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Inoculation of soybean [Glycine max (L.) Merr.] with rhizobia strains is a low-cost investment which can increase yields of smallholder farmers in Mozambique. The performance of four Bradyrhizobium strains was evaluated to identify the best strain to inoculate soybean grown in different agro-ecologies. Field experiments were conducted in three ecological zones in 2018 and 2019 using soybean variety Zamboane inoculated with Bradyrhizobium diazoefficiens strain USDA 110, B. japonicum strains USDA 136, USDA 442 and WB74, and a non-inoculated control in a randomized complete block design with four replications. Indigenous rhizobia populations at the sites ranged from 9.0 x 101 to 2.2 x 103 cells g−1 soil. All four strains increased nodulation, but USDA 110 was superior at two sites with low native rhizobia population, whereas USDA 442 and WB74 were the best at the site with relatively high native rhizobia population. On an average, the strains doubled the number of nodules and increased the dry weight up to 5.8-fold. Inoculation increased shoot dry weight and N content at podding, plant biomass, and number of pods plant−1 across sites but the effects of the strains on seeds per pod, and 100-seed weight were inconsistent. Shoot N content did not differ among inoculant strains and ranged from 15.70 g kg−1 in the control to 38.53 g kg−1 across inoculation. All four strains increased soybean grain yield across sites in 2018 but USDA 110 outperformed the other strains and was also the best at one of the two sites in 2019. Grain yield responses associated with USDA 110 ranged from 552 kg ha−1 (56%) to 1,255 kg ha−1 (76%). Positive correlations between nodule dry weight plant−1 and seed yield, and number of pods plant−1 and grain yield were observed. The gross margin ranged from $343.50–$606.80 ha−1 for the control, but it increased to $688.34–$789.36 when inoculants were applied. On an average, inoculation increased gross margin by $182.57-$395.35 ha−1 over that of non-inoculated control in 2018 but drought stress in 2019 reduced the benefit. The results demonstrate that USDA 110 was the best inoculant strain and has the potential of increasing smallholder productivity and net returns.
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Introduction

Soybean is one of the most widely grown crops in the world with USA, Brazil, Argentina, China, and India being the major producers (Chang et al., 2015). The grain contains about 40% protein and 20% oil; hence, it is in high demand for human nutrition, feed for livestock and for use as industrial raw material. In Sub-Saharan Africa (SSA), soybean is also an important component of the smallholder farming systems because of its ability to fix atmospheric nitrogen (Sanginga et al., 2002; Rusinamhodzi et al., 2012). Soybean production in Mozambique is relatively new and it is mainly produced in the medium to high altitude agroecologies with average annual rainfall above 1,200 mm which are in Zambézia, Tete, Nampula, Niassa and Manica provinces. There is a growing interest among smallholder farmers especially in Zambézia and Tete provinces which produce over 70% of soybean in Mozambique because of the steady increase in demand from the domestic poultry industry for chicken feed; thus, there is ready market with attractive farmgate prices. Despite the high demand, soybean producers in Mozambique, largely smallholder farmers (over 95%) are not able to meet the domestic demand because of low yields due to poor agronomic practices and lack of inputs (Matteo et al., 2016). FAO statistics indicate that 55,000 and 75,000 tons of soybean grains were produced in 2019 and 2020, respectively with estimated four-year (2016–2020) average yield of 1.4 ton/ha (FAOSTAT, 2022). The demand gap is met by imported soybean cake from Brazil, Argentina, and India. Several interventions have been proposed to address the low productivity challenges faced by smallholder farmers but the most significant and affordable one is soil fertility improvement using rhizobia inoculants which supply atmospheric N to the crop.

Soybean requires high amount of N for optimum growth and productivity due to the high seed protein content (Hungria and Kaschuk, 2014; Hungria and Mendes, 2015). The N requirement is met by inorganic N uptake from the soil and through symbiotic nitrogen fixation in association with compatible and effective rhizobia strains in the rhizosphere of the plant. The rhizobia infect and colonize the soybean roots inducing nodule formation through complex chemical mediated signals between the rhizobia and the soybean plant involving isoflavones and lipochitooligosaccharide (LCO) molecules (Gage, 2004; Vieira et al., 2010; Smith et al., 2015). N2 fixation occurs in the nodules and exported to other parts of the plant tissues to meet the N demand and protein synthesis. Under favorable conditions, soybean can meet up to 94% of its N needs through N2 fixation (Hungria et al., 2006; Salvagiotti et al., 2008; Gyogluu et al., 2016) and contribute significantly to improve soil N for subsequent crops in rotation (Sanginga et al., 2002; Rusinamhodzi et al., 2012). Hence, it reduces the amount of inorganic nitrogen fertilizer required in smallholder farming systems where the use of inorganic fertilizers is limited. However, N uptake by soybean plant through N2 fixation is often limited by many factors including environmental conditions, absence of adequate population of compatible, efficient and competitive indigenous rhizobia (Thies et al., 1991; Brockwell et al., 1995; Giller, 2001). It is difficult for smallholder farmers to apply the required external inputs such as N and P fertilizers since they are expensive and unaffordable (Kyei-Boahen et al., 2017). Therefore, a low cost-investment such as rhizobia inoculation which costs about $10 ha−1 is becoming increasingly important due to affordability and economic incentives associated with the practice (Kyei-Boahen et al., 2017; Savala et al., 2021, 2022). Maximizing N2 fixation by selecting competitive and effective inoculant strains would improve soil N content, increase crop productivity, and contribute to agricultural sustainability.

