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Soybean production in sub-Saharan Africa is increasing as farmers open more land areas for cultivation and replace other crops, such as tobacco, in favor of this legume crop. Despite the production is increased in Mozambique, demand for animal feed and oil is not satisfied. As such, farmers explore ways to improve yield per unit area of soybean by using bio-inoculants from various sources and agroecological adaptability. These bio-inoculants are seldom available during planting time, and retail at almost similar prices although yield varied based on the product source, handling, and the rhizobia strain carrier. Mozambique does not produce bio-inoculants, so it obtains the product from neighboring countries or as far as the South American continent. In this study, we evaluated the performance, ecological adaptability, and soybean productivity of seven Bradyrhizobium diazoefficiens strain-based bio-inoculants from several countries with different carrier materials: Biofix, Masterfix, Nitrofix, NitroZam, N-Fixer, Soygro Peat, and Soygro Liquid against a control (non-inoculated) on two soybean varieties Storm and TGx 1904-6F. The trial was conducted in the 2016 and 2017 growing seasons in three agroecologies of Mozambique at Angonia, Nampula, and Ruace. Data on nodulation, plant growth, biomass nitrogen content at beginning of podding (R3) stage, yield, and yield components of soybean were evaluated. Analysis of variance and contrast comparisons were performed on the Statistical Analysis System® 9.4. Nodule weight per plant variedly increased from 7.7 to 167.6 mg with inoculation of both varieties across environments. Plant tissue nitrogen content at the R3 stage was higher in inoculated non-promiscuous variety at 3.9% than the promiscuous counterpart with 3.7%. Storm, a non-promiscuous short-maturity variety of soybean, responded to inoculation and accumulated more N than the medium-to-late maturity promiscuous TGx 1904-6F. Higher N tissue content is an indicator of better nutritive value, as well as high-quality recyclable biomass of inoculated soybean. Both Storm and TGx 1904-6F responded to all inoculants variedly with NitroZam yield of 2,750 kg ha−1 being highest, while Soygro Liquid was lowest with 2,051 kg ha−1 but more than the check with 1,690 kg ha−1 across sites. There were varietal differences in 100-seed weight after inoculation where Storm (15.4 g) had heavier seeds than TGx 1904-6F (13.1 g). The results show that inoculation improved plant growth and development, increased nodulation, and gave higher yields for better economic returns among farmers. Inoculation has the potential of increasing soybean yield, nutritive value, and biomass quality within Mozambique.
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INTRODUCTION

Soybean production is becoming an important crop among the farming communities in Mozambique. Efforts by several agricultural development organizations, such as the International Institute of Tropical Agriculture (IITA), have increased the adoption of improved soybean varieties to 89% (AGRA, 2016). For instance, IITA and the Instituto de Investigação Agrária de Moçambique (IIAM) (Agricultural Research Institute of Mozambique) have released and promoted 14 improved soybean varieties. The soybean production system in Mozambique is dominated by smallholder farmers who face a myriad of limitations. These farmers seldom use the necessary inputs, such as quality seeds, fertilizers, and pesticides (Matteo et al., 2016). This situation is occasioned by a lack of access to and unaffordable prices at the time of planting and during the production period. However, the cost of using fertilizer in particular nitrogen could be averted through the use of bio-inoculants. Bio-inoculants have been shown to increase the yield of soybean (Chibeba et al., 2020; Savala et al., 2021) and other legumes, such as cowpea (Kyei-Boahen et al., 2017), in Mozambique. The use of bio-inoculants is also limited by the lack and inaccessibility of the input at the time of planting. Mozambique as a country does not have the capacity to produce bio-inoculants despite studies showing that locally isolated rhizobia perform comparably well to established strains Bradyrhizobium diazoefficiens (USDA110) (Chibeba et al., 2017). Instead, the country relies on the government or selected agricultural development organizations that import bio-inoculants from around the region or as far as the South American continent. The quality of the imported bio-inoculant is often compromised due to a lack of proper transportation and handling facilities. With all these prevailing challenges, soybean production in Mozambique has remained below its production potential, and therefore does not meet the growing soybean grain demand from the local livestock feed industry and for human consumption (Matteo et al., 2016). As such the country spends a lot of foreign exchange on the importation of soybean and its related products in addition to bio-inoculants to meet local demand. Fortunately, most of the available varieties are promiscuous that can freely form a symbiotic association and nodulate with existing native rhizobia strains in the soil (Gyogluu et al., 2016), although the application of bio-inoculants improves nodulation and efficiency of nitrogen fixation.

Not only does Mozambique lack the capacity of producing bio-inoculants but also accompanying policies and information on the handling, trading, and use are absent. This leaves the trade and use of bio-inoculants unregulated resulting in the importation of different bio-inoculant types/grades depending on the accessibility. These bio-inoculants grades (liquid or solid mostly peat based) are often transported like regular cargo from the importing agents to the farmers' fields. No standards exist for the bio-inoculant handlers to follow, hence jeopardizing their effectiveness to improve the biological nitrogen fixation (BNF) process that would have otherwise resulted in increased legume yields. Farmers in Mozambique use seed inoculation of both liquid- and peat-based bio-inoculants plus other good management practices to enhance the efficiency of the BNF process in soybean (Matteo et al., 2016; Savala and Kyei-Boahen, 2020). Although the use of peat-based bio-inoculants is higher than the liquid-based counterparts, their quality varies a lot depending on the source due in part to contamination as most of the bio-inoculants use peat as the carrier material (Woomer et al., 2014). Studies have established that for resource-poor farmers, the use of bio-inoculant alone could go a long way to improve legume yields due to the economic incentive on returns associated with the practice (Kyei-Boahen et al., 2017). Countries that supply Mozambique with bio-inoculants include Argentina, Brazil, Kenya, Malawi, South Africa, Zambia, and Zimbabwe. Past BNF trials conducted in Mozambique have also included bio-inoculants from the United States of America (Savala et al., 2022). The experiments demonstrated the importance of both liquid- and peat-based bio-inoculants applied either on seed or directly to the soil.

