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Abstract

:

Nitrogen (N) availability and soil microbiota exert significant impacts on plant metabolic systems and yield. Different studies have indicated that yield and nitrogen use efficiency (NUE) of pearl millet (Pennisetum glaucum L.R.Br.) can be improved by the inoculation of N-fixing bacteria. However, the interactive effects of different N sources and bacteria inoculation on growth, productivity, and NUE of pearl millet have been less explored. Therefore, individual and interactive effects of different N sources (organic and inorganic) and bacteria inoculation on growth, productivity, and NUE of pearl millet were investigated in this study. Two different N sources, i.e., organic (farmyard manure) and inorganic (urea) alone or in 50% + 50% combinations (urea + FYM), were used to supply the recommended amount of N. Similarly, seeds were inoculated with two different N-fixing bacteria, i.e., endobacteria (Enterobacter sp. MN17) and rhizobacteria (Stenotrophomonas maltophilia FA-9). Urea + farmyard manure (FYM) and seed inoculation rhizobacteria improved soil attributes, yield-related traits, grain quality, NUE, and net economic returns. Soil porosity was significantly improved by seed inoculation with both bacteria and FYM application. Similarly, seed inoculation with rhizobacteria increased soil organic carbon by 45.45% and 34.88% during the 1st and 2nd year of the study, respectively. Urea + FYM application combined with rhizobacteria seed inoculation improved the number of grains per ear (23.49 and 23.63%), 1000-grain weight (5.76% and 7.85%), grain yield (23.19% and 25.0%), and NUE (33.83 and 48.15%). Similarly, grain quality was significantly improved by seed inoculation with both bacteria. Likewise, urea + FYM combined with rhizobacteria improved nitrogen use efficiency (NUE) by 33.83% and 48.15% in 2020 and 2021, respectively, compared to no N application and no seed inoculation. The highest economic returns (1506.4 and 1506.9 USD) were noted for urea + FYM application combined with rhizobacteria seed inoculation. Therefore, urea + FYM application combined with rhizobacteria (S. maltophilia FA-9) seed inoculation seemed a viable approach to improve grain yield, grain quality, NUE, and net economic returns of pearl millet.
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1. Introduction


Pearl millet (Pennisetum glaucum L.R.Br.) is a dry-region crop, mostly cultivated in the arid and semi-arid tropics of the world [1]. It can produce highly nutritious grains under adverse environmental conditions, including prolonged drought and intense heat. Pearl millet (millet hereafter) is mostly grown in soil with low organic matter content and water retention capacity, and high infiltration rate. Moreover, it is a dual-purpose crop grown for grain and fodder purposes. Millet is gaining significant importance and popularity due to its high nutritional value [2]. Millet seeds are composed of 12% protein, 69% carbohydrate, 5% lipids, 2.5% fiber, and 2.5% minerals [3]. Therefore, the crop can be used to develop value-added products for health-conscious consumers [4], as it is rich in fiber and beneficial for diabetic and cardiac patients.



The grain yield of millet in Pakistan is low compared to the rest of millet producing countries in the world [5,6]. Less use of fertilizers, unavailability of high-yielding cultivars, and cultivation on marginal lands are the major reasons for low yield in the country [7]. Nitrogen is one of the major macronutrients required in large quantities by crop plants [8]. Therefore, N availability at critical growth stages of crop plants is crucial for improving yields. Global N demand is rising at an annual rate of 1.5% due to the increasing food demands of the rapidly growing population [9]. However, excessive N application increases soil acidification and underground water contamination due to NO3− leaching [10]. It is known that ~50% of the applied N to crop plants is lost due to leaching and volatilization [11]. The N-use efficiency (NUE) of cereals ranges between 29 and 42%, indicating the heavy losses of applied N [12]. Therefore, increasing NUE has been a major focus of agricultural research [13].



Nitrogen application through combined inorganic and organic sources could be a promising approach for minimizing N losses. Moreover, the combined application of N through organic and inorganic sources could ensure higher crop productivity [14]. Several studies [15,16] have indicated that supplying half of the required N through organic and the remaining half with inorganic sources is a better combination for improving soil physio-chemical characteristics, nutrient uptake, and crop yields [17,18]. Organic fertilizers release nutrients slowly compared to inorganic fertilizers, which are quick nutrient sources. However, the use of organic fertilizers reduces eutrophication, groundwater contamination, and overfertilization [19].