Several studies have demonstrated the benefits of using microbial inoculants in SSA (Masso et al., 2016; Kyei-Boahen et al., 2017; van Heerwaarden et al., 2017; Chibeba et al., 2020; Savala et al., 2022). In Mozambique, Gyogluu et al. (2016) reported that rhizobia inoculated soybean fixed up to 200 kg N ha−1 which accounted for 90% of N nutrition leading to 500 kg ha−1 yield advantage over the non-inoculated counterpart. Similar results of better crop growth and development, higher grain yields and profitability using microbial inoculant have been reported in soybean from Mozambique (Chibeba et al., 2020; Savala et al., 2021, 2022). In a Large-scale study in 10 SSA countries including Mozambique, Malawi and Zimbabwe, van Heerwaarden et al. (2017) reported more than 200 kg ha−1 yield increases in soybean due to rhizobial inoculation. A meta-analysis study of various soybean experiments conducted in Ghana showed 60% yield increase in the inoculated plants compared with the non-inoculated plants (Buernor et al., 2022). Masso et al. (2016) and Ronner et al. (2016) reported significant yield response of 447 kg ha−1 and 426 kg ha−1, respectively to rhizobial inoculation in soybean. In most of these studies, the application of rhizobia together with P fertilizer increased soybean grain yields more than applying rhizobia or P alone suggesting that external P input is key for maximizing soybean yield response to inoculation in most soils in SSA.

There is consensus in the literature on the positive impacts of rhizobia inoculant strains on soybean productivity through N2 fixation but the results vary since it depends on many factors including the rhizobia strain. A particular strain may perform well in a specific agro-climatic zone but may fail in another agro-climatic zone due to poor adaptability (Thilakarathna and Raizada, 2017; Mendoza-Suárez et al., 2021). In Nigeria, Okereke et al. (2000, 2001) assessed the competitiveness and performance of several Bradyrhizobium strains and found that USDA 110 and USDA 122 were superior in nodule occupancy, nodule formation and yield gain. They also observed that the variables were influenced by the interaction effects of rhizobia strains, soybean cultivar and location. Ulzen et al. (2016) reported no differences in nodulation and grain yield between inoculants containing strain 532C and USDA 110 in soils with <10 rhizobia cells g−1 soil in Ghana. Limited information is available on the performance of rhizobia strains in tropical soils.

Although rhizobia inoculant production in SSA is a recent development, production in Mozambique is lacking and therefore smallholder farmers depend on products imported from Brazil, South Africa, Malawi and other countries. Most of the soybean inoculants in SSA contain strain USDA 110 but there are other Bradyrhizobium strains in the USDA Collection known to be effective and efficient in establishing symbiotic association with soybean which have not been tested widely in SSA. Therefore, the objective of this study was to evaluate the symbiotic performance of B. japonicum strains USDA 136, USDA 442 and WB74 (USDA 122) with the widely used B. diazoefficiens strain USDA 110 in three agro-ecologies with varying levels of indigenous rhizobia population for possible use as inoculant for soybean in Mozambique.



Materials and methods


Description of experimental site

The experiments were conducted at three locations with sandy clay loam soils in Mozambique in 2 years during the 2017/2018 and 2018/2019 cropping seasons. In the first year, the trial was established at Muriaze (15.2737° S, 39.3133° E; 360 m.a.s.l.) in Nampula province; Namarripe (15.3508° S, 36.7888° E; 776 m.a.s.l.) in Zambezia province and Vila Ulongué (14.7472° S, 34.3683° E; 1211 m.a.s.l.) in Tete province. In the second year, the experiment was conducted at two locations: Namarripe and Vila Ulongué due to logistics reasons. The sites have unimodal rainfall that starts in late November and ends in April averaging 900 mm at Muriaze, 1,500 mm at Namarripe and 1,400 mm at Vila Ulongué. During this period, average maximum temperatures are about 29, 26 and 24°C at Muriaze, Namarripe and Vila Ulongué, respectively, whereas minimum temperatures are 21, 18 and 16°C. Mini Weather Stations (WatchDog 2800 series, Spectrum Technologies, Inc, IL, USA) were installed at each site to collect rainfall data and daily minimum and maximum temperatures during the trial period (Figure 1).


[image: Figure 1]
FIGURE 1
 Daily rainfall and temperature at the experimental locations during the 2017/2018 and 2018/2019 cropping seasons at Muriaze, Namarripe, and Vila Ulongué, Mozambique.


The sites are low input managed fields with maize, fallow and sesame cropping history in the three seasons preceding the current study at Muriaze, maize, fallow, and maize at Namarripe and maize, groundnut, and maize at Vila Ulongué. Based on the Soil Atlas of Africa, the predominant soil type at Muriaze is Haplic Lixisols, and Namarripe and Vila Ulongué are Chromic Luvisols (Jones et al., 2013). Ten soil samples were randomly taken from 0 to 30 cm soil layer using a soil auger from each site 1 week before sowing and combined into a composite sample and four subsamples of the composite from each site were taken to the laboratory for chemical and microbiological analyses (Table 1). The pH was determined using a high impedance voltmeter on 1:2 soil-water suspension (McLean, 1982). Total organic carbon was determined by Walkley-Black Method (Nelson and Sommers, 1996), total N was determined by The Kjeldhal method (Bremner and Mulvaney, 1982), P was determined by Olsen's method (Olsen and Sommers, 1982) and K was determined using ICP-OES after extraction with Mehlich 3 (Mehlich, 1984). Soil subsamples for microbial assay were stored at 4°C until used.


TABLE 1 Soil properties (0–30 cm) and rhizobia population at the study sites.
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Estimation of soil rhizobia population

Soil samples taken from the three experimental sites were used to estimate the populations of indigenous rhizobia using the most probable number (MPN) technique (Vincent, 1970). Soybean genotype TGx 1987-62F was used as the trap host. The seeds were surfaced sterilized with 95% alcohol for 10 s to remove waxy substances and air bubbles. Another sterilization was conducted for 2 to 5 min in 3% hydrogen peroxide and rinsed with sterile distilled water for 5 to 6 times. The seeds were allowed to fully imbibe sterile distilled water for 4 h (Somasegaran and Hoben, 1994) and pre-germinated in Petri dishes that contained moist sterile tissue and incubated at 28 °C for 48 h. Upon emergence of the radicle, seedlings with straight radicles were selected and transferred aseptically to plastic growth pouches containing 50 ml N-free plant nutrient solution (Broughton and Dilworth, 1970) using forceps. The growth pouches were arranged in a wooden rack and kept in the greenhouse for 1 week prior to inoculation. Ten steps, ten-fold (10−1 to 10−10) serial dilution was employed for the estimation of the total number of rhizobia in the soil samples respectively using saline solution (0.89% NaCl) as the diluent. Each growth pouch was inoculated with 1 ml of the diluent replicated four times changing pipette tips to prevent contamination. The plants were watered with sufficient N—free nutrient solution when required. Nodulation was assessed after 28 days based on the presence or absence of root nodules. The MPN of each bradyrhizobia population at each site was determined using the most probable number enumeration system (MPNES) (Woomer et al., 1990).



