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Co-inoculation With Rhizobacteria and Mycorrhizae Can Improve Wheat/Faba Bean Intercrop Performance Under Field Conditions
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Current challenges of climate changes and demographic expansion have imposed increasing awareness about innovation in sustainable agricultural practices. Farming practices like intercropping have many benefits in terms of nutrient use and yield stability. Improving the performance of intercropping systems by the application of beneficial microorganisms (rhizobacteria and/or mycorrhizae) constitutes a promising strategy. In this regard, this study aimed to assess the effect of inoculation with beneficial microorganisms on wheat as monocrop or intercrop with faba bean, using four inoculation treatments: (i) inoculation with rhizobacteria, (ii) inoculation with mycorrhizae, (iii) inoculation with the rhizobacteria-mycorrhizae consortium, and (iv) a control treatment consisting of uninoculated plants. Results showed that rhizobacteria-mycorrhizae co-inoculation under intercropping system improved plant dry weight and spike weight of wheat by 375 and 162%, respectively, compared with uninoculated intercropped wheat. The thousand-seed weight was improved by 86% in wheat intercropped and inoculated with the rhizobacteria-mycorrhizae consortium. Furthermore, higher P and N concentrations were observed in shoots and spikes of wheat intercropped with faba bean, and this increase was also observed in response to inoculation with the rhizobacteria-mycorrhizae consortium in terms of P in shoots and spikes (by 74 and 18%) of intercropped wheat. In addition, intercropped wheat has significantly accumulated sugar in the seeds for all inoculated treatments (except inoculation with mycorrhizae). Overall, these findings revealed that intercropping and inoculation yielded better, suggesting that intercropping combined with the application of beneficial microorganisms, such as rhizobacteria and mycorrhizae, have the potential to improve overall crop yield.
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INTRODUCTION

Wheat is one of the most important crops worldwide, occupying second crop production worldwide (734 MT) after rice (1,100 MT), [IGC (International Grains Council), 2017]. Wheat is considered as the source of food for human populations and the main source of protein (Shewry and Hey, 2015), as it is considered a privileged supply for animal feed and multiple industrial applications. Almost all the nutrition of the population of the world is provided by grain foods, nearly 95% of which is mainly produced by cereal crops (Shewry and Hey, 2015). Wheat grains contain most of the nutrients, including carbohydrates (60–80%, especially starch), proteins (8–17%) with a sufficient amount of essential amino acids (except lysine, tryptophan, and methionine), lipids (1.5–2%), minerals (1.5–2%), vitamins, and fiber (Kumar et al., 2011; Shewry and Hey, 2015). However, wheat cultivation is subject to a series of constraints that lead to yield instability. In addition to biotic stresses (pests, slugs, aphids, nematodes, and fungi), abiotic stresses, such as drought, unstable rainfall, salinity, and lack of phosphorus can negatively impact the yield and quality of crops (Pandey et al., 2017; Francini and Sebastiani, 2019). More concerns about the future of wheat production have been raised by the scientific community, especially with the current climate changes and other environmental circumstances threatening the food security of the world. Therefore, finding new sustainable alternatives to improve wheat production is a major challenge for the agriculture of today.

For winter cereals, the importance of controlling nitrogen (N) inputs is becoming very crucial, in particular under the Mediterranean climate that characterizes Morocco and other neighboring African countries (Wahbi et al., 2016). Low temperatures and high autumn–spring rainfall caused very low levels of available N in the soil during the most important phase of the crop cycle (Wahbi et al., 2016). This can lead to unstable growth and yield of cereal crops during agricultural seasons.