The need to reduce dependency on inorganic N fertilizers in agriculture has stimulated investigation into alternative N sources [20]. Rhizobacteria and other plant microbial endophytes have been reported to aid in growth and development, prevent disease infestation, and improve tolerance to abiotic stresses [21,22]. Nevertheless, N-fixing bacteria play a crucial role in sustaining soil fertility and crop yields [23]. Diazotroph bacteria can fix atmospheric N into a plant-available form, and these have been identified from several genera, including Enterobacter [24,25] and Stenotrophomonas [26]. Furthermore, diazotroph bacteria possess several traits that promote plant growth and development, resulting in improved growth, and yield [25]. Rhizobacteria inhabit the rhizosphere of plants and transform, mobilize, and dissolve nutrients. They also exert a major impact on plant nutrient uptake and fertilizer use efficiency [27,28]. On the other hand, endobacteria reside inside the plants throughout or in a part of their life cycle without exerting any negative impacts [29]. Both bacteria improve plant growth through N-fixation, P solubilization, and the production of phytohormones [30]. Stenotrophomonas are Gram-negative bacteria and know to possess phosphate solubilizing ability. However, the N-fixing ability of S. maltophilia has been reported in different crops, including peanut, wheat, maize, and rice [31,32]. Similarly, improvements in plant growth have been reported with the inoculation of different Enterobacter species [33].



Bacteria with N-fixing abilities and those that make phosphorus and other nutrients more soluble and absorbable have been extensively utilized to boost nutrient use efficiency [34]. Inoculation of N-fixing bacteria has been reported to increase the NUE of different crops [35,36]. Earlier studies have utilized various bacteria to improve the productivity of millet. Inoculation of Serratia marcescens EB 67, Pseudomonas sp. CDB 35, and Bacillus circulans EB 35 increased millet plant weight by 56, 52, and 42%, respectively [37]. Similarly, the combined application of rice straw compost and EB 67 improved plant growth by 88%, whereas an 83% increase was noted for the combination of Gliricidia vermicompost and EB 67 [37]. In the same way, Wani et al. [38] reported that inoculation of N-fixing bacteria improved millet yield by up to 33% compared with non-inoculated plants. The increased output was linked to improved N assimilation in plants, which might have been induced by the growth-promoting substances secreted by these bacteria. Another study indicated that inoculation with N-fixing bacteria improved N uptake by 14.9 kg ha−1 in millet [39].



Organic manures could serve as food for microorganisms and help to maintain a positive nutritional balance, and improve soil physical characteristics [40,41]. Different rhizobacteria are used as biological fertilizers, which improve fertilizer use efficiency, ensure easier nutrient uptake, increase N-binding to the soil, and exert positive impacts on plant development [42]. Nitrogen-fixing bacteria inhabit the rhizosphere and supply a significant amount of N to plants [43]. Rhizobacteria improved the growth and yield of crop plants by fixing atmospheric N and improving NUE [44]. Nautiyal et al. [45] found that Bacillus lentimorbus improved the antioxidant capacity of spinach, carrot, and lettuce, and enhanced growth. Similarly, these bacteria are used to improve tolerance against plant diseases [46].



The beneficial impacts of N-fixing bacteria, rhizobacteria, inorganic nitrogen, and organic manure are well reported in the literature. However, little is known about the interactive effect of different N sources and N-fixing bacteria on the growth, productivity, and NUE of millet. Therefore, this study determined the interactive effect of the N-fixing rhizobacteria (RB), endobacteria (EB), and N sources on the growth, productivity, and profitability of pearl millet. It was hypothesized that the integrated application of N by organic and inorganic sources combined with N-fixing bacteria would improve soil fertility, growth, productivity, NUE, and net economic returns of millet.




2. Materials and Methods


2.1. Experimental Site


This two-year study was conducted at the Agronomic Research Farm, Bahauddin Zakariya University, Multan (30.1° N, 71.42° E, and 122 m above sea level), Pakistan, during millet growing seasons of 2020 and 2021.




2.2. Soil and Weather Attributes


Soil samples were collected from the experimental site to analyze the fertility status and crop nutrient requirements. The soil properties are presented in Table 1. The soil belonged to the Sindhlianwali soil series (fine silty, mixed, hyperthermic, and sodichaplocambids in USDA classification).



Weather data of the experiment duration were obtained from the weather station located at Central Cotton Research Institute, Multan, Pakistan, and presented in Figure 1.




