cultivars. Plants were non-inoculated (−M) or inoculated (+M) with R. irregulare. Substrate water content was either maintained at 20% (+W) or 10% w/w (−W). For statistics, refer to the text for Figure A1.
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Khartoumia

	
HSD6719

	
HSD7058

	
Sarah

	
Clemson Spineless






	
+W

	
−W

	
+W

	
− W

	
+W

	
−W

	
+W

	
−W

	
+W

	
−W




	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M

	
−M

	
+M




	
Leaf area (cm2 per plant)




	
35.8 a

± 10.74

	
88.1 b

± 33.97

	
19.4 a

± 8.66

	
82.1 b

± 9.89

	
81.4 a

± 25.91

	
160.4 b

± 15.41

	
72.1 a

± 12.19

	
130.9 b

± 13.47

	
109.5 b

± 13.43

	
177.0 c

± 29.29

	
38.50 a

± 4.50

	
118.5 b

± 31.27

	
69.2 a

± 23.07

	
111.8 b

± 14.79

	
46.6 a

± 26.59

	
101.0 b

± 14.40

	
93.2 ab

± 13.05

	
35.8 a

± 10.74

	
88.1 b

± 33.97

	
19.4 a

± 8.66




	
A

	
C

	
C

	
B

	
C




	
Ratio leaf-to-stem




	
1.11 a

± 0.19

	
0.69 a

± 0.22

	
0.88 a

± 0.25

	
0.94 a

± 0.13

	
1.91 b

± 0.15

	
0.84 a

± 0.24

	
1.02 a

± 0.27

	
1.14 a

± 0.42

	
1.15 a

± 0.46

	
1.43 a

± 0.14

	
0.71 a

± 0.75

	
0.85 a

± 0.24

	
1.31 b

± 0.65

	
0.78 ab

± 0.27

	
0.58 a

± 0.08

	
0.64 ab

± 0.08

	
1.40 b

± 0.37

	
1.11 a

± 0.19

	
0.69 a

± 0.22

	
0.88 a

± 0.25




	
A

	
A

	
A

	
A

	
A




	

	
Leaf area

	
Ratio leaf-to-stem

	




	
C:

	
***

	
ns

	




	
M:

	
***

	
ns

	




	
W:

	
***

	
**

	




	
C × M:

	
ns

	
ns

	




	
C × W:

	
**

	
*

	




	
M × W:

	
ns

	
**

	




	
C × M × W:

	
ns

	
**
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Figure A2. Greenhouse experiment (okra plants in a randomized design on tables inside the greenhouse). 
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Figure A3. Mycorrhizal (+M) and non-mycorrhizal (−M) okra plants grown under drought stress conditions (−W). Shown are cultivars Khartoumia, HSD6719 and Clemson Spineless ((A–C), respectively) on the day before harvest. 






Figure A3. Mycorrhizal (+M) and non-mycorrhizal (−M) okra plants grown under drought stress conditions (−W). Shown are cultivars Khartoumia, HSD6719 and Clemson Spineless ((A–C), respectively) on the day before harvest.



[image: Plants 11 00089 g0a3]







References


	



Lipiec, J.; Doussan, C.; Nosalewicz, A.; Kondracka, K. Effect of drought and heat stresses on plant growth and yield: A review. Int. Agrophys. 2013, 27, 463–477. [Google Scholar] [CrossRef]

	



Sehgal, A.; Sita, K.; Siddique, K.H.; Kumar, R.; Bhogireddy, S.; Varshney, R.K.; Hanumantha Rao, B.; Nair, R.M.; Prasad, P.; Nayyar, H. Drought or/and heat-stress effects on seed filling in food crops: Impacts on functional biochemistry, seed yields, and nutritional quality. Front. Plant Sci. 2018, 9, 1705. [Google Scholar] [CrossRef] [PubMed]

	



Dubois, M.; Inzé, D. Plant growth under suboptimal water conditions: Early responses and methods to study them. J. Exp. Bot. 2020, 71, 1706–1722. [Google Scholar] [CrossRef]

	



Rouphael, Y.; Cardarelli, M.; Schwarz, D.; Franken, P.; Colla, G. Effects of Drought on Nutrient Uptake and Assimilation in Vegetable Crops. In Plant Responses to Drought Stress; Aroca, R., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 171–195. [Google Scholar]

	