In recent years, one of the discussed strategies to overcome high pressure on the agricultural sector (caused by demographic expansion) and improve wheat production sustainability is innovation in cereal-based cropping systems, including intercropping with legumes (Shewry and Hey, 2015). This agricultural practice has been well-studied, and advantages for both intercrop's growth have been demonstrated. Intercropping (growing two or more crop species or genotypes in the same space at the same time) systems based on judiciously designed plant-plant mixtures revealed many benefits in terms of resource use and yield stability (Lopes et al., 2016). Besides, intercropping can significantly reduce invasive pests and diseases, and this practice is well-reported as a solution to maintain biomass production and decrease the risk of crop failure in unpredictable environments (Lopes et al., 2016; Maxin et al., 2017) and it participates in the diversification of agricultural production and the provision of ecosystem services. Altogether, intercropping allows guaranteeing the stability of yield that is greatly affected by seasonal and climatic conditions, especially in Mediterranean areas (Brooker et al., 2015; Hamburdǎ et al., 2016; Li et al., 2020). Another technique that has been used demonstrating a comparable effect on cereal crops mainly for N nutrition is inoculation with plant growth-promoting rhizobacteria (PGPR) and mycorrhizae (AMF) either individually or in combination (Bechtaoui et al., 2019b; Raklami et al., 2019; Ben-laouane et al., 2020a). These PGPR possess the ability to promote plant growth and health either directly by fixing atmospheric N, solubilizing phosphate and potassium, producing auxin, and transferring nutrients, or indirectly by producing some metabolites suppressive of phytopathogens (antibiotics, hydrogen cyanide, siderophores, and antifungal production), inducing systemic resistance, or by spatial and temporal competition (Vacheron et al., 2013; Ahemad and Kibret, 2014). Indeed, mycorrhizae can improve plant water uptake and mineral status through the transfer of water and nutrients, and exploring inaccessible soil niches (Barea et al., 2017; Raklami et al., 2019; Ben-laouane et al., 2020b).

Several studies have reported positive effects that association legumes/cereals may have on biomass yield and resource use efficiency, mainly N and phosphorus (P), (Li et al., 2011; Betencourt et al., 2012; Latati et al., 2013, 2014; Bargaz et al., 2017; Kaci et al., 2018). Other reports highlighted the positive impact of polymicrobial inoculation with bacteria and/or mycorrhizae on the growth and yield of cereals (Jia et al., 2004; Raklami et al., 2019). However, only a few studies have reported the combined effect of cereal-legume intercrops and microbial inoculation with rhizobacteria and/or mycorrhizae under field conditions. As per our knowledge in this research area, exploiting diversity of both crops (here as intercrops) and beneficial microbes (here rhizobacteria and mycorrhizae) could be an effective agricultural biosystem to enhance crop performance and soil fertility. To our knowledge, this study is among the first reports to investigate the effect of wheat-faba bean intercropping combined with a bacteria-mycorrhizae application under field conditions. In this regard, this study aimed to evaluate the effect of inoculation with rhizobacteria and mycorrhizae (alone or in combination) on wheat (Triticum durum) intercropped with faba bean (Vicia faba) under field conditions.



MATERIALS AND METHODS


Study Site Characteristics

The field experiment was performed during one growing season in 2017 in Tamesloht plain located about 25 km at the South-East of Marrakech (31°54′18″N; −8°02′08″W, 511 m above sea level, Morocco). Soil chemical properties (0–20 cm layer) were as follows: texture sandy-silty; pH (H2O) 8.12; conductivity (μS/cm) 183.3; total limestone (%) 5.04; total carbon (%) 0.5; total organic matter (%) 0.86; total N (mg/g) 9.98, assimilable P (ppm) 57. The regional climate of the experimental site is the typical Mediterranean, with 251 mm rainfall (from September to May) and the mean air temperatures are 28.2°C in autumn, 18°C in winter, and 26°C in spring. The soil in our experiment was not cultivated, benefited, or treated before by chemical fertilizers or other organic manures.



Rhizobacteria and Mycorrhizae Inoculum

The rhizobacteria used for inoculation were isolated from the rhizosphere and nodules of Vicia faba. Strains we identified using 16SrDNA as BS17 Acinetobacter sp. BS17; Rahnella aquatilis PGP27; Ensifer meliloti RhOF4; and Ensifer meliloti RhOF155. These strains were able to solubilize phosphate and potassium, produce auxin and exopolysaccharides, and fix N2 (Bechtaoui et al., 2019b; Raklami et al., 2019). The consortium used, arbuscular-mycorrhizal fungi (AMF), was isolated from the Tafilalet palm grove located 500 km southeast of Marrakesh, and it contains a mixture of native species: (i) Glomus sp. (15 spores/g of soil), (ii) Sclerocystis sp. (9 spores/g soil), and (iii) Acaulospora sp. (1 spore/g of soil), (Meddich et al., 2015). The main plant growth-promoting activities of these rhizobacterial strains are given in Table 1.