Experimental layout and treatment

Soybean variety Zamboane (TGx 1904-6F), a promiscuous and widely grown variety across the three agro-ecologies was used. It is a medium-maturing variety with 102-105 days growth cycle released by the Instituto de Investigação Agrária de Moçambique (IIAM) (National Research Institute of Mozambique) and International Institute of Tropical Agriculture (IITA). Bradyrhizobium diazoefficiens strain USDA 110 and B. japonicum strains USDA 136 and USDA 442 were obtained as single strain inoculants formulated as granular peat containing 2.5 x 109 colony-forming units (CFU) g−1 inoculant from National Rhizobium Germplasm Resource Collection, US Department of Agriculture (USDA-ARS SGIL, Beltsville, MD). These strains were selected based on their competitiveness and effectiveness (Patrick Elia, USDA-ARS SGIL, personal communication; Arachchige et al., 2020). USDA 110 is the most widely used strains in most inoculants in SSA. B. japonicum WB74 (USDA 122) was obtained as commercial inoculant strain from Soygro Pty, South Africa as additional strain for the study. The Soygro inoculant was formulated as peat-based powder containing 1.0 x 109 CFU g−1 inoculant. The experimental design was randomized complete block with four replications. The treatments consisted of non-inoculated control and the four strains placed in the sowing furrows before sowing the seeds. The inoculation application rate was 10 kg ha−1 for the inoculant received from USDA and 20 kg ha−1 for Soygro WB74. The concentration of the rhizobia cells in the Soygro product was half that obtained from USDA; therefore, the application rate for WB74 was doubled to ensure similar number of rhizobial cells of each strain. Basal application of 40 kg P2O5 ha−1 as Triple Superphosphate (TSP) was done at planting. The total experimental area was 18.6 m in length and 18 m wide and each plot consisted of 3 m by 2.5 m with 1.5 m between plots and 2 m between blocks. The row spacing was 0.5 m and intra-row spacing of 0.1 m with two seeds per stand (about 20 plants m−1), resulting in a final plant population of about 340,000 ha−1. Land preparation was accomplished by two passes with a disc harrow. The trials were planted in early January at Muriaze in 2018 and at Namarripe in 2018 and 2019, and in mid-December at Vila Ulongué in 2017 and 2018. To avoid cross-contaminations the non-inoculated control plots were planted first and no person handled more than one strain during planting. In addition to the 1.5 m and 2 m distances that separated plots and blocks respectively, ridges were raised around plots to avoid run-off from one plot to another. Planting was done manually, and manual weed control was conducted two times. The trials were conducted under rainfed conditions (Figure 1). One spraying regime of fungicide formulation consisting of 6.4 ml of Azoxystrobin (250 g active ingredient L−1) and Difenoconazole (125 g active ingredient L−1) in 16 L water (≈ 0.5 L fungicide ha−1) was applied just before flowering to control fungal disease particularly soybean rust.



Data collection

Two weeks after seedling emergence, plant stand count was conducted. At R3 stage, five soybean plants were randomly selected from each plot, the roots were excavated, and the soil was carefully removed to ensure that the roots and the nodules were recovered as much as possible. The roots were carefully washed with water and nodules were removed and counted. The nodules were subsequently placed in envelopes and dried in an oven at 60°C for 48 h to determine nodule dry weight. The plants sampled for nodules assessment were dried in an oven at 60°C for 72 h and shoot dry weight was determined. At maturity, 10 plants were randomly selected and pulled from the ground to determine the number of pods per plant. Forty pods from the 10 plants were randomly selected and seeds in the 40 pods were counted and the average seeds per pod were calculated. A 1 m2 area (two middle rows, 1 m long) of each plot was randomly selected, harvested, and sun-dried for 7 days to determine above-ground biomass. The rest of the plants from each plot were harvested manually and sun-dried for about 3 days. Thereafter, pods from each plot were threshed manually and grain yield was determined. The moisture content of grain samples from each plot was determined using Farmex MT-16 grain moisture Tester (AgraTronix LLC, Streetsboro, OH) and grain yield in kg ha−1 was adjusted to 13% moisture content. Dried shoot samples harvest at R3 stage were ground to pass a 2-mm mesh sieve. Total N content was determined using the Kjeldahl method.

The variable production cost and farmgate prices of soybean grain after harvest were collected to estimate the net returns on investments. The revenue from grain yields of the non-inoculated control plants vs. the average grain yield of the inoculated plants were used to estimate gross margin. The estimated cost included the cost of seed ($33.50 ha−1), land preparation ($30.23 ha−1), planting ($21 ha−1), weeding ($42 ha−1), inoculant ($13.44 ha−1), TSP ($54.60 ha−1), chemical spray ($9.24 ha−1), harvesting and threshing ($42 ha−1), 50 kg storage bags ($0.25 bag−1), transportation of grain to selling points ($0.33 50 kg−1) and other miscellaneous expenses. Average soybean farmgate price of ($0.39 kg−1) for the period between late April to end of July 2018 and 2019 was used since most farmers sell their soybean within this period.



Data analysis

Data collected were analyzed using PROC MIXED of SAS version 9.4 (SAS/STATR, 2018). Combined analysis across sites and cropping seasons was performed. Effects of season and site were dominant and interactions involving season, site and treatment were highly significant for most of the variables. Hence, data for each cropping season were analyzed across site. Season, site, and blocks within sites were considered random effects, whereas treatment (inoculant strains) was considered fixed effect. Significant differences among treatment means were evaluated using LSD at 5% probability. Variables analyzed include number and dry weight of nodules, shoot dry weight at podding, shoot N content, number of pods per plant, number of seed per pod, 100-seed weight, grain yield and plant dry matter at harvest.