The use of bio-inoculants in soybean production tends to be more beneficial when an adequate supply of phosphorus fertilizer plus other necessary agronomic practices are maintained (Singleton et al., 1985, 2001; Tittabutr et al., 2007). Some of the soybean agronomic management practices used by farmers include adjusting the planting time to take advantage of the rainfall condition, variety selection, especially the promiscuous genotypes, and weeds and pest control. However, the use of inorganic fertilizer is limited among Mozambican farmers due to its obnoxiously high price (Zavale et al., 2020). As such non-monetary options like site selection or low-cost investment, such as bio-inoculant use, are often preferred. Soybean is mainly produced in the medium-to-high altitude agroecologies of Mozambique (Walker et al., 2006; AGRA, 2016; Matteo et al., 2016). These ecologies are in Manica, Nampula, Tete, and Zambezia provinces where farmers are increasingly growing promiscuous varieties. Promiscuous varieties can self-nodulate with native rhizobia strains that are present in the soils (Chibeba et al., 2017). Promiscuous soybean varieties can be grown without bio-inoculants, although studies indicate that nodulation and more yield is realized following inoculation. Inoculation of promiscuous soybean varieties yielded more than the non-inoculated ones in many sub-Saharan African countries (Majengo et al., 2011; van Heerwaarden et al., 2018; Chibeba et al., 2020). Although the information on differences in bio-inoculant carriers is lacking, the effectiveness of either peat- or liquid-based bio-inoculants is not documented in the country to guide farmers on selection. Such data could be important in drafting policies on the price, handling, transportation, and use of bio-inoculants in the country. Moreover, this would guide investors to the most suitable bio-inoculant carrier to use if a facility was to be established in Mozambique. Therefore, our study evaluated the performance, ecological adaptability, and soybean productivity of seven Bradyrhizobium diazoefficiens strain-based bio-inoculants acquired from several countries with different carrier materials against a control on nodulation and yield gain of two soybean varieties Storm and TGx 1904-6F. Secondly, we seek to determine the agroecological suitability of bio-inoculants for soybean production in Mozambique.



MATERIALS AND METHODS


Site Descriptions

Soybean field studies were conducted in the 2016 and 2017 growing seasons at three locations in Mozambique: Angonia 14.6273° S, 33.9812° E, 1,115 meters above sea level (m a.s.l.), Ruace 15.2343° S, 36.6883° E, 677 m a.s.l., and Nampula 15.2738° S, 39. 3143° E, 377 m a.s.l.. The sites have monomodal rainfall between December and April averaging at Angonia 900–1,400 mm, Ruace 800–1,400 mm, and Nampula 600–1,100 mm. As such the Angonia and Ruace are characterized by a maize legume cropping system, while Nampula is dominated by a cassava legume cropping system. Soybean is largely produced in these systems as a monoculture for commercial purposes as poultry feed although a little amount is utilized in households to enrich/fortify pastries. In both cropping systems, farmers rarely use fertilizers but mostly rely on the inherent soil fertility with limited residue recycling back to the fields. For each season, new fields previously under maize for two growing periods were used. According to the Soils Atlas of Africa, the predominant soil type at the sites in Angonia and Ruace are Chromic Luvisols, while that in Nampula is Haplic Lixisols (Jones et al., 2013). Ten soil samples were taken from 0 to 30 cm soil layer using a soil auger in a W pattern across the field for the trial before plowing or harrowing. Soils from each site were combined into a composite sample and four subsamples were drawn for chemical and particle-size analysis (Table 1). The pH was determined using a high impedance voltmeter on 1:2 soil–water suspension. Total organic carbon was determined by Walkley–Black method, total N by the Kjeldahl method, P by Olsen's method, and K using ICP-OES after extraction with Mehlich 3. The soil rhizobial population of the experimental field was determined from soil samples taken from all three locations (Table 2) using the most probable number method (Vincent, 1970; Woomer et al., 1990).


Table 1. Soil characteristics of the three sites used for the inoculation trial.
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Table 2. Soybean rhizobia most probable number (MPN) in soils collected from the experimental site with and without a history of soybean cultivation.
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Bio-Inoculants

Several Bradyrhizobium diazoefficiens strains USDA110 formerly known as Bradyrhizobium japonicum (Delamuta et al., 2013) bio-inoculant products obtained from the regions across Africa and South America were used for the study (Table 3). The bio-inoculants namely Biofix, Masterfix, Nitrofix, NitroZam, N-Fixer, Soygro Peat, and Soygro Liquid. Two bio-inoculants Biofix and Masterfix were imported from outside the region. Biofix a peat-based bio-inoculant was sourced from a fertilizer-producing company in Kenya, while Masterfix was acquired from Brazil. Three peat-based bio-inoculants used in the study were obtained from the National Agricultural Research Institutes of Malawi (Nitrofix), Zambia (NitroZam), and Zimbabwe (N-Fixer). Also, peat- and liquid-based bio-inoculants by the trade name Soygro were sourced from South Africa. All the peat-based bio-inoculants were applied to the seed using inert gum Arabic solution as the adhesive agent. According to the manufacturer's recommendation, the bio-inoculants were applied to supply ~106 rhizobia cells seed−1.