Hu, Y.; Schmidhalter, U. Drought and salinity: A comparison of their effects on mineral nutrition of plants. J. Plant Nutr. Soil Sci. 2005, 168, 541–549. [Google Scholar] [CrossRef]

	



He, M.; Dijkstra, F.A. Drought effect on plant nitrogen and phosphorus: A meta-analysis. New Phytol. 2014, 204, 924–931. [Google Scholar] [CrossRef]

	



Liu, W.; Zhang, Y.; Jiang, S.; Deng, Y.; Christie, P.; Murray, P.J.; Li, X.; Zhang, J. Arbuscular mycorrhizal fungi in soil and roots respond differently to phosphorus inputs in an intensively managed calcareous agricultural soil. Sci. Rep. 2016, 6, 24902. [Google Scholar] [CrossRef]

	



Picon-Cochard, C.; Pilon, R.; Tarroux, E.; Pagès, L.; Robertson, J.; Dawson, L. Effect of species, root branching order and season on the root traits of 13 perennial grass species. Plant Soil 2012, 353, 47–57. [Google Scholar] [CrossRef]

	



Narayanan, S.; Mohan, A.; Gill, K.S.; Prasad, P.V. Variability of root traits in spring wheat germplasm. PLoS ONE 2014, 9, e100317. [Google Scholar] [CrossRef]

	



Qiao, S.; Fang, Y.; Wu, A.; Xu, B.; Zhang, S.; Deng, X.; Djalovic, I.; Siddique, K.H.; Chen, Y. Dissecting root trait variability in maize genotypes using the semi-hydroponic phenotyping platform. Plant Soil 2019, 439, 75–90. [Google Scholar] [CrossRef]

	



Fried, H.G.; Narayanan, S.; Fallen, B. Evaluation of soybean [Glycine max (L.) Merr.] genotypes for yield, water use efficiency, and root traits. PLoS ONE 2019, 14, e0212700. [Google Scholar] [CrossRef] [PubMed]

	



Wen, Z.; Li, H.; Shen, Q.; Tang, X.; Xiong, C.; Li, H.; Pang, J.; Ryan, M.H.; Lambers, H.; Shen, J. Tradeoffs among root morphology, exudation and mycorrhizal symbioses for phosphorus-acquisition strategies of 16 crop species. New Phytol. 2019, 2, 882–895. [Google Scholar] [CrossRef]

	



Fenta, B.; Beebe, S.; Kunert, K.; Burridge, J.; Barlow, K.; Lynch, J.; Foyer, C. Field phenotyping of soybean roots for drought stress tolerance. Agronomy 2014, 4, 418–435. [Google Scholar] [CrossRef]

	



Rich, S.M.; Watt, M. Soil conditions and cereal root system architecture: Review and considerations for linking Darwin and Weaver. J. Exp. Bot. 2013, 64, 1193–1208. [Google Scholar] [CrossRef]

	



Tawaraya, K. Arbuscular mycorrhizal dependency of different plant species and cultivars. Soil Sci. Plant Nutr. 2003, 49, 655–668. [Google Scholar] [CrossRef]

	



Bowles, T.M.; Jackson, L.E.; Cavagnaro, T.R. Mycorrhizal fungi enhance plant nutrient acquisition and modulate nitrogen loss with variable water regimes. Glob. Chang. Biol. 2018, 24, 171–182. [Google Scholar] [CrossRef]

	



Khalil, S.; Loynachan, T.E.; Tabatabai, M.A. Mycorrhizal dependency and nutrient uptake by improved and unimproved corn and soybean cultivars. Agron. J. 1994, 86, 949–958. [Google Scholar] [CrossRef]

	



Gao, X.; Kuyper, T.W.; Zou, C.; Zhang, F.; Hoffland, E. Mycorrhizal responsiveness of aerobic rice genotypes is negatively correlated with their zinc uptake when nonmycorrhizal. Plant Soil 2007, 290, 283–291. [Google Scholar] [CrossRef]

	



Chu, Q.; Wang, X.; Yang, Y.; Chen, F.; Zhang, F.; Feng, G. Mycorrhizal responsiveness of maize (Zea mays L.) genotypes as related to releasing date and available P content in soil. Mycorrhiza 2013, 23, 497–505. [Google Scholar] [CrossRef]

	