Results


Soil properties and weather conditions

The pH of the soils across the three sites ranged from 5.7 to 6.4 and the organic carbon contents at Namarripe and Vila Ulongué were two-fold that at Muriaze (1.77%) (Table 1). Total N at Namarripe was 0.05% indicating low capacity to supply adequate available N, but the Total N contents of the soils at Muriaze (0.12%) and Vila Ulongué (0.10%) could be considered medium in supplying available N. Soil available P level was higher at Namarripe than at Vila Ulongué and Muriaze. However, soil available K levels were very high across the sites. The soils across the three sites contained limited population of indigenous Rhizobium ranging from 9.0 x 101 to 2.2 x 103 cells g−1 soil (Table 1). Namarripe had the highest indigenous rhizobia population, whereas Muriaze had the lowest population.

Total rainfall amount and distribution differed among sites and between cropping seasons (Figure 1). Generally, the frequency of the rains was more favorable for soybean growth in the first season than the second season. During the growing period from December 2017 to April 2018, Muriaze had a total rainfall of 640 mm with most of the rains occurring in January and February, and the distribution was good from January to April 2018 when the crop was in the field. Namarripe received 1,514 mm during the 2017/2018 growing season with almost 70% of the rain occurring in February and March 2018 but the rainfall in 2018/2019 growing season was low (853 mm) with intermittent drought spells especially in February during the flowering stage. The rainfall at Vila Ulongué during the first season was lower (896 mm) than the second season (1,237 mm) but despite the low rainfall in the first year, it was well distributed and available at the time the crop needed water most. Average temperatures at the sites did not vary during the two cropping seasons from December to April (Figure 1). However, the average maximum temperature at Muriaze (30.1° C) was 4.4 o C higher than that at Vila Ulongué (25.7 o C) and 2.8° C higher than that at Namarripe (27.3° C). Similarly, the average minimum temperature at Muriaze was 5.4° C higher compared to that at Vila Ulongué and 2.9° C higher than that at Namarripe (18.9° C). Thus, Muriaze is a dry and hot environment, whereas Vila Ulongué is relatively a cooler environment.



Nodulation and shoot dry matter at R3 growth stage

Inoculation with the four Bradyrhizobium strains increased the number and dry weight of nodules across the experimental sites (P < 0.0001) compared with that of the non-inoculated control plants (Table 2). In the 2017/2018 growing season, USDA 110 treated plants had the highest number and dry weight of nodules at Muriaze and Vila Ulongué, whereas USDA 442 and WB74 (USDA 122) treatments performed significantly better in terms of nodulation at Namarripe. On an average, inoculation almost tripled the number of nodules at Muriaze and Namarripe and increased the dry weight of the nodules by 3.5 times at Muriaze and 5.8 times at Namarripe. At Vila Ulongué, the number of nodules increased by 52%, whereas the nodule dry weight increased 2.5-fold compared to that of the non-inoculated plants. Nodulation at Namarripe in the 2018/2019 cropping season was consistent with the results of the previous season (Table 3). However, nodulation in some of the inoculated plants were not different from that of the control plants at Vila Ulongué. Averaged across the strains, the number and dry weight of nodules doubled when the plants were inoculated at Namarripe and at Vila Ulongué, the number and dry weight of nodules increased by 32 and 50%, respectively.


TABLE 2 Effects of inoculation on number and dry weight of nodules, shoot dry weight at R3 stage, number of pods, seeds per pod and 100-seed weight at Muriaze, Namarripe, and Vila Ulongué in 2017/2018 cropping season.
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TABLE 3 Effects of inoculation on number and dry weight of nodules, shoot dry weight at R3 stage, number of pods, seeds per pod and 100-seed weight at Namarripe and Vila Ulongué, in 2018/2019 cropping season.
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Plants inoculated with strain WB74 produced the highest shoot dry matter at R3 growth stage at Muriaze, whereas plants associated with USDA 136 had the lowest shoot dry matter in the first season but there were no differences among treatments including the control plants (Table 2). There were no significant differences (P = 0.318) in shoot dry matter among the treatments at Namarripe. All the inoculant treatments at Vila Ulongué increased shoot dry matter compared with that of the non-inoculated plants. In the second season, shoot dry matter at Namarripe did not differ among the strains and was on an average 86% higher than that of the non-inoculated plants (Table 3). In contrast, only the shoot dry matter for USDA 136 was higher than that of the control plants at Vila Ulongué. At this site, the average shoot dry weight of the inoculated plants was 22% more than that of the non-inoculated plants.



Shoot N content at R3 growth stage

Shoot N analysis was conducted in only 2019. Inoculation increased (P = 0.006 at Namarripe and P = 0.0002 at Vila Ulongué) shoot N content at both locations (Figure 2). At Namarripe, shoot N did not differ among the inoculant strains but they were significantly higher than that of the non-inoculated plants. On average, inoculation increased shoot N by 39% (9.91 g kg−1). Similarly, all the inoculated plants at Vila Ulongué had higher shoot N content which averaged 17% (2.69 g kg−1) higher than that of the non-inoculated plants (Figure 2). However, plants treated with strains WB74 had lower shoot N than plants inoculated with USDA 110 and USDA 136. Shoot N accumulation at Namarripe was relatively higher than that at Vila Ulongué.
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FIGURE 2
 Shoot N contents of soybean inoculated with varoius inoculant strains at Namarripe (A) and Vila Ulongué (B), Mozambique. Means within a location followed by the same letter are not significantly different at P < 0.05 according to LSD.




Yield and dry biomass components

The inoculant strains influenced grain yield and above-ground biomass at harvest across site and cropping season, although the results were more consistent in the first season than the second season (Figures 3, 4). In 2018, grain yield of all the inoculated plants were significantly higher (P = 0.001) than that of the non-inoculated plants but yields among some strains were not different (Figure 3). Generally, USDA 110 outperformed the other strains in grain yield across the three sites (P < 0.0001 at Muriaze and Vila Ulongué and P = 0.037 at Namarripe) in the first season except at Namarripe where USDA 442 performed similar to USDA 110. At Muriaze, USDA 110 increased grain yield by 76% (1,255 kg ha−1) compared with that of the control, and at Vila Ulongué and Namarripe, the yield increased by 80% (1,238 kg ha−1) and 26% (579 kg ha−1), respectively. When averaged over the inoculant strains, soybean grain yield increased by 65% at Muriaze, 61% at Vila Ulongué and 23% at Namarripe compared with the yield of the non-inoculated plants. No significant grain yield differences occurred between the inoculated and non-inoculated plants in 2019 at Namarripe, however yield in USDA 442 was higher than USDA 110 (Figure 3). At Vila Ulongué, only the yield in USDA 110 was higher (56%) than the control in the second season. Furthermore, the yield differences between USDA 110 and two strains (USDA 442 and WB74) were significant.
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FIGURE 3
 Grain yield of soybean inoculated with various inoculant strains in 2018 (A) and 2019 (B) in Mozambique. Means within a location followed by the same letter are not significantly different at P < 0.05 according to LSD.