Table 3. Minimum manufacturer's specifications for colony-forming units per gram (CFU g−1) or milliliter (CFU ml−1) and carrier of the experimental inoculants.
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Experimental Design

Two soybean varieties, Zamboane (TGx 1904-6F), a promiscuous variety released by IITA and IIAM and Storm (non-promiscuous Seed Co. variety) were used in the experiment. Bio-inoculant products were evaluated against a control. The field experimental design was a randomized complete block with four replications for each of the bio-inoculants. Plots consisted of five rows of 9 m length, 0.50 m row-spacing, and 0.1 m space between plants within rows. Land preparation was accomplished with disc plowing followed by two passes with a disc harrow. Seeds were inoculated in the field under a shade by weighing 1.0 kg of seeds of each cultivar into separate plastic bags for each bio-inoculant then a respective adhesive agent as per the manufacturer's guidelines was added. The seeds were mixed thoroughly to enable coating of each seed with the gum Arabic adhesive agent. Thereafter, respective bio-inoculants were added and further mixed thoroughly until all the seeds were completely covered with bio-inoculant (Table 3) before planting. In both the 2016 and 2017 seasons, the experiments were planted between 18 and 30 December, although scheduling was site-specific depending on the onset of rains in each location. The risk of contamination was avoided by planting the non-inoculated plots first before planting the inoculated ones. Furthermore, the same individuals handled the planting of each bio-inoculant for all four replicates. Planting and weeding (twice) were done manually using a hand-held hoe. To control pests, insecticides were applied using 100 ml of Cypermethrin (200 g active ingredient/l) and 50 ml of Lambda Cyhalothrin (50 g active ingredient/l) in 15 l knapsack sprayers at beginning of flowering.



Data Collection

Data on nodulation, plant growth, biomass nitrogen content at the R3 stage (beginning of podding), yield, and yield components were evaluated. At the R3 growth stage, when pods had reached 10–12 mm long at one of the four uppermost nodes on the main stem, it is regarded as the peak demand for nitrogen in soybean; five soybean plants were randomly selected from each plot and the roots were excavated using a hoe and spade. The soil was carefully washed out from the roots to ensure that all the nodules were recovered as much as possible. The nodules were plucked from the roots by hands, counted, subsequently placed in envelopes, and dried in an oven at 60°C for 48 h. The dried nodules were weighed to determine the dry weight. The remaining plant biomass was dried in an oven at 60°C until a stable weight was attained, and dry weight was determined. Later the biomass was ground to pass through a 2-mm mesh sieve for plant tissue N analysis using inductively coupled plasma optical emission spectrometry (ICP-OES), after extraction with nitric acid and hydrochloric acid. At maturity, 1 m2 area (two middle rows, 1 m long) was randomly selected and harvested to determine above-ground biomass, pod density, and 100-seed weight. The rest of the plots were harvested manually and pods from each plot were threshed manually, and grain yield was determined. The moisture content of grain samples from each plot was measured using the Farmex MT-16 Grain Moisture Tester (AgraTronix LLC, Streetsboro, Ohio, USA) and grain yield in kg/ha was adjusted to 13% moisture content. After threshing the pods, the above-ground plant biomass from the 1 m2 plot area was sun-dried for 10 days to 10% moisture content to determine dry matter yield. Except for land preparation, all field activities were done manually.



Data Analysis

Analyses of variance (ANOVAs) were performed on the data collected using PROC GLM in the Statistical Analysis System (SAS)® 9.4 (SAS/STAT®, 2018). A combined analysis across locations and cropping seasons was performed. First, an all locations combined ANOVA was performed to evaluate the effects of the environment, variety, bio-inoculants, and their interactions. As ecological conditions at the locations were different and dominant for all the variables analyzed, effects associated with the growing period were confounded with the weather within seasons (Moore and Dixon, 2015). Thus, the environment was considered a random effect. Environmental effects were significant for all the variables. Consequently, environment and replication were treated as random effects (Moore and Dixon, 2015). A second ANOVA for each environment was performed with a variety and bio-inoculant factors considered as fixed effects. Means were determined for treatments, and comparisons were done using the least significant difference (LSD) at a P ≤ 0.05 significance level (SAS/STAT®, 2018). Correlation analysis of yield components was conducted to determine the effect of the variable on grain yield. Also, contrast analyses by environment and by locations for combined growing seasons were performed on mean grain yield. In this study, we evaluated the performance, ecological adaptability, and soybean productivity of seven Bradyrhizobium diazoefficiens strain-based bio-inoculants with different carrier materials on two soybean varieties.




RESULTS


Soil and Bio-Inoculant Properties

The soils at the three sites were sandy clay loam with pH ranging from 6.2 to 6.6 but the CEC for the Ruace soil was more than double that for the Angonia and Nampula sites (Table 1). The soil available P, K, and Mg were lower in Nampula than Angonia and Ruace. Total N was relatively lower in Angonia (0.09%) compared to that for Nampula (0.13%) and Ruace (0.15%). The indigenous rhizobial population was relatively high in Angonia and Ruace, whereas the population in Nampula was very limited (Table 2). The low populations of indigenous rhizobia found in Angonia, Nampula, and Ruace soils were not adequate for an effective BNF process necessitating the use of bio-inoculants. Table 3 shows the populations of the colony-forming units/cells per g or ml of the carrier for the inoculant products. NitroZam inoculant from Zambia had the lowest concentration of colony-forming units, whereas Masterfix had the highest concentration.