2.3. Treatment Details


The experiment consisted of two factors (i.e., seed inoculation with N-fixing bacteria and N application through different sources). Seeds were inoculated either with N-fixing endobacteria (Enterobacter sp. MN17) or N-fixing rhizobacteria (Stenotrophomonas maltophilia), whereas non-inoculated seeds were regarded as control. The bacterial strains Enterobacter sp. MN17 (accession number KT375575) and S. maltophilia (accession number NR-041577.1) were obtained from the Soil and Environmental Microbiology Laboratory, University of Agriculture, Faisalabad, Pakistan (where they were isolated and identified). The bacterial strains were inoculated into 100 mL tryptic soy broth (TSB) medium in 250 mL Erlenmeyer flasks separately and shaken at 120 rpm for 24 h at 28 °C on an orbital shaker (Firstek Scientific, Tokyo, Japan). Cultures of both strains were collected by centrifugation at 6000 rpm for 20 min at 21 °C. Microbial population density was determined by turbidimetric method, and optical density (OD) was adjusted at 108 cells mL−1 broth (OD660 = 0.08) [47]. Arabic gum was used as an adherent for seed inoculation.



The second factor consisted of N application through different sources. The required N was supplied by inorganic (urea, 46% N), organic (farmyard manure), or 50% + 50% inorganic and organic sources. Similarly, no application of N was regarded as control. The farmyard manure (FYM) contained 2.74% nitrogen, 0.88% P2O5, and 1.19% K2O, whereas urea contained 46% N. It is recommended to apply 90 and 45 kg ha−1 N and P, respectively, for millet crops in Pakistan. Therefore, whole of the N was supplied by urea, FYM, or 50% by urea and 50% by FYM. The whole amount of P was supplied by triple super phosphate (TSP, 46% P2O5) to the crop, whereas N was supplied by urea. Similarly, the P supplied by FM was deducted, and remaining P was supplied by TSP in the treatments receiving 100 and 50% N from FYM. Likewise, all treatments received equal amount of K supplied by FYM in N application (100%) through FYM treatment. Muriate of potash (60% K2O) was used as K source in the study. The experiment was laid out according to randomized complete block design with split plot arrangements. The N sources were kept in main plots, whereas bacteria inoculation was randomized in sub-plots. The experiment had three replications during both years of the study.




2.4. Crop Husbandry


A pre-soaking irrigation locally known as ‘rouni’ (~100 mm depth) was applied during both years prior to crop sowing. When the field reached a workable moisture level, it was plowed and cultivated to prepare a fine seedbed. Seeds were sown on 21 June and 27 June in 2020 and 2021, respectively, by keeping row-to-row and plant-to-plant distances of 45 and 15 cm, respectively. Millet variety ‘NARC-Bajra’ was used, and seeds were purchased from Regional Agriculture Research Institute Bahawalpur (RARI) Pakistan. Seed rate was kept at 10 kg ha−1, and net plot size was 1.8 m × 4 m. Seeds were sown with the help of a manual drill after inoculation with bacteria according to the treatments. The extra plants were removed (thinning) 20 days after germination to maintain plant-to-plant distance. In total, six irrigations were applied during both years to avoid moisture stress. The crop was harvested on 5 and 10 October in 2020 and 2021, respectively.




2.5. Data Collection


2.5.1. Soil Properties


For soil analysis, three random samples (0–15 cm depth) were taken from each plot after crop harvest using a core sampler. The collected samples were dried in an oven at 105 °C for 48 h, and soil porosity, bulk density (g cm−3), soil organic carbon (mg kg–1) [48], and total N (Kjeldahl Method, spectrophotometer) [49] were determined.



Bulk density was recorded using the formula given by Blake et al. [50] as follows:


   BD    =  m v   











Here, BD = bulk density, m = mass of oven-dried soil sample, and v = volume of soil with pore space.



The soil porosity (%) was calculated by using the formula given by Danielson [51]:


   Total   porosity    = 1 − ( BD / PD )  











Here, BD = bulk density and PD = particle density




2.5.2. Yield-Related Parameters


Ten plants were randomly selected in each experimental unit to compute the number of grains per ear and 1000-grain weight. Seeds were counted manually and weighed on an electric balance. The whole plots were harvested for the determination of grain and biological yields. The harvested plants were dried under sun for 4–5 days to record biological yield. Later, ear heads were threshed manually to obtain grain yield. Harvest index was then calculated by dividing grain yield by biological yield and expressed in percentage.