Table 1. Characteristics of the tested rhizobacteria (Raklami et al., 2019).
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Experimental Design and Growth Conditions

The experimental design (split-plot) had a randomized plot, with plant species as the main factor (wheat monoculture or wheat/faba bean intercropped culture); inoculation as a sub-factor, and five replication plots. The plots were 0.8 m × 1.5 m; each main plot was spaced 0.4 m from the next (to avoid any possible contamination). The crops were sown in January at the rate of 5 g of wheat (47.86 g as a weight of thousand seeds) per plot for the monoculture crop. When intercropped, 12 bean seeds (1,499.16 g as a weight of thousand seeds) per plot were transferred to the field in three rows separated by 0.3 m (four seeds per row), and 5 g of wheat was sown randomly in the same plot. Weeds were controlled by hand during the experiment. Hence, three inoculations were examined, namely, (i) the selected rhizobacteria mixture (BS17 + PGP27 + RhOF4 + RhOF155), (PR), (ii) arbuscular mycorrhizal fungi alone (M), and, finally, (iii) the consortium rhizobacteria-mycorrhizae (PRM). The plants were inoculated with 5 ml of bacteria mixture near the roots. A second inoculation was scheduled 15 days after the first inoculation. Treatments containing mycorrhizal fungi were inoculated with 2 g (fresh weight) of corn-mycorrhizae roots near the root system of each plant. An uninoculated control was used under the same conditions to determine the effect of agricultural soil native flora on the growth of wheat mono- and intercropped crops.

Watering was done with a drip irrigation system. The distance between drip lines for the same board (plot) is 40 cm, with 15 cm as a distance between each internal dripper. The drip hose used was equipped with suitable internal drippers (sheath) that released 2 l/h.



Arbuscular Mycorrhizal Fungi Colonization

Arbuscular mycorrhizal fungi colonization was determined by root staining according to the methodology described by Phillips and Hayman (1970). The roots were washed and cleaned with 10% KOH at 90°C. Then, they were rinsed and suspended in lactic acid for 7–10 min at room temperature. Subsequently, the roots were stained with 0.05% trypan blue at 90°C for 20 min (Phillips and Hayman, 1970). Random root fragments (1 cm length) were mounted between slide and coverslip in a drop of glycerol (15 root fragments per slide). They were then observed under a microscope to quantify the frequency of mycorrhization.

The mycorrhization frequency (percentage of root segments infection) of roots was determined by the technique described by Trouvelot et al. (1986), and was calculated as follows:
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with N = number of observed fragments, and N0 = number of non-mycorrhizal fragments.



Plant Growth and Yield Analysis

Wheat was considered as the main crop and faba bean as an intercrop component. Hence, the expected benefits of the cultural practices on growth, nutrition, and yield productivity were only examined on wheat plants. After growing seasons (5 months), at wheat harvest, leaf number and spike number were counted, and spike weight was measured. Then, 10 randomly chosen plants in the middle of the plot were harvested. The seeds from each plant were collected, counted, and weighed to determine the dry weight of 1,000 seeds (grain yield). These measurements recorded on a plot basis were converted to hectare for statistical analyses. The aerial parts (without spikes) of each plant were then oven-dried at 70°C for 3 days and weighed to determine shoot dry weight.



Plant Mineral Analysis

Plant mineral composition (P and N contents) was determined after mineralization. For this, 0.5 g of plant tissues were distributed in crucibles and placed in an oven (at 550°C) for 6 h. The ashes obtained were digested with 6N HCl, evaporated on a hot plate, and then recovered with hot distilled water. The solutions obtained were used to determine P content according to the method described by Olsen and Sommers (1982). Briefly, 1 ml of the obtained solution was added to 4 ml distilled water and 5 ml AB reagent (A: sodium molybdate 2.5/100 ml 10 N H2SO4; B: hydrazine sulfate 0.15 g/100 distilled water). The mixture was then incubated for 10 min at 50°C. The optical density was measured at 825 nm, and the amount of P was determined according to a standard curve.

The total content of N in the plants was determined according to the method described by Rodier (1982); which consisted of digesting 0.5 g of dried plant matter using a digest block, then the ash was distilled with a semi-automatic distiller. N was collected in a solution of boric acid and assayed with a solution of diluted sulfuric acid.



Plant Biochemical Analyses

Sugar and protein contents were measured to assess the effect of intercropping and inoculation on plant biochemical analyses. For so, 0.5 ml of the dry seeds were extracted with 10 ml of 80% ethanol and centrifuged at 4,000 rpm for 20 min. The extraction was done three times to have a final volume of 30 ml for each extract. Soluble proteins were determined according to the Bradford method, Bradford (1976). Briefly, 5 ml Bradford reagent was added to 0.1 ml of the plant extract. After homogenization, the reaction mixture was placed for 30 min at 30°C, and then the absorbance was read at 595 nm. Total sugar content was measured following the colorimetric method described by DuBois et al. (1956). Concisely, 200 μl of phenol (5%) and 1 ml of H2SO4 were added to 0.2 ml of the plant extract. Promptly after cooling, absorbance was measured at 485 nm.