Influence of Bio-Inoculants on Nodulation

The main purpose of inoculation is to improve nodulation in legumes through the symbiotic association of the rhizobia strain and the host plant. It is presumed that improved nodulation leads to an increased BNF process that avails more N for plant growth and development. Overall, inoculation resulted in the formation of more nodules on soybean roots (Figures 1, 2). Nodule population per plant was higher for the inoculated soybean than in the control fields. When segregated on a variety basis, TGx 1904-6F formed more nodules than Storm (Figure 1). The number of nodules was also distinct among bio-inoculants at different sites with Masterfix forming the highest nodules per plant in four out of the six environments. Nodule population on soybean roots also differed among sites. For instance, more nodules were formed in Nampula than Ruace in the 2016 growing season (Figure 1). Upon referring to the most probable number of soybean rhizobia strains in the site soils, Nampula seldom had active cells to form the symbiotic relationship necessary for the BNF process (Table 2).


[image: Figure 1]
FIGURE 1. Nodule population (plant−1) following inoculation of soybean at (A) Nampula 2016, (B) Ruace 2016, and (C) Ruace 2017. Small letters on the bars indicate no significance while different letters show significant differences in means.



[image: Figure 2]
FIGURE 2. Nodule dry weight (mg plant−1) following inoculation of soybean at (A) Angonia 2016, (B) Ruace 2016, (C) Angonia 2017, and (D) Ruace 2017. Small letters on the bars indicate no significance while different letters show significant differences in means.


Like the nodule population, nodule dry weight per plant for all the bio-inoculants were significantly higher than that for the control (Figure 2 and Table 4). Inoculation significantly increased nodule dry weight per plant from 11.4 mg (control) to an average of 135 mg (Table 4). The nodule dry weight of a particular treatment at a specific site generally was not related to those with nodule population due to the variation in the nodule sizes. Thus, treatment with the highest number of nodules may not necessarily have the highest nodule dry weight because of variability in nodule sizes. Although significantly more nodules were formed on soybean roots in Nampula (Figure 1), the nodule dry weight (data not presented) did not show any notable trend for the different bio-inoculants and seasons due to the high variability in the data. According to the manufacturer's specifications, Masterfix had the highest units forming colonies per gram (5.0 × 109 CFU g−1) (Table 3). When bio-inoculants were averaged across environments, Masterfix formed heavier nodules per plant (163.0 mg) against the lowest value of 115.1 mg for Soygro liquid (Table 4). In addition, nodulation was distinct by season; nodules formed in 2016 (142.3 mg per plant) were significantly heavier than in the 2017 growing season with 126.7 mg when averaged across the bio-inoculant source although the reverse was observed in Ruace, where 2016 had lighter nodules than 2017.


Table 4. Site nodule weight (plant−1) in the 2016 and 2017 growing seasons.
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Biomass Quality at the R3 Stage

The results indicated that there were no statistical differences in the plant tissue N content at podding stage across sites. However, nitrogen content in the plant tissue for the varieties in Angonia and Nampula in 2016 were different (Table 5) and there was a significant interaction between variety and bio-inoculant at Nampula in the same season. In the 2016 growing season, Storm plant tissue had a significantly higher percent N than that for TGx 1904-6F for both sites at Angonia and Nampula. The N tissue contents for Ruace 2016, Angonia, and Nampula 2017 were comparable at 4.4, 3.3, and 4.0%, respectively (Table 5). At Nampula in 2016, the plant tissue N content for the varieties varied with the bio-inoculant application. Plant tissue of Storm plants inoculated with Nitrofix had the highest N content (250.3 kg N ha−1), while the control had the lowest (110.8 kg N ha−1), which was not different from that of Soygro liquid bio-inoculant. On the other hand, TGx 1904-6F plants inoculated with N-fixer had the highest tissue N content (214.3 kg N ha−1), whereas the control was the lowest (102.9 kg N ha−1). The Storm had more N in biomass at 165.9 kg N ha−1 than TGx 1904-6F with 147.7 kg N ha−1 (Figure 3). Storm development is faster than the TGx 1904-6F, which is a medium maturity variety. There were more pods initiated on Storm than TGx 1904-6F by the time of sampling hence higher N demand for the variety. In general, the application of bio-inoculants resulted in more plant N uptake at the Nampula site, which had the lowest number of indigenous rhizobia.


Table 5. Varietal differences of mid-season biomass (R3) percent nitrogen content of inoculated soybean.
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[image: Figure 3]
FIGURE 3. N uptake by soybean at the beginning of podding (R3) stage in Nampula in 2016. Small letters on the bars indicate no significance while different letters show significant differences in means.




Yield and Yield Components

The data showed that site effects were prominent for yield components. Therefore, the components were analyzed for each site and season averaged across varieties. Only Masterfix and NitroZam increased 100-seed weight at Angonia in 2016, whereas in 2017, four bio-inoculants, including Biofix, Masterfix, Nitrofix, and NitroZam, increased the 100-seed weight at this site (Table 6). No significant response to inoculation occurred for 100-seed weight at Nampula and Ruace except for the increase in 100-seed observed for N-Fixer at Ruace in 2017. Across all the sites, soybean seeds were bigger in the 2017 than in the 2016 season. Harvest biomass, on the other hand, was not affected by inoculation in Angonia and Ruace in both seasons. In Angonia, harvest biomass ranged from 5,077 kg ha−1 for the control to 8,899 kg ha−1 for the NitroZam treatment, whereas in Ruace it ranged from 4,533 kg ha−1 for the control to 6,343 kg ha−1 for the Nitrofix treatment (Table 7). However, the harvested biomass of all the bio-inoculant treatments in Nampula was significantly higher than that of the control in both seasons. NitroZam resulted in the highest harvest biomass in 2016, whereas plants inoculated with Nitrofix had the highest harvest biomass in 2017 in Nampula. As observed earlier for 100-seed weight, more harvest biomass was produced in 2017 than in 2016 averaging 7,360 and 5,126 kg ha−1, respectively, across varieties and sites.