2.5.3. Grain Nutrient Analysis


Parkinson et al. [52] were followed for computing grain N contents. Protein contents were determined by multiplying N content with a constant factor of 6.25. Grain iron (Fe) and zinc (Zn) contents were measured by wet digestion method using Di-acid (HNO3+ HClO4). After digestion, the absorbance of the samples was measured on an Atomic Absorption Spectrophotometer (Hitachi Polarized Zeeman AAS, Z-8200, Tokyo, Japan) to obtain grain Fe and Zn contents.




2.5.4. Nitrogen Use Efficiency (NUE)


The NUE in grain was computed by using the formula given by Fageria et al. [53].


  NUE =    Grain   yield   of   N    −    fertilized   plots    −    Grain   yield   of   control   plots     Quantity   of   N   applied     













2.6. Statistical and Economic Analysis


The collected data were tested for normality and homogeneity of variance, which indicated a normal distribution and fulfilled the normality assumption of analysis of variance (ANOVA). The difference among years was tested by t test, which was significant; therefore, data from each year were analyzed, presented, and interpreted separately. Two-way ANOVA was used to test the significance of the data, and least significant difference test at 95% probability level was used to compare treatment means where ANOVA denoted significant differences among treatments [54]. Principal component analysis (PCA) was conducted for better visualization and easier interpretation of the data. The PCA was executed on all the recorded traits except economic returns for both years separately. An economic analysis of the applied treatments was conducted to infer the net economic returns and benefit/cost ratio following Shahzad et al. [55]. The costs incurred on land rent, seedbed preparation, seeds, fertilizers, irrigation, labor charges, fuel, harvesting, etc., were computed. Similarly, gross income was computed by using the existing market price of millet grains. Total costs were deducted from gross income to compute net income.





3. Results


3.1. Soil Properties


The individual and interactive effects of N sources and bacteria inoculation had a significant effect on soil bulk density and porosity. Overall, the highest increase in the soil bulk density (7.64% and 7.09% in 2020 and 2021, respectively) was noted for N application by urea (urea hereafter), whereas N application by FYM (FYM hereafter) decreased bulk density by 2.08% and 1.42% in 2020 and 2021, respectively. Combined application of 50% urea and 50% FYM (urea + FYM hereafter) increased soil bulk density by 2.78% and 4.26% in 2020 and 2021, respectively. Seed inoculation with endobacteria (EB hereafter) increased soil bulk density by 0.67% and 0.68%, whereas seed inoculation with rhizobacteria (RB hereafter) decreased soil bulk density by 6.67% and 6.12% in 2020 and 2021, respectively (Figure S1). The interactive effect of N sources and bacteria inoculation indicated that seed inoculation with RB decreased soil bulk density under all N sources, whereas EB inoculation increased soil bulk density with FYM in the 1st year and with urea + FYM in the 2nd year (Figure S1).



Soil porosity was improved by bacteria inoculation and FYM application. Overall, seed inoculation with both bacteria improved soil porosity compared to non-inoculated seeds. However, FYM application and control (no N application) treatment had the highest soil porosity, whereas urea and urea + FYM application decreased soil porosity compared to control treatment during both years (Figure S2). Seed inoculation with RB combined with FYM application resulted in the highest soil porosity during both years. The lowest soil porosity was recorded for urea application with or without bacteria inoculation during both years (Figure S2).



The individual and interactive effects of N sources and bacteria inoculation had a significant effect on soil organic carbon (SOC). The FYM application resulted in the highest SOC during both years of the study, whereas the control treatment recorded the lowest SOC. The FYM application increased SOC by 39.13% and 40.00% compared to the control treatment in the 1st and 2nd years of the study, respectively. Similarly, seed inoculation with both bacteria improved SOC compared to non-inoculated seeds. Seeds inoculated with EB improved SOC by 43.18% and 44.19%, while inoculation with RB increased SOC by 45.45% and 34.88% during the 1st and 2nd year of the study, respectively. Regarding interactive effect, FYM with EB or no seed inoculation and urea with RB inoculation resulted in the highest SOC, while urea and control treatment without seed inoculation resulted in the lowest values of SOC during both years (Figure S3).



Soil-available N was significantly altered by individual and interactive effects of N sources and bacteria inoculation during both years. Overall, urea + FYM application and seed inoculation with RB resulted in the highest values of soil-available N during both years of the study. Urea + FYM application increased soil-available N by 250.00% and 233.33%, whereas seed inoculation with RB improved it by 185.71% and 212.50% in 2020 and 2021 compared to respective control treatments. Regarding interactive effect, urea + FYM combined with RB resulted in the highest soil-available N during both years of the study, whereas the remaining treatments had similar amounts of soil-available N. Urea + FYM application improved soil-available N by 237.50% and 211.11% in 2020 and 2021 compared to no N application by no seed inoculation interaction (Figure S4).