[image: Figure 4]
FIGURE 4
 Dry matter yield of soybean inoculated with various inoculant strains in 2018 (A) and 2019 (B) in Mozambique. Means within a location followed by the same letter are not significantly different at P < 0.05 according to LSD.


The above-ground dry matter yield at harvest followed a similar trend as grain yield (Figure 4). In the first season, dry matter yield of the inoculated plants were significantly higher (P = 0.013) than that of the non-inoculated control plants at all sites. However, no differences in dry matter yield occurred among the strains at Muriaze but USDA 442 and USDA 136 treatments at Namarripe and Vila Ulongué, respectively were higher compared to the other strains. Dry matter produced in the first season ranged from 5,008 to 6,475 kg ha−1 at Muriaze, 5,812–7,555 kg ha−1 at Namarripe and 6,700–9,150 kg ha−1 at Vila Ulongué. In the second year, all the inoculated plants produced higher (P = 0.007) dry matter than the control plants at Vila Ulongué but only WB74 increased dry matter yield at Namarripe. As in the previous season, dry matter production was higher at Vila Ulongué than at Namarripe.

Inoculation improved the major yield components such as the number of pods per plants, seeds per pod, and 100-seed weight. However, it was not consistent across sites and cropping season (Tables 2, 3). In the first year, inoculation increased the number of pods across the three sites (P = 0.043 at Muriaze, P = 0.003 at Namarripe, P < 0.0001 at Vila Ulongué), but it had no effect at Namarripe in the second year (P = 0.706) (Table 2). The number of seeds per pod in the first season was not affected by inoculation at Muriaze and Namarripe but at Vila Ulongué, the number for USDA 442 was higher than that of the control plants, USDA 110 and WB74. The differences in the number of pods in the second season did not follow a specific trend since the values for the non-inoculated control were not different from that of the inoculated plants (Table 3). Similarly, the 100-seed weight was not consistent except at Muriaze in the first year where the seed weight of the non-inoculated control plants was higher than that of the inoculated plants which ranged from 13.9 g for WB74 to 15.5 g for the control plants.



Economic benefits of using inoculant

In the first season, variable production cost with no investment in inoculant was $261.77, $268.76, and $260.61 ha−1 for Muriaze, Namarripe and Vila Ulongué, respectively with corresponding revenue of $643.50, $875.55, and $604.11 ha−1 (Table 4). However, the cost increased by 10, 7 and 9%, respectively when inoculants were applied leading to associated revenue of $1,065.09, $1,077.96, and $973.44 ha−1, respectively. Thus, the gross margin ranged from $343.50 to $606.80 ha−1 with no investment in inoculant, but it increased to $688.34 to $789.36 when inoculants were applied. Namarripe had the highest net returns whilst Vila Ulongué had the lowest. In the second year, low productivity due to drought spells negatively affected revenue and drastically reduced the impact of inoculants on net returns (Table 4). Thus, net returns for production with no inoculant was $143.98 for Namarripe to $129.51 for Vila Ulongué which increased by only $4.11 and $95.04, respectively when inoculants were applied.


TABLE 4 Estimated production cost, revenue and net returns for soybean production with and without inoculation in 2017/2018 and 2018/2019 cropping seasons at Muriaze, Namarripe and Vila Ulongué, Mozambique.
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Discussion


Performance of different inoculant strains

A promiscuous soybean variety can form nodules freely with indigenous rhizobia (Kueneman et al., 1984). As a result of this varietal trait, varied responses to inoculation have been reported (Okogun and Sanginga, 2003; Osunde et al., 2003; Thuita et al., 2012; Savala et al., 2022). In the present study, soybean variety Zamboane (TGx 1904-6F) demonstrated significant increase in nodulation and yield-related responses to inoculation with all the inoculant strains used. This is consistent with the results of other studies with this variety and others (Gyogluu et al., 2016; Savala et al., 2021, 2022). The success of inoculation depends on many factors including the presence or absence of indigenous rhizobia (Thies et al., 1991; Sanz-Saez et al., 2015), environmental conditions such as soil moisture and nutrient status (Zahran, 1999; Hungria and Vargas, 2000) and the quality of the inoculant applied (Rodríguez-Navarro et al., 2010). Results of soil analysis from the experimental sites indicated slight differences in the soil properties among the sites (Table 1) but were adequate for soybean growth. For example, the pH was 5.7 to 6.4 which was within the range (5–6.4) found to respond well to inoculation in northern Nigeria (Ronner et al., 2016). Soil organic matter, total N and K were sufficient for soybean growth based on soil fertility studies carried out in the same agro-ecological zones of the present study sites (Maria and Yost, 2006). However, soil available P were relatively low at Muriaze and Vila Ulongué compared to Namarripe suggesting that soybean growth response to P input would likely be higher at Muriaze and Vila Ulongué than at Namarripe. Analysis of soil samples from the study sites using MPN technique indicated that the soils contained limited indigenous rhizobia populations (9.0 x 101 to 2.2 x 103 cells g−1 soil) (Table 1). The presence of existing rhizobia led to nodulation of the non-inoculated control plants. However, the inoculant strains effectively improved nodulation, shoot dry matter and N content at R3 growth stage and increased yield components which cumulatively led to increased grain yield and plant biomass production at maturity across sites (Tables 2, 3 and Figures 2–4). The observed nodulation in non-inoculated plants suggested that the existing soil rhizobia formed nodules; however, the population was probably not adequate and could be less effective than the introduced strains.