Table 6. 100-Seed weight (g) of inoculants during the 2016 and 2017 growing seasons at three sites Angonia, Nampula, and Ruace.
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Table 7. Harvest biomass (kg ha−1) inoculants during the 2016 and 2017 growing seasons at Angonia.
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Inoculation did not have any significant effect on the number of pods produced by individual soybean plants nor did it affect the number of seeds per pod. However, variety differences were observed for seed pod−1 and 100-seed weight for most of the environments except for Nampula in 2017 (Table 8). The number of seeds pod−1 was statistically higher for Storm than that for TGx 1904-6F in all environments. Storm had bigger seeds across sites and seasons with an average 100-seed weight of 15.4 g compared to that of TGx 1904-6F, which averaged 13.1 g (Table 8). Our data also showed that variety and bio-inoculant interaction had an inverse relationship between the seeds pod−1 and pods plant−1 at Ruace in the 2017 growing season (Figure 4). As the pods plant−1 increased, the seeds pod−1 declined linearly with an r2 = 0.84. Yield components namely pods per plant, seeds per pod, and seed weight are important parameters that determine yield. These components have a complex relationship that could either be counteractive or complementary in determining yield within different agroecologies.


Table 8. Yield components varietal differences of inoculated soybean.
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[image: Figure 4]
FIGURE 4. Variety by inoculant interactions of pods per plant and seeds per pod at Ruace in the 2017 growing season.


Bio-inoculant application increased grain yield in all environments compared to the control, although the yield differences were generally not significant (Figure 5). In Angonia, inoculation with N-fixer gave the highest yield increase of 806 kg ha−1 for Storm, whereas Masterfix resulted in the greatest yield increase of 768 kg ha−1 for TGx 1904-6F in 2016. Similarly, yield increases in Nampula due to inoculation were also higher in 2016 than in 2017 for TGx 1904-6F. NitroZam had the best performance on both Storm and TGx 1904-6F in Nampula; almost tripling Storm yield from 701 kg ha−1 to 2,000 kg ha−1 and TGx 1904-6F by 2.3 times from 1,350 kg ha−1 to almost 3,100 kg ha−1. At Ruace, the highest yield increase of 70% (1,000–1,700 kg ha−1) occurred in 2016 for Storm when inoculated with either Biofix, Masterfix, Nitrofix, or NitroZam. TGx 1904-6F in combination with NitroZam produced the highest yield for that variety at Ruace in 2017. NitroZam doubled the yield of TGx 1904-6F from 1,350 to 2,900 kg ha−1. Generally, grain yields for TGx 1904-6F were higher than that for Storm when average across bio-inoculant treatments, sites, and seasons (Table 8). All the bio-inoculants had statistically higher yields than the control for Storm in Angonia 2016 and Nampula 2016, 2017, and for TGx 1904-6F in Nampula 2016, 2017 and Ruace 2017. Inoculation yield was significantly higher than the control for Storm in Angonia 2016 at 1,550 vs. 966 kg ha−1, Nampula 2016 at 1,583 vs. 701 kg ha−1, and Nampula 2017 at 1,466 vs. 791 kg ha−1. Inoculating TGx 1904-6F, on the other hand, yielded distinctively over the control in Nampula 2017 at 2,341 over 1,449 kg ha−1 and Ruace 2017 with 2,500 against 1,366 kg ha−1 (Figure 5). The interaction between variety and bio-inoculant on yield was diverse within each environment either numerically or statistically different from the control. For instance, in Angonia 2016, N-Fixer and Soygro liquid yields were numerically different from the control but not statistically distinct. In the same site in 2017, the application of bio-inoculants led to a numerically higher yield but not significantly above the control. Inoculation yielded 1,973 kg ha−1 against the control with 1,741 kg ha−1 for Storm, whereas only NitroZam bio-inoculant (2413 kg ha−1) had a significantly higher yield than the control with 1,913 kg ha−1 (Figure 5). At Angonia, yield did not generally respond to the bio-inoculant application in both seasons except for NitroZam in 2017. Our results show that the production of soybean gave yield between 701 and 1,741 kg ha−1 for Storm and between 1,019 and 1,913 kg ha−1 for TGx 1904-6F, while the yield range for inoculating Storm was 1,086 kg ha−1 and for TGx 1904-6F was 1,357–2,941 kg ha−1 (Figure 5). These results show that inoculation leads to an increase in soybean yield.
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FIGURE 5. Inoculated soybean yield in (A) Angonia 2016, (B) Angonia 2017, (C) Nampula 2016, (D) Nampula 2017, (E) Ruace 2016, and (F) Ruace 2017 growing seasons. Small letters on the bars indicate no significance while different letters show significant differences in means.