3.2. Yield and Related Traits


Yield-related traits were significantly affected by individual and interactive effects of N sources and bacteria inoculation during both years (except for the non-significant effect of bacteria inoculation and N sources by bacteria inoculation interaction on harvest index in 2020). Overall, the highest number of grains per ear was recorded for urea + FYM application and seed inoculation with RB during both years. Urea + FYM application improved the number of grains per year by 18.00% and 20.46%, while seed inoculation with RB increased the number of grains per year by 13.57% and 13.55% in 2020 and 2021, respectively, compared to control treatment. Nitrogen sources by bacteria inoculation interaction revealed that urea + FYM combined with RB inoculation resulted in the highest values of the number of grains per ear, whereas no N application without bacteria inoculation recorded the lowest values in this regard during both years. Urea + FYM combined with RB inoculation improved the number of grains per ear by 23.49% and 23.63% in 2020 and 2021, respectively (Figure 2).



The individual and interactive effects of N sources and bacteria inoculation significantly affected 1000-grain weight during both years. Overall, urea + FYM application and seed inoculation with both N-fixing bacteria resulted in the highest values of 1000-grain weight during both years. Urea + FYM application increased 1000-grain weight by 23.38% and 25.30% in 2020 and 2021, respectively, whereas seed inoculation with both bacteria improved it by 4.43–9.60% compared to the control treatment. Regarding the interactive effect, urea + FYM combined with both bacteria inoculation resulted in the highest 1000-grain weight during both years (Figure 3).



Grain yield was significantly altered by individual and interactive effects of N sources and bacteria inoculation during each year. Generally, the highest grain yield was recorded with urea + FYM application and seed inoculation with RB during both years. The increase in grain yield was 50.48% and 53.40% with the application of urea + FYM, whereas RB inoculation improved grain yield by 33.33% and 34.09% in 2020 and 2021, respectively, compared to control treatments. Similarly, urea + FYM by RB interaction recorded the highest values for grain yield during both years, and the improvement was 23.19 and 25.00% in 2020 and 2021 compared to no N application by no seed inoculation interaction (Figure 4).



The biological yield was significantly affected by individual and interactive effects of N sources and bacteria inoculation during both years. Overall, urea + FYM application and seed inoculation with RB resulted in the highest values of biological yield during both years. Urea + FYM application increased biological yield by 31.32% and 36.93%, whereas seed inoculation with RB improved it by 38.73% and 45.40% in 2020 and 2021, respectively, compared to control treatments. Regarding the interactive effect, urea + FYM combined with RB seed inoculation resulted in the highest biological yield during both years of the study. The biological yield was increased by 43.98% and 45.55% in 2020 and 2021, respectively, compared to no N application by no seed inoculation interaction (Figure 5).



The Harvest index was not affected by individual and interactive effects of N sources and bacteria inoculation in 2020, while significantly affected in 2021. Overall, urea + FYM application and no seed inoculation resulted in the highest values of harvest index in 2021. Urea + FYM application increased harvest by 10%. Regarding the interactive effect, urea + FYM and FYM combined with no seed inoculation resulted in the highest harvest index (Figure 6).




3.3. Grain Quality Parameters


The individual and interactive effects of N sources and bacteria inoculation had a significant effect on grain protein contents during both years. Overall, urea + FYM application and seed inoculation with EB resulted in the highest values of grain protein contents during each year. Urea + FYM application increased grain protein contents by 25.58% and 25.14%, whereas seed inoculation with EB improved it by 16.91% and 16.44% in 2020 and 2021, respectively, compared to control treatments. Regarding the interactive effect, urea + FYM combined with EB seed inoculation resulted in the highest grain protein contents during both years of the study. The grain protein contents were increased by 30.90% and 30.86% in 2020 and 2021, respectively, compared to no N application by no seed inoculation interaction (Figure 7).



Grain N contents were significantly affected by individual and interactive effects of N sources and bacteria inoculation during both years. Overall, FYM application and seed inoculation with RB resulted in the highest values of grain N contents during both years. FYM application increased grain N contents by 4.32% and 4.32%, whereas seed inoculation with RB improved it by 4.37% and 3.07% in 2020 and 2021, respectively, compared to control treatments. Regarding the interactive effect, FYM combined with RB seed inoculation resulted in the highest grain N contents during both years of the study (Figure 8).