STATISTICAL ANALYSES

The results are means ± SD of 10 determinations in growth and productivity parameters: shoot dry weight (without spikes), root dry weight, number of leaves, and number and weight of wheat spikes. Four determinations were carried out in mineral and biochemical analyses. Differences among treatments were assessed by one-way ANOVA (SPSS Statistics V21.0 Inc., Chicago, IL United States); the averages are compared by the Student, Newman, Keuls (SNK) test. Different letters indicate significant differences at p < 0.05. Growth, yield, nutrition, and biochemical parameters and their correlation with treatments were subjected to principal component analyses (PCAs) using RStudio (4.0.3). The graphical presentation was carried out using GraphPad Prism (7.0).



RESULTS


Arbuscular Mycorrhizal Fungi Colonization

The inoculation with AMF resulted in a significant (p < 0.05) increase in the frequency of AMF colonization in wheat monocropped and intercropped with faba beans (Figure 1). For instance, the application of mycorrhizal inoculum (M treatment) increased AMF colonization by 171, and 200% in the case of wheat monocropped and intercropped cultures. Moreover, the application of rhizobacteria (PR treatment) seemed to enhance AMF colonization in the wheat plants not inoculated with the mycorrhizal inoculum. The combined application of rhizobacteria-mycorrhizae resulted in AMF colonization >95%; however, this colonization showed no significant difference in comparison with M treatments.


[image: Figure 1]
FIGURE 1. Effect of the intercropping system and inoculation with rhizobacteria consortium (PR), mycorrhizae (M), and their combination (PRM) on arbuscular-mycorrhizal fungi (AMF) colonization, after 5 months of wheat growth under field conditions.




Plant Growth, Nutrition, and Yield Analyses

The results depicted in Table 2 show that there was a significant difference in wheat biomass yield. Vegetative shoot and root biomass were enhanced in the intercropped plants compared with the monoculture plants. An improvement in the shoot dry weight of 12% was observed in the case of wheat intercropped treatments (C) compared with the same treatment in monocropped culture. In the same way, the intercropped plants exposed better leaves and yield production. For instance, the number of leaves was improved by 39%, the number of spikes was enhanced by 15%, and the thousand-seed weight was improved by 45%. As a general pattern, the intercropped system displayed better improvement in terms of plant biomass, the number of leaves, and spike yield (spike number, weight, and thousand-seed weight). However, the uninoculated plants in both systems (mono or intercropped) generally had lower biomass and low leaf and yield production compared with the inoculated plants. The application of rhizobacteria, mycorrhizae, or their combination significantly improved the growth parameters (shoot and root dry weights and number of leaves) and yield parameters (spike number and weight) in both mono-and inter-crops compared with the uninoculated plants. Single inoculation (PR or M treatments), as well as the inoculation with the mixture rhizobacteria-mycorrhizae consortium (PRM treatment), enhanced plant biomass and yield. Wheat intercrop inoculated with rhizobacteria-mycorrhizae showed the best improvement in plant biomass and yield. For instance, intercropped plants inoculated with the mixture of rhizobacteria and mycorrhizae showed an improvement of 326% in terms of shoot dry weight compared with uninoculated plants. Similarly, yield production had a similar trend. An improvement of 86% was noticed in the case of wheat plants intercropped with faba bean and inoculated with rhizobacteria and mycorrhizae compared with the uninoculated plants.


Table 2. Effect of the intercropping system and inoculation with rhizobacteria consortium (PR), mycorrhizae (M), and their combination (PRM) on wheat growth and yield after 5 months of culture.
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Plant Mineral Analysis

To assess the effect of the intercropping system and inoculation on wheat nutrition, shoot, and seed N and P were measured (Table 3). The results showed that N and P were improved under the intercropping system. Hence, the uninoculated plants showed, respectively, an improvement of 181 and 50% regarding shoot N and P contents. For seeds, an improvement of 41% was noticed for N, while no significant improvement was observed for P. However, under both mono-and inter-cropped systems, the inoculated plants (with rhizobacteria, mycorrhizae, and their mixture) displayed greater improvement compared with the uninoculated plants (Table 3).