Contrast analyses confirm the importance of inoculation and the differences in the variety productivity (Figure 6). However, the different yield gains due to the application of bio-inoculant and variety used were more pronounced in Nampula than Angonia and Ruace. At Angonia, bio-inoculant application regardless of grade/carrier led to a yield increase of 425 kg ha−1. When segregated by the carrier, liquid-based bio-inoculant resulted in an average yield increase of 201 kg ha−1, while the peat-based bio-inoculant gave a higher yield increase averaging at 462 kg ha−1 (Figure 6). At the Nampula site, the yield increase with the application of bio-inoculants was 1,103 kg ha−1, which decreased for a liquid-based carrier to 610 kg ha−1, but was higher for peat-based bio-inoculants (1,185 kg ha−1). Similarly, yield increased by 608 kg ha−1 following the use of any bio-inoculant, but the average yield was 331 kg ha−1 for liquid-based bio-inoculant, whereas that for the peat-based bio-inoculants was 653 kg ha−1. In essence, although inoculation led to an increase in yield, peat-based bio-inoculants gave a higher yield than liquid-based bio-inoculant. The variety selected also affected yield gains. At all the sites, changing from using TGx 1904-6F instead of Storm increased yield by 117 kg ha−1, 1,019 kg ha−1, and 790 kg ha−1 in Angonia, Nampula, and Ruace, respectively. More yield gain occurred in Nampula with the use of bio-inoculants, as well as changing from a non-promiscuous variety Storm to a promiscuous TGx 1904-6F.


[image: Figure 6]
FIGURE 6. Yield gain upon application of inoculants in Angonia (A), Nampula (B), and Ruace (C) across two growing seasons in 2016 and 2017.





DISCUSSIONS


Bio-Inoculants Attributes and Response to Inoculation

Soil analysis indicated differences in nutrient content between the sites. Apart from the bio-inoculant application, other soil nutrients are necessary for the effectiveness of the BNF process and fertilizer use. As such, soils in the Nampula site are likely to respond to P, K, and Mg application, while the effect of N application would be prominent in Angonia. Since P availability in the soil enhances the response of bio-inoculant applications, its use in Nampula would likely lead to improved biological N fixation. Soil characteristics indicate that response to the bio-inoculant application on soybean would be observed more in Angonia and Nampula than Ruace. The response to inoculation would also depend on the concentration and viability of the strain contained in the bio-inoculant. The concentration of viable rhizobia strains and their survival in the carrier is an indicator of the effectiveness of a bio-inoculant. In our study, Masterfix bio-inoculant had the highest CFU g−1 (Table 3) and was expected to form more nodules, especially in Nampula where the native rhizobial population was low, but this was demonstrated at Ruace in 2016 (Figure 1) and in terms of the average nodule dry weight (Table 4). Vandeir et al. (2020) reported that Masterfix bio-inoculant with 6.91 × 108 CFU mL−1, which had a higher concentration of Azospirillum cells resulted in more agronomic activity leading to more root, shoot biomass, and yield than Nitro 100 with 4.79 × 108 CFU mL−1 in rice. These results agree with our finding that Masterfix with 5.0 × 109 CFU g−1 led to more nodulation in most of the environments. Perhaps due to the large number of CFU in the bio-inoculant, more cells were able to form associations with the host plant. Inoculation led to the formation of more nodules in Nampula than that at the other two sites (Figure 1), which could be due to the low population of indigenous rhizobia in the soil at Nampula. The presence of a large population of native rhizobia in the soil affects the effectiveness of bio-inoculant strains because of the competition for nodule formation and nodule occupancy on roots (Thies et al., 1991). Perhaps there was less competition from the resident strains in Nampula leading to more nodule formation compared to that in Angonia and Ruace, which had a relatively large indigenous population. Nodulation occurred in the non-inoculated plots, which indicates that the indigenous rhizobia also formed nodules but were not as effective as the bio-inoculant strains. Therefore, there is a need for bio-inoculant application to boost soybean production in Mozambique.

Bio-inoculant carrier influences the effectiveness of inoculation response (Vandeir et al., 2020). Peat-based bio-inoculants are the most popular in Mozambique, but there is a liquid-based bio-inoculant formulation produced in South Africa, which could be available to soybean producers in the country. Hence, the inclusion of the liquid-based bio-inoculant to test the efficacy in relation to the peat-based bio-inoculant. Peat has been shown to protect the rhizobia strains better than liquid carriers (Thao et al., 2002). Inoculating soybean with peat-based bio-inoculant resulted in more nodulation than the liquid-based counterparts in Vietnam (Thao et al., 2002). They reported that the peat-based bio-inoculants formed on average 16 nodules plant−1 with a dry weight of 351 mg plant−1, which was statistically higher than that for the liquid-based bio-inoculants with 12 plant−1 and 280 mg dry plant−1, respectively. These results agree with our findings where the peat-based bio-inoculants led to more nodulation and hence increased yield over the liquid-based bio-inoculant in Angonia 2016, Ruace 2016, and Ruace 2017. Therefore, it is evident that peat-based bio-inoculants hold a higher potential in increasing the nodulation of soybean in Mozambique than the liquid-based bio-inoculants. This could be attributed to the difference in the handling and management of the bio-inoculants before planting and the soil conditions in which the rhizobia strains are introduced. Peat seems to offer better protection to the bio-inoculant strains both during transportation, as well as when in the soil before attaching to the host plant (Vandeir et al., 2020). However, contrasting results were reported in Gauteng and Northwest province of South Africa where more nodules were formed on soybean with liquid than peat bio-inoculant (Gatabazi et al., 2021). Since rhizobia strains contained in the bio-inoculants are live cells, its packaging defines handling and transportation logistics for a country like Mozambique, where all the soybean bio-inoculants are imported from as far as the South American continent. Peat bio-inoculants have a better buffer capacity for the strains against environmental factors like temperature during transportation, storage, or soon after application. Peat-based bio-inoculants have also been shown to outperform liquid bio-inoculants in rice (Vandeir et al., 2020). In this study, peat-based bio-inoculant Nitro 1000 led to better plant development than its liquid counterparts. The low capacity of African agricultural systems to store bio-inoculants in good conditions for a long time has been reported (Woomer et al., 2014). Due to the lack of storage facilities among the smallholder farmers in Mozambique, the likelihood of liquid-based bio-inoculant quality deteriorating before the application is high because of the low buffering capacity offered to the rhizobia strains.