The individual and interactive effects of N sources and bacteria inoculation had a significant effect on grain iron (Fe) contents during both years. Overall, urea + FYM application and seed inoculation with RB in the 1st year and inoculation with both bacteria in both years resulted in the highest values of grain Fe contents. Urea + FYM application increased grain Fe contents by 66.85% and 66.94% in 2020 and 2021, respectively, compared to the control treatment. Similarly, seed inoculation with RB increased grain Fe contents by 16.89% in 2020, whereas both bacteria improved it by 16.67% in 2021. Regarding the interactive effect, urea + FYM combined with EB seed inoculation resulted in the highest grain Fe contents during both years of the study. The grain Fe contents were increased by 44.30% and 60.90% in 2020 and 2021, respectively, compared to no N application by no seed inoculation interaction (Figure 9).



The individual and interactive effects of N sources and bacteria inoculation had a significant effect on grain zinc (Zn) contents during both years. Overall, FYM and urea + FYM application and seed inoculation with EB resulted in the highest values of grain Zn contents during each year. Urea + FYM application increased grain Zn contents by 46.09% and 37.68%, whereas FYM increased these contents by 41.80% and 33.30% in the 1st and 2nd years, respectively. Similarly, seed inoculation with EB improved grain Zn contents by 29.55% and 33.86% in 2020 and 2021, respectively, compared to no bacteria inoculation. Regarding the interactive effect, urea + FYM combined with EB seed inoculation resulted in the highest grain Zn contents during both years of the study. The grain Zn contents were increased by 23.96% and 30.21% in 2020 and 2021, respectively, compared to no N application by no seed inoculation interaction (Figure 10).




3.4. Nitrogen Use Efficiency


The individual and interactive effects of N sources and bacteria inoculation had a significant effect on nitrogen use efficiency (NUE) during both years. Overall, urea + FYM application and seed inoculation with RB in the highest values of NUE during both years. Seed inoculation with RB increased NUE by 29.37% and 38.40% in 2020 and 2021, respectively, compared to no bacteria inoculation. Regarding the interactive effect, urea + FYM combined with RB seed inoculation resulted in the highest NUE during both years of the study. The NUE increased by 33.83% and 48.15% in 2020 and 2021, respectively, compared to no N application by no seed inoculation interactions (Figure 11).




3.5. Multivariate Analysis


Principal component analysis (PCA) executed on growth, yield, and grain quality traits of millet crop grown under individual and interactive effects of different nitrogen sources and nitrogen-fixing bacteria inoculation resulted in three and four principal components (PCs) with eigenvalues >1 in 2020 and 2021, respectively. The three PCs explained 80.46% variation in the data in 2020, whereas the four PCs in 2021 explained 85.69% variation in the data. The factor loadings (>0.70) indicated that the first PC was positively influenced by the number of grains per ear, 1000-grain weight, grain and biological yields, grain N, protein and Fe contents, and NUE. Similarly, the second PC was positively influenced by soil porosity and available N, whereas it was negatively affected by soil bulk density. This indicated that these variables explained most of the variation in 2020 data.



Like 2020, the number of grains per ear, 1000-grain weight, grain and biological yields, grain protein and Fe contents, and NUE positively influenced PC1 of 2021 PCA. Similarly, the second PC was positively influenced by soil porosity and negatively by soil bulk density, indicating that these variables were responsible for most of the variation in the data (Table S1).



The biplot of the first two PCs of 2020 PCA divided the studied traits into two different groups. The first group was composed of yield-related and grain-quality traits, and it was influenced by FYM combined with seed inoculation with both bacteria and urea + FYM combined with RB. The second group consisted of grain Fe contents, 1000-grain weight, and NUE, and this group was influenced by urea combined with RB and EB, and urea + FYM with EB or no bacteria (Figure 12). The biplot of 2021 PCA also indicated similar results (Figure 13). Hence, FYM alone or combined with urea coupled with RB improved the yield and quality of millet.




3.6. Economic Analysis


The interactive effect of different N sources and bacteria inoculation improved the economic returns of millet. Urea + FYM combined with RB inoculation resulted in the highest benefit/cost ratio during both years (Table 2).