Salloum, M.S.; Guzzo, M.C.; Velazquez, M.S.; Sagadin, M.B.; Luna, C.M. Variability in colonization of arbuscular mycorrhizal fungi and its effect on mycorrhizal dependency of improved and unimproved soybean cultivars. Can. J. Microbiol. 2016, 62, 1034–1040. [Google Scholar] [CrossRef]

	



Bazghaleh, N.; Hamel, C.; Gan, Y.; Tar’an, B.; Knight, J.D. Genotypic variation in the response of chickpea to arbuscular mycorrhizal fungi and non-mycorrhizal fungal endophytes. Can. J. Microbiol. 2018, 64, 265–275. [Google Scholar] [CrossRef] [PubMed]

	



Oruru, M.B.; Njeru, E.M.; Pasquet, R.; Runo, S. Response of a wild-type and modern cowpea cultivars to arbuscular mycorrhizal inoculation in sterilized and non-sterilized soil. J. Plant Nutr. 2018, 41, 90–101. [Google Scholar] [CrossRef]

	



Watts-Williams, S.J.; Emmett, B.D.; Levesque-Tremblay, V. Diverse Sorghum bicolor accessions show marked variation in growth and transcriptional responses to arbuscular mycorrhizal fungi. Plant Cell Environ. 2019, 42, 1758–1774. [Google Scholar] [CrossRef] [PubMed]

	



Watts-Williams, S.J.; Cavagnaro, T.R.; Tyerman, S.D. Variable effects of arbuscular mycorrhizal fungal inoculation on physiological and molecular measures of root and stomatal conductance of diverse Medicago truncatula accessions. Plant Cell Environ. 2019, 42, 285–294. [Google Scholar] [CrossRef]

	



Dreher, D.; Yadav, H.; Zander, S.; Hause, B. Is there genetic variation in mycorrhization of Medicago truncatula? PeerJ 2017, 5, e3713. [Google Scholar] [CrossRef]

	



Hetrick, B.; Wilson, G.; Cox, T. Mycorrhizal dependence of modern wheat cultivars and ancestors: A synthesis. Can. J. Bot. 1993, 71, 512–518. [Google Scholar] [CrossRef]

	



Abdelhalim, T.; Jannoura, R.; Joergensen, R.G. Arbuscular mycorrhizal dependency and phosphorus responsiveness of released, landrace and wild Sudanese sorghum genotypes. Arch. Agron. Soil Sci. 2020, 66, 706–716. [Google Scholar] [CrossRef]

	



Rillig, M.C.; Aguilar-Trigueros, C.A.; Camenzind, T.; Cavagnaro, T.R.; Degrune, F.; Hohmann, P.; Lammel, D.R.; Roy, J.; van der Heijden, M.G.; Yang, G. Why farmers should manage the arbuscular mycorrhizal symbiosis. New Phytol. 2019, 222, 1171–1175. [Google Scholar] [CrossRef]

	



Geneif, A.A. Tapping natural genetic variability of okra in the Sudan. Acta Hortic. 1984, 143, 175–182. [Google Scholar] [CrossRef]

	



Koske, R.E.; Gemma, J.N. A modified procedure for staining roots to detect VA Mycorrhizas. Mycol. Res. 1989, 92, 486–488. [Google Scholar] [CrossRef]

	



Tennant, D. A test of a modified line intersect method of estimating root length. J. Ecol. 1975, 63, 995–1001. [Google Scholar] [CrossRef]

	



Kormanik, P.P.; McGraw, A.C. Quantification of Vesicular-Arbuscular Mycorrhizae in Plant Roots. In Methods and Principles of Mycorrhizal Research; Schenck, N.C., Ed.; The American Phytopathological Society: St. Paul, MN, USA, 1982; pp. 37–45. [Google Scholar]

	



Chen, R.; Huang, J.W.; Chen, Z.K.; Xu, Y.; Liu, J.; Ge, Y.H. Effect of root density of wheat and okra on hydraulic properties of an unsaturated compacted loam. Eur. J. Soil Sci. 2019, 70, 493–506. [Google Scholar] [CrossRef]

	



Abubaker, B.M.A.; Alhadi, M.; Shuang’en, Y.; Guangcheng, S. Different Irrigation Methods for Okra Crop Production under Semi-arid Conditions. Int. J. Eng. Res. Technol. 2014, 3, 787–794. [Google Scholar]

	