Nodulation and Biological Nitrogen Fixation

Plant tissue N is translocated to the reproductive parts during growth and development. However, some of the N remains in the nonreproductive plant parts and could be recycled back into the soil to improve soil fertility. Soybean acquires its N both from the soil directly and through the BNF process that takes place effectively when an appropriate rhizobia strain is present to form symbiotic associations with the host plant. The soils in Nampula had a very low population of soybean rhizobia strain (Table 2), because there was no competition from the resident rhizobia leading to more attachment by the introduced cells to the soybean roots. Legumes growing in soils with low populations of indigenous rhizobia increase nodulation when the right strain is applied (Sanginga et al., 2002; Majengo et al., 2011). Our finding corroborates with a study conducted in Eastern Ethiopia where nodulation increased in common beans planted in soils with different populations of indigenous rhizobia (Argaw and Angaw, 2015). In the same study, there were more nodules formed with an increase in the native rhizobia from 82.3 for soils with <100 common bean rhizobia g−1 soil to 186.7 for soils with more than 1,000 common bean rhizobia g−1 soil. As the indigenous rhizobia strains increased, the number of nodules formed on the common bean roots was also higher. Although promiscuous soybean varieties can form nodules freely with indigenous strains, the application of bio-inoculant improved nodulation (Sanginga et al., 2002; Osunde et al., 2003; Gitonga et al., 2011). Our results also showed that nodulation increased with the inoculation of the promiscuous variety TGx 1904-6F more than that for the non-promiscuous Storm.

Although our study did not determine nodule occupancy and activity of the nodules, plant N uptake at the R3 stage was measured. The amount of N accumulated in the plant tissue and yield obtained to serve as pseudo indicators of the BNF process following inoculation. It is presumed that improved nodulation leads to an increased BNF process that avails more N for plant growth and development. The soybean varieties had accumulated different amounts of N in their tissues at the R3 stage. Our results show that inoculated non-promiscuous variety Storm accumulated more N than promiscuous TGx 1904-6F at the R3 stage. Storm is an early maturing soybean variety, hence accumulated N at a faster rate during growth and development than the TGx 1904-6F. Inoculated soybean has been shown to accumulate more than 42% of the total N by the R3/R4 (beginning of podding to beginning of seed) than the inoculated counterparts (Sanginga et al., 1997). Early maturing promiscuous soybean varieties attain maximum N accumulation earlier than medium to late maturity groups. Sanginga et al. (1997) reported that IAC 100 reached maximum N accumulation at R1/R2 stages (beginning of flowering to full boom), while the late maturity promiscuous soybean variety TGx 1519-1D peak was at R3/R4 stage. Our findings where Storm had more tissue N content confirm this study's report (Table 5). Based on the biomass amount at the R3 stage, the total N accumulated in the plants per hectare was determined (Figure 3). Nitrogen accumulated in the plant biomass at the R3 stage increased with inoculation but was distinct with bio-inoculant interaction with the soybean variety. Other studies have reported an increase in N amount accumulated in plant tissue due to inoculation (Gitonga et al., 2011; Savala et al., 2021, 2022; Omari et al., 2022). Storm accumulated more N per ha for the Biofix, Masterfix, Nitrofix, and NitroZam, while TGx 1904-6F had more N when inoculated with N-Fixer and Soygro. These findings contrasted with results from another study in the same locations of Angonia and Ruace where early maturity promiscuous soybean variety TGx 1740-2F accumulated more N by the R3 stage than Safari a non-promiscuous variety (Savala et al., 2021). This signifies that the amount of N tissue at the R3 stage could be variety-related rather than the differences in promiscuity. Not all the amount of biomass N accumulated is translocated to the reproductive parts. Part of the N remains in the biomass and could be recycled back into the soil and added to the residual N for use by the next crop. Inoculation leads to more biomass N accumulation that is important for improving soil N (Omari et al., 2022). Our results confirmed that inoculation leads to more biomass production in all the sites (Table 7). Therefore, we infer that inoculating soybean not only increases the yield but also leads to more biomass production that is important in improving the soil nitrogen through recycling. As such, recycling of inoculated soybean harvest biomass contributes to improving the overall soil health thereby reducing the need for external N sources.