Table 3. Effect of intercropping and inoculation with rhizobacteria consortium (PR), mycorrhizae (M), and their combination (PRM) on wheat phosphorus and nitrogen concentration after 5 months of culture.
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Plant Biochemical Analyses

The intercropping system proved its ability to improve sugar content in wheat seeds (Figure 2). Sugar content was significantly lower in the uninoculated and monocropped plants than the plants grown in intercropped systems. An improvement of 23% was recorded in the case of the intercropped and uninoculated plants in comparison with the monocropped plants. Furthermore, the inoculation with rhizobacteria boosted the production of sugar in both systems. Mycorrhizae application proved its effectiveness to promote sugar secretion only in the monocropped system. Moreover, the application of the rhizobacteria-mycorrhizae mixture allowed better sugar production in both systems. Regarding protein production, the intercropping system significantly enhanced protein production in wheat seeds compared with the uninoculated plants grown in the monocropped system (Figure 1). However, there was no significant difference between the mono-and intercropped plants when they were inoculated with rhizobacteria, mycorrhizae consortium, or their combination. Protein results revealed that the application of the rhizobacteria-mycorrhizae mixture (PRM) permitted better protein production in plants of both systems.


[image: Figure 2]
FIGURE 2. Effect of the intercropping system and inoculation with rhizobacteria consortium (PR), mycorrhizae (M), and their combination (PRM) on (A) wheat sugar and (B) protein content after 5 months of growth under field conditions.




Principal Component Analyses

To study the relationship between the treatments applied and several predictor variables, a principal component analysis (PCA) was carried out. Predictor variables were reduced to 10 variables that contribute the most to result in variation. Among all the principal components, the first two components, i.e., PC1 (Dim 1) and PC2 (Dim 2), exhibited maximum contribution and accounted for 86.7% of the total variance in the dataset (Figure 3). PC1 contributed 78%, while PC2 contributed 8.7%, accordingly. Treatments were distributed around the two first components. Three groups were distinguished according to treatment distribution. The first group was located on the right of the first axis (PC1), which was positively correlated with growth, nutrition, yield, and biochemical parameters. The second group was located on the vertical axis and corresponded to treatment with intermediate growth, yield, nutrition, and biochemical parameters. The third group, located on the left of PC1, matched the treatment with low values. According to the PCA, wheat plants intercropped with faba beans and inoculated with the PRM showed the best improvement followed by wheat monocropped and inoculated with the PRM. The lowest improvement matched the uninoculated-mono and intercropped without inoculation.
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FIGURE 3. Principal component analysis (PCA) of wheat intercropped with faba beans under × treatments (PR, inoculation with rhizobacteria consortium; M, mycorrhizae; PRM, their combination) after 5 months of growth under field conditions. SDW, shoot dry weight; RDW, root dry weight; LN, leaf number; SN, spike number; ShNC, shoot nitrogen content; TSW, thousand seed weight; SW, seed weight; ShPC, shoot phosphorus content; SC, sugar content; SeNC, seed nitrogen content.





DISCUSSION

The economic importance and role of wheat in food security and livestock cannot be disputed. Wheat is considered the most important crop in temperate zones. However, wheat yield is subject to a series of biotic and abiotic constraints that lead to yield instability (Abhinandan et al., 2018). Intercropping, the cultivation of at least two crops simultaneously on the same field, provides opportunities for sustainable intensification of crop production resulting in greater yield per land unit over the sole cropping system (Li et al., 2020). Indeed, the application of beneficial microorganisms could offer additional positive impacts that could sustainably harness wheat production under unfavorable circumstances (Bechtaoui et al., 2019a,b; Raklami et al., 2019). However, studies on the effect of both intercropping and microbial inoculation are scant, and there has been attracting evidence of such agricultural applied research. Accordingly, the present field study contributes knowledge on the positive effects of combining inoculation and intercropping and to what extent this strategy would improve the yield of intercropped plants, particularly wheat described in this research work.