4. Discussion


The results indicated that N application by combined inorganic and organic sources coupled with seed inoculation with rhizobacteria significantly improved yield-related traits and grain quality. These results indicate that N should be supplied through combined organic and inorganic sources. Different N sources exerted varying impacts on soil properties. The application of urea alone reduced macro aggregate stability and moisture retention capacity and increased the soil bulk density, which is attributed to small soil aggregates and increased soil microspores in the absence of organic manures. Inorganic fertilizers combined with organic fertilizers or seed inoculation with bacteria enhanced soil porosity and soil organic carbon. Organic manures improve soil aggregation and increase the ratio of macropores to micropores, thus increasing soil aeration and hydraulic properties [56,57]. These improvements were evident in the current study. Moreover, increased soil aeration and water retention capacity improve soil microbial activities [58], which increases organic manures’ decomposition of nutrients’ availability to plants [59]. Soil-available N improved under urea + FYM application combined with RB seed inoculation. This improvement is attributed to improved soil aeration [60], as microbes help in nutrient mobilization and availability of N [61]. Improved soil structure can be attributed to the presence of N-fixing bacteria in the soil. Elevated N concentrations have the potential to stimulate the proliferation of advantageous microorganisms, thereby fostering a more resilient and heterogeneous microbiota within the soil. The enhancement of soil conditions can lead to improved water retention and nutrient cycling, thereby facilitating increased crop yields. Furthermore, organic manures might provide a food source for microorganisms, which in turn would assist in keeping the soil’s nutrient levels stable and enhance its physical properties [40,41]. Nitrogen fixation, P solubilization, and production of phytohormones are the other possible reasons for improved growth and productivity of millet with bacteria inoculation [30]. It has been reported that introducing N-fixing bacteria into the soil may improve crop NUE [35,36]. Previous research has shown that several different bacteria may be used to increase millet yield.



Yield and related traits of millet were improved with urea + FYM application and seed inoculation with RB. The increased growth and yield traits are attributed to improved soil conditions [62,63] and higher nutrient availability because of seed inoculation with RB [56,64]. The number of grains per ear, 1000-grain weight, grain, and biological yields were increased under urea + FYM application combined with RB. These improvements are linked with continuous nutrient availability as FYM slowly releases N, and leaching or volatilization losses are reduced [65,66]. Furthermore, seed inoculation with RB bacteria improved N availability in soil by fixing atmospheric N. Consequently, plants had a continuous supply of N, resulting in enhanced growth and an increased yield of grains. Narendra and Ritu [65] reported that poultry manure, along with inorganic fertilizers, improved the grain yield of millet on Vertisols. Hence, the utilization of RB represents a sustainable and ecologically sound approach to enhancing soil fertility. The use of RB can lower the dependency on synthetic N-fertilizers and help in reducing input costs, soil deterioration, water contamination, and the release of greenhouse gases.



The results revealed that urea + FYM application combined with RB inoculation improves N concentration in grains and NUE. Farmyard manure releases N and other nutrients slowly, whereas N is readily available from urea. Both bacteria increased N uptake by fixing atmospheric N into a plant-available form. Organic and inorganic fertilizers combined with N-fixing bacteria help plants to expand their roots and absorb N from the soil [7,67,68]. According to Walia et al. [69], the integrated nutrient management technique increased available N and P by 171.7 to 219.3 kg ha−1, resulting in a positive influx of nutrients.



Grain quality traits, i.e., grain protein and Fe and Zn contents, significantly increased with the application of FYM or urea + FYM combined with seed inoculation of both bacteria included in the current study. Improvement in grain quality traits is attributed to higher N availability. The FYM application helps microorganisms in increasing N availability. Organic fertilizers influence the absorption of available micronutrients in the soil [70]. Application of 100% and 50% N through farmyard manure significantly increased grain Fe and Zn contents. Similar results were found by Narendra and Ritu [65], who reported that maximum contents of Fe (47.72 mg kg−1) and Zn (34.02 mg kg−1) were noticed under the treatment of 100% RDN through vermicompost.




5. Conclusions


The results of the current study revealed that N application through urea + FYM (50% + 50%) combined with RB inoculation significantly increased soil health, yield-related traits, grain quality, and economic returns of pearl millet. Nitrogen application through urea + FYM significantly increased grain yield (23.19% and 25.0%) and NUE (33.83 and 48.15%) compared with no N application and no seed inoculation. Similarly, the highest economic returns (USD 1506.4 and 1506.9) were noted for urea + FYM application combined with RB seed inoculation. Therefore, the application of N through urea + FYM (50% + 50%) coupled with RB seed inoculation seemed a viable approach for improving the productivity and profitability of pearl millet. However, more field studies are recommended under different agro-ecological conditions to make a general recommendation.
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Figure 1. Weather data (monthly averages) of experimental site during millet cultivation seasons of 2020 and 2021. 
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Figure 2. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on number of grains per ear of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 3. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on 1000-grain weight of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 4. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on grain yield of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 5. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on biological yield of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 6. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on harvest index of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 7. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on grain protein contents of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 8. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on grain nitrogen contents of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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[image: Sustainability 15 08248 g008]