Inoculation with USDA 110 produced more nodules with corresponding higher nodule dry weight than the other strains in 2018 at Muriaze and Vila Ulongué where the indigenous strain populations were low. However, at Namarripe where the native strain population was relatively high, USDA 442 and WB74 produced more nodules with higher nodule dry weight than the other strains. Furthermore, in 2019, which experienced drought spells, USDA 442 and WB74 performed better in nodulation at both Namarripe and Vila Ulongué. The results suggest that USDA 110 performed well where competition for nodule formation is low, and under relatively favorable soil conditions in 2018, whereas USDA 442 and WB74 were more competitive and adapted to dry conditions. Inoculant strains vary in their ability to successfully colonize rhizosphere and compete against native rhizobia for nodule occupancy (Mendoza-Suárez et al., 2021). Ineffective native rhizobia strains are adapted to the local environment and often compete well against highly efficient introduced strain resulting in low inoculant nodule occupancy (Sanz-Saez et al., 2015; Thilakarathna and Raizada, 2017). Our results agree with the report from Nigeria that used four Bradyrhizobium strains including USDA 110, USDA 122, and USDA 136 (Okereke et al., 2000). In the study by Okereke et al. (2000), inoculation with USDA 110 and USDA 122 (WB74) increased nodule number and nodule dry weight than the other strains including USDA 136 due to the competitive abilities of the two strains for nodule occupancy. They reported that nodule occupancy ranged from 75 to 85% with USDA 110 and 60–65% with USDA 122 compared to 10–15% with USDA 136 at two sites 84 days after planting. In another study, Okereke et al. (2001) reported similar results using several Bradyrhizobium strains where TAL 102 [original designation is USDA 110 (Thies et al., 1991)] was superior to USDA 136 in nodule number and dry weight. Although nodule occupancy was not assessed in our study, Muriaze and Vila Ulongué where USDA 110 performed well had similar populations of resident rhizobia as that of the two study sites in Nigeria which ranged from 1 x 102 to 5 x 102 CFU g−1 soil (Okereke et al., 2000). Our results and those of Okereke et al. (2000, 2001) show that USDA 110 was superior to USDA 122 (WB74) in nodulation in soils with low native rhizobia population, but our data further indicated that WB74 performed better than USDA 110 in soil with relatively high native rhizobia, and under drought conditions. Limited information is available in the literature about the performance of USDA 442 which performed on par with WB74 under similar conditions. In a greenhouse study, Arachchige et al. (2020) observed that plants inoculated with USDA 442 produced more nodules than that of USDA 136 but was not significant in term of seed yield or any biomass related parameters.

In the present study, the performance of the inoculant strains varied across sites possibly due to variability in soil and environmental conditions which led to significant location or season by treatment interactions for most of the variables including number and dry weight of nodules, grain yield and plant biomass. All the inoculant strains had positive effects on soybean growth and yield and demonstrated higher efficiency in N2 fixation than the native rhizobia. The inoculated plants produced higher shoot dry matter at R3 growth stage with high shoot N content and improved yield components compared with the non-inoculated control plants (Tables 2, 3 and Figure 2). The significant improvement in plant growth supported high grain yield and plant dry matter production (Figures 2, 3).

Shoot N concentration was not significant among the inoculant strains as reported by others (Okereke et al., 2000; Arachchige et al., 2020), perhaps the R3 growth stage was too early for the differences to be evident. In the first season, USDA 110 was the best strain across sites in terms of grain yield showing increase of 26, 76, and 80% (579–1,255 kg ha−1) compared to the non-inoculated plants at Namarripe, Muriaze and Vila Ulongué, respectively (Figure 3). In the second season, grain yield was affected by frequent drought spells especially in February and March during flowering and pod-fill (Figure 1); hence, only plants inoculated with USDA 110 at Vila Ulongué increased grain yield (56%). The grain yield of the non-inoculated plants were not different from that of the other strains at both sites. Thus, despite better nodulation observed with USDA 442 and WB74, it did not result in higher grain yield. Ravuri and Hume (1992) reported similar results where no significant differences in grain yield among inoculant strains including USDA 110 occurred due to drought stress, although greater yield responses were observed under favorable growing conditions. In an on-farm study in Ghana, Ulzen et al. (2018) found no response to inoculation at a location where rainfall was low. Soil moisture deficit limits N2 fixation and other growth and developmental processes that lead to biomass accumulation (Sinclair et al., 2007; Muleta et al., 2017; Ulzen et al., 2018) and possibly reduced the potential benefits of inoculation. Strain USDA 442 had the best grain yield at Namarripe in both seasons, but it performed well only at this site which could be associated with the improved nodulation and perhaps competitive ability and adaptation to drought stress. Our results confirm the superior performance of USDA 110 in grain yield as reported by Okereke et al. (2000). However, we found no difference in yield response between USDA 122 (WB74) and USDA 136, whilst the results from Okereke et al. (2000) showed that USDA 122 (WB74) performed better than USDA 136. In Canada, Ravuri and Hume (1992) reported that Bradyrhizobium strain 532C was superior to USDA 110 and had grain yield increase of 11-17% over USDA 110 and CB 1809. They further indicated that the superior performance of strain 532C was not due to greater nodule number per plant but due to higher N2 fixation per milligram nodule weight. In contrast, Bai et al. (2003) found no significant difference between 532C and USDA 110 in grain yield, total plant N, and seed N in Canada. Furthermore, Ulzen et al. (2016) reported no differences in nodulation and grain yield between inoculants 532C and USDA 110 in soils with <10 rhizobia cells g−1 soil in Ghana, emphasizing that response to inoculant strains depends on many factors including soil and environmental conditions and often location specific. The results from Ulzen et al. (2016) showed that USDA 110 increased soybean grain yield by 19% whilst 532C increased yield by 12% relative to the control. Nevertheless, commercial inoculants containing strain 532C are currently available in several African countries and has been found to be superior over locally adapted isolates of acidic soil in Ethiopia (Muleta et al., 2017) and also reported significant grain yield increases in Ghana, Kenya, and Tanzania (Masso et al., 2016; Ulzen et al., 2016).