Intercrops need to be compatible with another plant to grow on the same piece of land, as some combinations affect the yield rather than increase it (Lakshminarayanan et al., 2005). Despite that, their high demand for nutrients and water must not overlap to minimize interspecific competition. Several reports used different legume species to grow with the cereal, such as faba bean (Bechtaoui et al., 2019a; Zhang et al., 2019), cowpea (Takim, 2012), soybean (Baghdadi et al., 2016; Arshad et al., 2020), and mungbean (Arshad et al., 2020). The ability to intercrop to reduce erosion and improve soil fertility makes intercropping a well-recommended cropping system. Legumes are less competitive, have less shading effect on grain cereals, and contribute to stimulating biological N fixation with positive consequences on N status in the rhizosphere through root exudates rich in C and N compounds (Hauggaard-Nielsen and Jensen, 2005). In this study, we have confirmed that faba bean is a suitable intercrop for wheat. This intercropping yielded better in terms of plant growth, nutrient acquisition, and grain yield. Improvement of wheat under intercropping could be explained by additional N provided by the faba bean intercrop through symbiotic N fixation. In this context, a study by Kaci et al. (2018) noted that wheat intercropped with faba bean increased shoot dry weight compared with monocultured wheat. Indeed, Cong et al. (2015) reported that either intercropping or rotation of wheat and faba bean improved N nutrition and crop yield. However, Fan et al. (2006) showed a decrease in growth, grain yield, and N acquisition when bread wheat was cultivated with faba bean. Fan et al. (2006) reported that improved wheat growth is not only due to the direct effect of intercropping, but also to the role of plant inoculation using rhizobacteria exhibiting plant growth-promoting (PGP) activities, such as P solubilization, N fixation, and phytohormone production. Different consortia were used in our study for either the intercrop plants or the monocrops, containing rhizobacterial strains, in addition to mycorrhizae. Nyoki and Ndakidemi (2018) reported that intercropping of maize with rhizobacteria-inoculated soybean (Glycine max L. Merr.) enhanced maize yield compared with plants intercropped with no inoculation. Moreover, mycorrhizae application has been reported to induce other beneficial microbial communities in the rhizosphere, such as N symbiotic fixer species (Püschel et al., 2017). Mycorrhizae influence the roots to establish symbiosis (rhizobia-legumes) and improve the uptake of nutrients, such as N and P (Barea et al., 2005; Saia et al., 2014a,b). Indeed, the N and P concentrations in shoots and seeds of wheat plants were improved because of inoculation, especially by the PRM treatment. The AMF, in addition to rhizobia and PGPR, has facilitated the use of P and N by wheat plants (Bechtaoui et al., 2019a; Raklami et al., 2019). Phosphorus contributes as a structural element to shoot elongation and growth of young leaves, whereas inoculation enhances nodulation and N nutrition (Malhotra et al., 2018). Comparable patterns of results were obtained by Ingraffia et al. (2019) who demonstrated that mycorrhizal inoculation increased root biomass, root length, root density, and uptake of N, P, Fe, and Zn by wheat (in pure or mixed stands). The combination of intercropping and inoculation has also improved sugar and protein contents in seeds. The N fixed through the nodules contributes to the synthesis of amino acids, which are the basic unit of proteins. Abbas et al. (2001) and Mpairwe et al. (2002) found that intercropping of forage legumes and cereals improved the protein content of plants. The interspecific facilitation between intercropped plants induced by the hyphal network and nodules contributes to the transfer of nutrients and carbohydrates to wheat plants under field conditions and further improves sugar and protein contents under intercropping and inoculation (Shaukat et al., 2006; Clautilde et al., 2011).

The density of plants is another important factor that plays a key role in improving wheat growth as well. The cultivation of all seeds at the same time led to an extreme concurrence between plants. This could reduce the growth of leaves and make them respire rather than photosynthesize and thereby affects crop yield (Rezaei-Chianeh et al., 2011). These authors have tested different densities of maize and faba bean under field conditions and found that the combination of eight maize and 50 beans/m2 had the highest productivity and could be introduced as the best density to intercropped maize with faba beans. In the present study, plant density conditions have generally been taken into consideration. The plant density used (12 beans/5 g of wheat) showed a greater improvement in terms of leaf number, plant biomass, and spikes yield (spike number, weight, and weight of thousand-seed). Therefore, it might be the ideal density in the field for growing wheat and faba beans as intercropped plants.



CONCLUSION

We investigated the effect of combined inoculation on the growth and yield of field-grown wheat intercropped with faba bean. Our findings clearly demonstrated that intercropping and inoculation, particularly under rhizobacteria-mycorrhizae (PRM) co-inoculation, might be considered among the best agricultural practices to boost the yield of wheat under field conditions in low-input farming systems. The intercropping combined with inoculation with beneficial microorganisms (PGPR, rhizobacteria, and/or mycorrhizae) is considered a feasible, economically affordable, and effective strategy to improve the growth and yield of wheat. However, reproducing similar experiments in other field environments with other plant species and varieties is generally required to confirm the outcomes. Additional controlled and field experiments are needed to validate both crop and microbial treatments at both the mechanistic and agronomic levels. This should also consider the need to analyze the response of the legume intercrop given the important role played in nutrient facilitation and the overall agro-ecological services provided.
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