[image: Sustainability 15 08248 g009 550] 





Figure 9. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on grain iron content of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 10. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on grain zinc contents of millet. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 11. The impact of nitrogen-fixing bacteria inoculation (a), different nitrogen sources (b), and their interaction (c) on nitrogen use efficiency of millet crop. The values are means ± SE (n = 3). The means with same letters are statistically non-significant (p > 0.05). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria. 
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Figure 12. Biplot of first two components of principal component analysis executed on growth, yield, and grain quality traits of millet crop grown under individual and interactive effects of different nitrogen sources and nitrogen-fixing bacteria inoculation in 2020. Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; RB = seed inoculation with rhizobacteria; NUE = nitrogen use efficiency; and TGW = 1000-grain weight. 
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Figure 13. Biplot of first two components of principal component analysis executed on growth, yield, and grain quality traits of millet crop grown under individual and interactive effects of different nitrogen sources and nitrogen-fixing bacteria inoculation in 2021. Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; RB = seed inoculation with rhizobacteria; NUE = nitrogen use efficiency; and TGW = 1000-grain weight. 
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Table 1. Soil properties of the experiment location before the initiation of experiments during both years of the study.
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	Soil Properties
	2020
	2021





	Soil texture
	Sandy-loam
	Sandy-loam



	EC
	2.16 dS m−1
	2.31 dS m−1



	pH
	8.37
	8.32



	Organic matter content
	0.47%
	0.51%



	Available phosphorus
	8.10 mg kg−1
	7.93 mg kg−1



	Total available nitrogen
	0.03%
	0.04%



	Available potassium
	120 mg kg−1
	115 mg kg−1
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Table 2. Interactive effect of different nitrogen sources and bacteria inoculation on net economic returns and benefit/cost ratio of pearl millet in 2020 and 2021.
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Treatments

	
2020

	
2021




	
Total Cost

(USD ha−1)

	
Gross Income

(USD ha−1)

	
Net Income

(USD ha−1)

	
BCR

	
Total Cost

(USD ha−1)

	
Gross Income

(USD ha−1)

	
Net Income

(USD ha−1)

	
BCR






	
NB

	
No Nitrogen

	
737.9

	
1114.2

	
376.3

	
1.5

	
737.9

	
1147.8

	
409.9

	
1.6




	
Urea

	
774.7

	
1484.7

	
711.5

	
1.9

	
774.7

	
1518.8

	
744.1

	
2.0




	
FYM)

	
803.6

	
1337.6

	
535.2

	
1.7

	
803.6

	
1329.6

	
526.0

	
1.7




	
Urea + FYM

	
789.1

	
1794.1

	
1007.1

	
2.3

	
789.1

	
1832.1

	
1042.9

	
2.3




	
EB

	
No Nitrogen

	
748.9

	
1546.8

	
799.6

	
2.1

	
748.9

	
1560.6

	
811.7

	
2.1




	
Urea

	
785.6

	
1791.8

	
1008.2

	
2.3

	
785.6

	
1809.0

	
1023.4

	
2.3




	
FYM)

	
814.5

	
1753.1

	
940.5

	
2.2

	
814.5

	
1679.3

	
864.8

	
2.1




	
Urea + FYM

	
800.1

	
2173.9

	
1376.8

	
2.7

	
800.1

	
2180.6

	
1380.5

	
2.7




	
RB

	
No Nitrogen

	
748.9

	
1697.3

	
950.4

	
2.3

	
748.9

	
1675.4

	
926.5

	
2.2




	
Urea

	
785.6

	
2005.4

	
1222.4

	
2.6

	
785.6

	
2236.0

	
1450.3

	
2.8




	
FYM)

	
814.5

	
1746.4

	
933.8

	
2.1

	
814.5

	
1803.0

	
988.5

	
2.2




	
Urea + FYM

	
800.1

	
2303.4

	
1506.4

	
2.9

	
800.1

	
2361.0

	
1560.9

	
3.0








USD 1 = PKR 228.48 (30 September 2022). Here, FYM = farmyard manure; NB = no bacteria inoculation; EB = seed inoculation with endobacteria; and RB = seed inoculation with rhizobacteria.
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