Maduwanthi, A.K.M.R.B.; Karunarathna, B. Growth and Dry Matter Accumulation of Okra (Abelmoschus esculentus L.) as Influenced by Different Plating Pattern Under Okra—Cowpea (Vigna unguiculata L.) Intercropping. J. Hortic. Plant Res. 2019, 7, 81–96. [Google Scholar] [CrossRef]

	



Nwangburuka, C.C.; Olawuyi, O.J.; Oyekale, O.; Ogunwwenmo, K.O.; Denton, O.; Daramola, D.S.; Awotade, A. Effect of Arburscular mycorrhizea [AM], poultry manure [PM], NPK fertilizer and the combination of AM-PM on the growth and yield of okra [Abelmoschus esculentus]. Int. J. Org. Agric. Res. Dev. 2010, 7, 27–42. [Google Scholar]

	



Kusvuran, S. Influence of drought stress on growth, ion accumulation and antioxidative enzymes in okra genotypes. Int. J. Agric. Biol. 2012, 14, 401–406. [Google Scholar]

	



Abbas, T.; Pervez, M.A.; Ayyub, C.M.; Ahmad, R. Assessment of morphological, antioxidant, biochemical and ionic responses of salt-tolerant and salt-sensitive okra (Abelmoschus esculentus) under saline regime. Pak. J. Life Soc. Sci. 2013, 11, 147–153. [Google Scholar]

	



Kumar, A.; Kumar, M.; Sharma, V.R.; Singh, M.K.; Singh, B.; Chand, P. Genetic Variability, Heritability and Genetic Advance studies in Genotypes of Okra [(Abelmoschus esculentus (L.) Moench]. J. Pharmacogn. Phytochem. 2019, 8, 1285–1290. [Google Scholar]

	



Hochmuth, G.; Maynard, D.; Vavrina, C.; Hanlon, E. Plant Tissue Analysis and Interpretations for Vegetable Crops in Florida; Ext. Bul. SS-VEC-42; University of Florida: Gainesville, FL, USA, 1991. [Google Scholar]

	



Marschner, H.; Dell, B. Nutrient uptake in mycorrhizal symbiosis. Plant Soil 1994, 159, 89–102. [Google Scholar] [CrossRef]

	



George, E. Nutrient Uptake. In Arbuscular Mycorrhizas: Physiology and Function; Kapulnik, Y., Douds, D.D., Eds.; Springer: Dordrecht, The Netherlands, 2000; pp. 307–343. [Google Scholar]

	



Neumann, E.; George, E. Colonisation with the arbuscular mycorrhizal fungus Glomus mosseae (Nicol. & Gerd.) enhanced phosphorus uptake from dry soil in Sorghum bicolor (L.). Plant Soil 2004, 261, 245–255. [Google Scholar]

	



Bowles, T.M.; Barrios-Masias, F.H.; Carlisle, E.A.; Cavagnaro, T.R.; Jackson, L.E. Effects of arbuscular mycorrhizae on tomato yield, nutrient uptake, water relations, and soil carbon dynamics under deficit irrigation in field conditions. Sci. Total Environ. 2016, 566, 1223–1234. [Google Scholar] [CrossRef]

	



Asrar, A.A.; Abdel-Fattah, G.M.; Elhindi, K.M. Improving growth, flower yield, and water relations of snapdragon (Antirhinum majus L.) plants grown under well-watered and water-stress conditions using arbuscular mycorrhizal fungi. Photosynthetica 2012, 50, 305–316. [Google Scholar] [CrossRef]

	



Ravnskov, S.; Jakobsen, I. Functional compatibility in arbuscular mycorrhizas measured as hyphal P transport to the plant. New Phytol. 1995, 129, 611–618. [Google Scholar] [CrossRef]

	



UMA, T.; Aswim, R.; Kale, R.D.; Bagyaraj, D. Symbiotic response of Abelmoschus esculentus (Okra) to different arbuscular mycorrhizal fungi. J. Soil Biol. Ecol. 2017, 37, 19–25. [Google Scholar]

	



Püschel, D.; Janoušková, M.; Voříšková, A.; Gryndlerová, H.; Vosátka, M.; Jansa, J. Arbuscular mycorrhiza stimulates biological nitrogen fixation in two Medicago spp. through improved phosphorus acquisition. Front. Plant Sci. 2017, 27, 390. [Google Scholar] [CrossRef]

	