In the present study, the four inoculant strains on average, increased soybean grain yield by 1,081 kg ha−1 (65%) at Muriaze, 519 kg ha−1 (23%) at Namarripe and 947 kg ha−1 (61%) at Vila Ulongué in 2018. However, the severe drought spells in 2019 drastically reduced the yield advantage for inoculation to 3% at Namarripe and 28% at Vila Ulongué. These results are consistent with previous studies in Mozambique (van Heerwaarden et al., 2017; Chibeba et al., 2020; Savala et al., 2021, 2022), Malawi and Zimbabwe (van Heerwaarden et al., 2017), Nigeria (Ronner et al., 2016) and Ghana (Masso et al., 2016; Ulzen et al., 2016, 2018). Savala et al. (2022) obtained 100, 45 and 28% yield responses to rhizobial inoculation in the same agro-ecologies of the present study in Muriaze, Namarripe and Vila Ulongué, respectively. Data from the present study indicate positive correlations between nodule dry weight per plant and grain yield (r = 0.67–0.91) as well as number of pods per plant and grain yield (r = 0.51–0.85) suggesting that these variables contributed to higher grain yield. However, the correlations between the number of seeds per pod (r = −0.12–0.52) or 100-seed weight (r = −0.91–0.74) and yield parameters were weak and inconsistent. Nodule number and dry weight of the non-inoculated plants at Muriaze were significantly lower than that of the inoculated plants but shoot dry weight at R3 was not different from any of the inoculant treatments. Perhaps the R3 stage was too early for efficient N2 fixation that could lead to differences in shoot dry matter accumulation since grain yield and above-ground biomass at maturity were significantly lower in the control than that of the inoculated plants. However, the explanation why the 100-seed weight of the non-inoculated plants at Muriaze was higher than that of the inoculated plants is not clear. A possible reason could be the low number of pods per plant and number of seeds per pod suggesting less competition for assimilates in the seed leading to large seed size. Ksiezak and Bojarszczuk (2022) reported that plants with higher number of pods per plant and seeds per pod had lower seed weight compared to plants with fewer number of pods per plant and seeds per pod. In the present study and that of Savala et al. (2022), soybean seed weight did not respond consistently to inoculation, whilst Prusinski et al. (2020) found no significant effect of inoculation on seed weight, Although inoculants from different sources were used in the present study and that of Savala et al. (2022), the data on yield responses corroborate, because some of the strains were the same, and perhaps due to the similar agro-climatic conditions and populations of native soil rhizobia. The highest response for grain yield occurred at Muriaze in both studies probably because of the low native rhizobia population at the site compared with the other sites, in addition to the favorable rainfall distribution during the trial period. Nodulation and yield of the non-inoculated plants at Namarripe was relatively high compared to that of the other sites suggesting that the native rhizobia was effective in nodulating roots and were efficient in increasing yield. Thies et al. (1991) reported that at least 66% nodule occupancy by inoculant strains is required to show significant yield response in the presence of high population of local rhizobia. The study at five locations in Hawaii which contained indigenous rhizobia population that ranged from 1.8 x 101 to 3.6 x104 cells g−1 soil, concluded that the response to inoculation and the ability of the inoculant strains to compete successfully is inversely related to the existing population size. They found that as few as 50 rhizobia cells g−1 soil prevented inoculation response. In northern Nigeria, inoculation had no effect on nodulation, yield and plant biomass production in soils which contained 4 x 102 to 2.7 x 104 cells g−1 soil of indigenous rhizobia due to low nodule occupancy by the inoculant strains that ranged from 11 to 36% (Okogun and Sanginga, 2003). In Kenya, Thuita et al. (2012) reported 100% nodule occupancy by commercial inoculant strains which significantly improved nodulation, plant biomass and N2 fixation and attributed this to the low population of native strains (<103 cells g−1 soil) and the competitive abilities of the introduced strains. Our data also show that the inoculant strains supported increased plant dry matter and grain yield production compared with the control across site and season. However, USDA 136 and WB74 were the best among the strains in improving vegetative growth that could have positive implications on soil fertility and for subsequent crops in rotation (Sanginga et al., 2002; Rusinamhodzi et al., 2012).



Economic returns for using inoculant

Smallholder farmers are interested in soybean production because of the high profit margin compared with other crops. However, the magnitude of the profit depends on productivity which creates the incentive for farmers to invest in their production system. Rhizobia inoculation is the most affordable and low-cost investment that can significantly increase soybean productivity and profit. There are great opportunities for soybean producers in Mozambique because of the existing gap between domestic demand, driven by the poultry feed industry and domestic supply. Hence, there is ready market and attractive farmgate prices for soybean. Our data indicated that investment in inoculant which accounted for about 5% ($13.44 ha−1) of the production cost (Table 4) increased grain yield by up to 80% over the yield of the non-inoculated plants (Figure 3). When averaged over the inoculant strains, using inoculant increased profit over that of the non-inoculated control by 104% ($395.35 ha−1) at Muriaze, 100% ($344.83 ha−1) at Vila Ulongué and 30% ($182.57 ha−1) at Namarripe in 2018 (Table 4). The poor rainfall in 2019 decreased the benefits of inoculation at Namarripe. It added only ($4 ha−1) at Namarripe but increased profit over the non-inoculated control at Vila Ulongué by 73% ($95.04 ha−1). Production at Muriaze had the highest gross margin because of the higher yield response to inoculation, whereas investment at Namarripe gave the lowest gross margin because of the relatively low yield response. Under rain-fed smallholder farming systems, frequent drought spells during the growing season is the most important risk but even under adverse weather conditions using inoculant is often better and never worse than without inoculant as demonstrated by the results from Namarripe and Vila Ulongué in 2019. Investment in inoculant is a low-risk management decision because it is not a significant component of the production cost. In this study, the cost of TSP ($54.60 ha−1) and seeds ($33.50 ha−1) were the most expensive inputs which accounted for 19 and 12%, respectively, whereas inoculant accounted for only 5% of the production cost.