Economic Importance of Bio-Inoculants for Soybean Production

The interaction between the environment, on one hand, and bio-inoculant or variety affected yield components, such as 100-seed weight, seed pod−1, and pods plant−1, differently. This interaction is significant in defining the suitability of bio-inoculants and soybean variety adaptation in specific locations. Although not all applied bio-inoculants resulted in an increase in 100-seed weight, Biofix, Masterfix, Nitrofix, and NitroZam gave higher values than the control in Angonia. The a pplication of bio-inoculants in soybean has been reported to result in increased seed quality and weight that positively increases yield (Gitonga et al., 2011; Tavanti et al., 2020). On the other hand, environment and variety interaction affected 100-seed weight, seeds pod−1, and pods plant−1 (Table 8). Storm had a statistically higher 100-seed weight in all environments than TGx 1904-6F. The 100-seed weight was not affected by the bio-inoculant differences as it is a characteristic controlled more by the genotype's genetic capability. Although the seed weight slightly increased following inoculation, the difference was not statistically significant. Increased numerical values of 100-seed weight were also demonstrated in a study that assessed the productivity of two soybean cultivars upon application of N mineral fertilizers and seed inoculation with Bradyrhizobium diazoefficiens (Ksiezak and Jolanta, 2022). Other yield components that are affected with inoculation are seeds pod−1 and pods plant−1. In our study, we confirmed that seeds pod−1 did not increase with the application of bio-inoculants but rather varied with variety. Storm gave statistically more seeds per pod in four environments, while TGx 1904-6F had many seeds pod−1 in Angonia 2016 only. Like 100-seed weight, seeds pod−1 plant trait is affected more by the genetics of the plant in soybean. However, past studies have reported a greater number of seeds pod−1 following inoculation. Lamptey et al. (2014) and Ksiezak and Jolanta (2022) demonstrated that soybean formed more seeds pod−1 due to inoculation. In these studies, bio-inoculants were combined with other nutrients, such as iron and nitrogen, making it complex to attribute the increase in seeds pod−1 to rhizobia strain.

Improvement in soybean yield due to inoculation has been widely documented. Our study did not fall short of ascertaining the same findings but also showed that variety selection affected soybean yield differently in the specific sites. It was more advantageous growing TGx 1904-6F in Nampula than Storm, whereas both varieties yielded comparable in Angonia. Gitonga et al. (2011) also reported a higher yield between 27.8 and 39.3% of Biofix inoculated TGx 1869 and TGx 1893 promiscuous soybean over the non-promiscuous Gazelle variety at Kaguru, Meru District in Kenya. Similar results have also been documented at Ruace in Mozambique where TGx 1740-2F out-yielded Safari (Savala et al., 2022). In the same study, inoculated Safari gave more yields than TGx 1740-2F at Angonia. Though our yield analysis indicates that promiscuous soybean TGx 1904-6F performed better than Storm, it is profound that there exists a difference in variety suitability for various specific agroecological sites. Therefore, variety selection should consider existing climatical and soil conditions for each site. For instance, Angonia and Ruace have suitable soil conditions and weather for soybean production, hence, both promiscuous and non-promiscuous varieties can be produced. However, the selection of the variety will depend on the weather forecast especially expected season rainfall distribution and amount. Yield also increased with inoculation, but the productivity varied with the site. Bio-inoculant effect on yield was distinct with carrier too. Peat-based bio-inoculants had higher yields than their liquid counterparts. As earlier reported, in the nodulation section, environmental factors could have affected the efficacy of the liquid-based bio-inoculants hence leading to low symbiotic associations for the BNF process. With reduced BNF process in liquid-based bio-inoculant across the sites, the low nitrogen necessary for seed development could have been fixed. This study confirms findings that peat bio-inoculant yielded more than liquid-based bio-inoculants. A study conducted in Vietnam also reported that peat-based bio-inoculants yielded 2.00 and 2.18 t ha−1 against the liquid-based counterparts 1.96 and 2.12 t ha−1 for two rhizobia strains designated as G5 and G6, respectively (Thao et al., 2001). Contrasting studies have also shown that liquid-based bio-inoculant yields more than peat-based bio-inoculants (Hungria et al., 2020; Gatabazi et al., 2021). This justifies that both liquid and peat-based bio-inoculants lead to increased yield in soybean although their effectiveness would depend on handling and the prevailing agroecological conditions. Although bio-inoculants lead to improved productivity in soybean, the key to their effectiveness could lie in the handling and prevailing environmental conditions. The bottom line is that inoculation is necessary for increasing soybean yield. The availability of bio-inoculants holds the potential for better soybean yields for smallholder farmers in Mozambique. This study showed that the use of bio-inoculants increased yield between 201 and 462 kg ha−1 (Figure 6). Considering the cost of bio-inoculants in Mozambique at USD 10 per hectare and the grain selling price of USD 0.90 kg−1, the use of bio-inoculants would result in a monetary profit of USD 170.9–405.8 per hectare.




CONCLUSION

Application of bio-inoculants has the potential of increasing soybean production in Mozambique regardless of the strain carrier material. Both liquid- and peat-based bio-inoculants led to increased nodulation and yield of soybean over the control. Inoculation improved nodulation and yield at different proportions in soybean production regardless of the strain carrier material depending on the agroecological conditions, such as the population of indigenous rhizobia strain. There was more increase in nodulation in the Nampula site that had the lowest number of indigenous rhizobia strains. However, more nodules and yield were observed with the application of peat-based bio-inoculants than the liquid-based counterparts. The economic gain from yield improvement justifies the use of bio-inoculants for soybean production in Mozambique. This can be further increased if the country produces bio-inoculants locally. Locally producing bio-inoculants has the potential of reducing the cost of the input and will make it accessible and affordable for smallholder farmers in Mozambique. As noted in the study, inoculation improved plant development and production of more biomass with high N content. The magnitude of plant development and biomass production due to the application of bio-inoculants depends on the prevailing agroecological conditions. There was more biomass production in Angonia and Ruace than Nampula site. Angonia and Ruace agroecologies receive relatively more rains and are more suitable for soybean production than Nampula. This biomass could be recycled back to the soil to improve the fertility status, especially N content that would benefit the subsequent crop. In addition to bio-inoculant use, more study is required by the breeders to produce better phosphorus scavenging promiscuous soybean that would effectively form symbiotic associations with indigenous rhizobia strains. Moreover, additional study is required to ascertain nodule occupancy and activity when bio-inoculants are applied in soils with native rhizobia, especially for the promiscuous soybean varieties.
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