Beltrano, J.; Ruscitti, M.; Arango, M.C.; Ronco, M. Effects of arbuscular mycorrhiza inoculation on plant growth, biological and physiological parameters and mineral nutrition in pepper grown under different salinity and p levels. J. Soil Sci. Plant Nutr. 2013, 13, 123–141. [Google Scholar] [CrossRef]

	



Symanczik, S.; Lehmann, M.F.; Wiemken, A. Effects of two contrasted arbuscular mycorrhizal fungal isolates on nutrient uptake by Sorghum bicolor under drought. Mycorrhiza 2018, 28, 779–785. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.E.; Read, D.J. Mycorrhizal Symbiosis, 3rd ed.; Academic Press: London, UK, 2008. [Google Scholar]

	



Rapparini, F.; Peñuelas, J. Mycorrhizal Fungi to Alleviate Drought Stress on Plant Growth. In Use of Microbes for the Alleviation of Soil Stresses; Miransari, M., Ed.; Springer: New York, NY, USA, 2014; Volume 1, pp. 21–42. [Google Scholar]

	



Bryla, D.; Duniway, J. Growth, phosphorus uptake, and water relations of safflower and wheat infected with an arbuscular mycorrhizal fungus. New Phytol. 1997, 136, 581–590. [Google Scholar] [CrossRef] [PubMed]

	



Bitterlich, M.; Sandmann, M.; Graefe, J. Arbuscular mycorrhiza alleviates restrictions to substrate water flow and delays transpiration limitation to stronger drought in tomato. Front. Plant Sci. 2018, 9, 154. [Google Scholar] [CrossRef]

	



Liu, T.; Sheng, M.; Wang, C.; Chen, H.; Li, Z.; Tang, M. Impact of arbuscular mycorrhizal fungi on the growth, water status, and photosynthesis of hybrid poplar under drought stress and recovery. Photosynthetica 2015, 53, 250–258. [Google Scholar] [CrossRef]

	



Moradtalab, N.; Hajiboland, R.; Aliasgharzad, N.; Hartmann, T.E.; Neumann, G. Silicon and the association with an arbuscular-mycorrhizal fungus (Rhizophagus clarus) mitigate the adverse effects of drought stress on strawberry. Agronomy 2019, 9, 41. [Google Scholar] [CrossRef]

	



Augé, R.M. Do VA mycorrhizae enhance transpiration by affecting host phosphorus content? J. Plant Nutr. 1989, 12, 743–753. [Google Scholar] [CrossRef]

	



Collier, S.C.; Yarnes, C.T.; Herman, R.P. Mycorrhizal dependency of Chihuahuan Desert plants is influenced by life history strategy and root morphology. J. Arid Environ. 2003, 55, 223–229. [Google Scholar] [CrossRef]

	



Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.; Institute of Plant Nutrition, University of Hohenheim: Hoehenheim, Germany, 1995. [Google Scholar]

	



Sawers, R.J.; Ramírez-Flores, M.R.; Olalde-Portugal, V.; Paszkowski, U. The impact of domestication and crop improvement on arbuscular mycorrhizal symbiosis in cereals: Insights from genetics and genomics. New Phytol. 2018, 220, 1135–1140. [Google Scholar] [CrossRef] [PubMed]

	



Schüller, H. Die CAL-Methode, eine neue Methode zur Bestimmung des pflanzenverfügbaren Phosphates in Böden. J. Plant Nutr. Soil Sci. 1969, 123, 48–63. [Google Scholar] [CrossRef]

	



Alt, D.; Peters, I. Analysis of macro- and trace elements in horticultural substrates by means of the CaCl2/DTPA method. Acta Hortic. 1993, 49, 287–292. [Google Scholar] [CrossRef]








[image: Plants 11 00089 g001 550] 