Similar results were obtained in a previous study with cowpea where an investment of ($5 ha−1) in inoculant translated to 34% ($152.42 ha−1), 26% ($163.33 ha−1), and 21% ($104.03 ha−1) higher profits relative to the control in the same agro-ecologies where the present study was carried out (Kyei-Boahen et al., 2017). The differences in the gross margins between the two studies are due to the magnitude of the yield responses of soybean and cowpea to inoculation and input costs. The cost of inoculant at the study period was ($5 ha−1) and accounted for only 1.7% of the production cost but the price had almost tripled and accounts for 5% of the production cost in the present study. The cost of P fertilizer was the most significant in both studies. In the previous study, the cost was $187.28 ha−1 and accounted for 39.5% of the production cost and this cost could not be paid by the yield increase due to fertilizer application. However, the cost of P in the present study was 71% lower than that of the previous study making it profitable to use P fertilizer, although it is still the most expensive input. Similar results have been documented in other studies (Ronner et al., 2016; Ulzen et al., 2018).




Conclusion

Soybean grown in soils containing indigenous rhizobia population responded to inoculation irrespective of the inoculant strain. However, some strains performed better than others under variable soil and environmental conditions which resulted in location x inoculant strain interactions for most of the variables evaluated. The yield increase due to inoculation was higher at the site with low indigenous rhizobia than the site where the native rhizobia population was relatively high. This confirms the well-documented knowledge that the size of the native rhizobia population, in addition to other soil factors influence soybean response to inoculation. Strain USDA 110 was superior to the other three inoculant strains evaluated. However, strains USDA 442 and WB74 (USDA 122) performed well at the site with relatively high native rhizobia population and under drought stress. The study demonstrated that investment in inoculant which accounted for only 5% of the production cost could double the gross margin when compared with production without using inoculant. Furthermore, inoculation is profitable even under adverse weather conditions because it is a low-cost and low-risk investment. In situations where the benefit of using inoculant is not directly evident in grain yields, it could be demonstrated in the production of N enriched plant biomass which remains in the field as residues and contribute N and other nutrients to subsequent crops in rotation or companion crops in intercrop systems. Thus, inoculating soybean with effective strain has the potential to contribute to the sustainability of smallholder production system in Mozambique. Since there is no inoculant production facility locally, availability is limited; and thus, these studies provide education and awareness to create demand for inoculants and attract private sector investment in local rhizobia inoculant production. Also production of inoculants within the country would result in increased availability with low price and make it more affordable and improve the economic benefits of smallholder soybean producers.
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Total N (%)

Rhizobia no. (CFU

g~ ! soil)
Muriaze 6.4 177 0.12 7.6 156 9.0x 10
Namarripe 57 372 0.05 177 173 22x10°
Vila Ulongué 6.0 3.86 0.10 133 367 7.8x10%
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Treatment Muriaze Namarrip: Vila Ulongue
Prod. cost Revenue Net returns Prod. cost Revenue Net returns Prod. cost Revenue Net returns
(Us$ ha™!) (Ussha™) (Uss ha™!) (Us$ha™') (Us$ ha™!) (Ussha™') (Us$ ha™!) (USs ha™!) (Uss ha™!)
2017/2018 cropping season
Non-inoculated 261.77 643.50 381.73 268.76 87555 606.79 260.61 604.11 343.50
Inoculated 288.01 1,065.09 777.07 288.60 1,077.96 789.36 285.11 973.44 688.34
2018/2019 cropping season
Non-inoculated - - - 260.84 404.82 143.98 256.98 386.49 129.51
Inoculated - - - 268.81 41691 148.10 27114 495.69 224,55

Cost of inputs include Seeds = $33.50 ha™"; TSP fertilizer (40 kg P,Os ha™') at $27.30 bag™" of 50 kg = $54.60 ha~!

exchange rate of $1= 59.54 MZN.

; Inoculant = $13.44 ha™'; Chemical spray against pests = $9.24 ha~!. Average farmgate price for soybean was $0.39 kg™" at average
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Treatment No. nod. Shoot dry wt. No. pods 100-seed

plant=! plant=! (g) plant=!
Muriaze
Control 744 18.8¢ 59.8° 58.0° 27 155
USDA 110 3140 113.0° 56.3% 89.9° 2.7 139"
USDA 136 14.9¢ 38.0¢¢ 49.7° 75.5% 29 143°
USDA 442 235° 63.0° 60.2% 68.8% 2.8 14.6%
Soygro WB74 14.9° 45.3%¢ 67.5 84.7 2.8 13.9%
Namarripe
Control 13.1¢ 43.1¢ 62.1° 63.7¢ 23 114
USDA 110 36.5%¢ 215.7° 72.0° 82.6° 23 11.7a
USDA 136 285" 206.6° 803 1014 2.4 1.7
USDA 442 4040 281.6" 812 81.2° 23 1148
Soygro WB74 41.9° 292.1° 723 98.1% 24 1172
Vila Ulongue
Control 13.8° 23.2¢ 57.3 56.54 23° 129"
USDA 110 27.0° 78.6" 74.5° 68.6° 24° 130
USDA 136 239" 60.7% 69.0°% 83.00 2.5% 130
USDA 442 185" 55.4 65.8 78.00 2.7 133*
Soygro WB74 14.5% 34.2° 68.5% 92.5% 2.4° 13.1%

Means within a column for each site followed by the same letter are not significantly different at P < 0.05 according to LSD.
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Treatment No. nod. Shoot dry wt. No. pods Seeds 100-seed

—1 i —1
plant plant=! (g) plant=! pod wt. (g)
Namarripe
Control 15.9¢ 106.1¢ 36.2° 64.4° 2.1 12.6*
USDA 110 33.9° 183.8° 654 6.7 22t 13.0°
USDA 136 37.2° 222.6% 625 65.20 2.1 12,6
USDA 442 392° 222.3% 71.9* 59.6% 1.9* 12,6
Soygro WB74 52.1° 259.9 69.8° 7.7 24 126

Vila Ulongue

Control 19.8" 35.5 65.0° 59.00 1.9¢ 127
USDA 110 24.0% 48.3% 78.3% 68.5% 21 127
USDA 136 243" 501 87.5 85.5 21 12.4%
USDA 442 293* 57.8" 77.0° 74.8° 228 12.1%¢
Soygro WB74 26.8° 56.8" 74.6" 73.5% 2.0 11.89¢

Means within a column for each site followed by the same letter are not significantly different at P < 0.05 according to LSD.
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