Figure 1. Leaf morphology of the five okra cultivars used in the experiment. 
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Figure 2. AMF colonized root length in percent of the total root length at the time of harvest of the five tested cultivars. Substrate water content was either maintained at 20% (+W) or reduced to 10% w/w (−W). Asterisks indicate significant differences in the cultivar (C), substrate water content (W) and their interaction (Kruskal-Wallis test, n = 4, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p > 0.05 (ns)). Shown are mean values ± standard deviation. Within each cultivar, the mean values followed by the same small letter are not significantly different (Tukey’s test, n = 4, p < 0.05). Cultivars followed by the same capital letter are not significantly different (Tukey’s test, n = 4, p < 0.05). 
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Figure 3. Weekly evapotranspiration (mL per plant). Plants were non-inoculated (−M) or inoculated (+M) with R. irregulare. Substrate water content was either maintained at 20% (+W) or reduced 10% w/w (−W). Asterisks indicate significant differences in cultivar (C), AM inoculation (M) and substrate water content (W) and their interactions (Kruskal-Wallis test, n = 4, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p > 0.05 (ns)). Results are shown as mean value ± standard deviation. 
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Figure 4. Shoot dry biomass for the five okra cultivars. Plants were non-inoculated (white bars) or inoculated with R. irregulare (black bars). Asterisks indicate significant differences in cultivar (C), AM inoculation (M) and substrate water content (W) and their interactions (Kruskal-Wallis test, n = 4, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p > 0.05 (ns)). Shown are mean values ± standard deviation. Within each cultivar mean values followed by the same small letter are not significantly different (Tukey’s test, n = 4, p < 0.05). Cultivars followed by the same capital letter are not significantly different (Tukey’s test, n = 4, p < 0.05). 
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Figure 5. Root dry biomass in five okra cultivars. For definitions of treatments and statistics, refer to the text for Figure 4. 
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Figure 6. Specific root length (upper), root length density (middle) and root diameter (lower) in the five okra cultivars. For definitions of treatments and statistics, refer to the text for Figure 4. 
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Figure 7. Mycorrhizal dependency in percent calculated for the five okra cultivars. The mycorrhizal dependency was calculated within each treatment (C × W) by using the individual values of the total dry biomass of +M plants and mean values of the total dry biomass of −M plants. It was calculated according to the formula: %MD = (total DW (mycorrhizal plant)—mean total DW (non-mycorrhizal plants))/(mean total DW (non-mycorrhizal plants)) × 100. For definitions of treatments and statistics, refer to the text for Figure 2. 
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Table 1. Ratio of root–shoot (based on DW) of the five okra cultivars. Plants were non-inoculated (−M) or inoculated (+M) with R. irregulare. Substrate water content was either maintained at 20% (+W) or 10% w/w (−W). For definitions of treatments and statistics, refer to the text for Figure 3. Shown are mean values ± standard deviation. Within each cultivar mean values followed by the same small letter are not significantly different (Tukey’s test, n = 4, p < 0.05). Cultivars followed by the same capital letter are not significantly different (Tukey’s test, n = 4, p < 0.05).
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Table 2. Shoot concentration of P, N, Fe and Zn of five okra cultivars. Plants were non-inoculated (−M) or inoculated (+M) with R. irregulare. Substrate water content was either maintained at 20% (+W) or 10% w/w (−W). For statistics, refer to the text for Figure 3. Shown are mean values ± standard deviation. Within each cultivar mean values followed by the same small letter are not significantly different (Tukey’s test, n = 4, p < 0.05). Cultivars followed by the same capital letter are not significantly different (Tukey’s test, n = 4, p < 0.05).
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Table 3. Shoot total content of P, N, Fe and Zn of five okra cultivars. Plants were non-inoculated (−M) or inoculated (+M) with R. irregulare. Substrate water content was either maintained at 20% (+W) or 10% w/w (−W). For definitions of treatments and statistics, refer to the text for Figure 3. Shown are mean values ± standard deviation. Within each cultivar mean values followed by the same small letter are not significantly different (Tukey’s test, n = 4, p < 0.05). Cultivars followed by the same capital letter are not significantly different (Tukey’s test, n = 4, p < 0.05).
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Table 4. Significant differences in cultivar (C), AM inoculation (M) and substrate water content (W) and their interactions are indicated with asterisks (Kruskal-Wallis test, n = 4, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p > 0.05 (ns)).
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	P Concentration
	N Concentration
	Fe Concentration
	Zn Concentration
	P Content
	N Content
	Fe Content
	Zn Content





	C:
	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns



	M:
	***
	***
	***
	ns
	***
	***
	***
	***



	W:
	***
	*
	ns
	***
	***
	**
	**
	***



	C × M:
	***
	***
	***
	ns
	***
	***
	***
	***



	C × W:
	*
	ns
	ns
	**
	ns
	ns
	**
	ns



	M × W:
	***
	***
	***
	ns
	***
	***
	***
	***



	C × M × W:
	***
	***
	***
	ns
	***
	***
	ns
	***
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