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U.S. soybean (Glycine max [L.] Merr) is an important source of nutrition worldwide, with a 2022 export value of $34.3 billion. Nitrogen (N) and sulfur (S) fertilizer inputs can influence nutritional quality of seed due to their roles in amino acid biosynthesis. However, the role of N and S fertilizers needs to be further evaluated due to high nutrient demands from increased crop yields. This study examines the impact of N and S fertilizer applications on soybean composition in diverse environments across the U.S. Two S sources, ammonium sulfate (AMS) and gypsum (CaSO4), were tested at three rates (11, 22, and 33 kg S/ha). Three additional treatments included urea applied at nitrogen (N) rates of 10, 20, and 29 kg N/ha, equivalent to the N rates supplied by AMS, to assess the impact of N in AMS. All fertilizers were manually broadcast at planting, and a control treatment with no fertilizer was included. Data were collected from 40 sites in 9 states over 2019 and 2020. The effect of the 10 fertilizer treatments on soybean seed protein, oil, and sulfur-containing amino acid content was assessed. ANOVAs were performed with linear fixed effects models separately for each year of the study (2019 and 2020). Results showed that fertilizer rates had a significant effect on protein, oil, cysteine and methionine content which varied by growing environment. Our findings suggest that S and N fertilization, particularly with high rates of AMS or medium rates of gypsum, can significantly enhance cysteine and methionine content in soybeans across various environments, improving the nutritional value for human and animal consumption.
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Introduction

Soybeans (Glycine max [L.] Merr) are a critical component of the U.S. agricultural sector. Since 2002, soybean yields have increased by a total 30% from 2,585 kg ha−1 to 3,331 kg ha−1 in 2022 (Vaiknoras and Hubbs, 2023). During this period, soybean production area fluctuated between 30.8 million and 35.4 million hectares [USDA National Agricultural Statistics Service (USDA-NASS), 2021]. As soybean yields increase, the crop's demand for sulfur (S) on a per-hectare basis also increases; as a result, crop S demand now exceeds annual S atmospheric deposition rates (Hinckley and Driscoll, 2022; Bender et al., 2015), suggesting that use of S fertilizer may be necessary to maintain high yield. With the need to sustain high yields, maintaining not only grain quantity but also quality, particularly through adequate nitrogen (N) and sulfur (S) availability, has become important for determining seed composition.

The effect of N application on plant proteins is characterized by an increased concentration in the content of various amino acids, particularly glutamine, asparagine, and serine (Stitt and Krapp, 2002). This increase in amino acid content plays a crucial role in enhancing the synthesis of grain proteins, which is vital for the nutritional quality and overall protein yield of the crop (Wan et al., 2023). Notably, protein quality is contingent upon sufficient S availability. Since S in plants exhibits lower mobility compared to N, its efficiency in transitioning from vegetative to reproductive tissues is reduced (Borja Reis et al., 2021). Sulfate-based fertilizers are necessary for maintaining an adequate supply of cysteine within the grain, a precursor of sulfur-containing organic compounds that are important for protein synthesis (Bouranis and Chorianopoulou, 2023).

Previous studies on N and S fertilization in the United States have demonstrated inconsistent impacts of N and S management on yield and soybean quality (Brooks et al., 2023b; Chiluwal et al., 2021; Wesley et al., 2013; Wood et al., 1993; Brown et al., 1981). However, many of these studies are geographically limited or lack data on SAA content. Additionally, suboptimal levels of these nutrients may impact soybean seed composition due to their importance in protein formation. This presents a challenge to ensure that soybean crops receive adequate S and N to meet their growing demands and maintain seed composition, while also managing environmental and economic factors in a sustainable manner. Therefore, our study aims to assess the impact of S and N applications on soybean quality, including protein, oil, and SAAs, across a wide range of environments in the United States.



Materials and methods


Field methods

The experiment was conducted across 40 sites in 9 states during the 2019 and 2020 growing seasons (Figure 1). A randomized complete block design (RCBD) with four to six replications per site was employed to account for field heterogeneity. Blocking factors were determined on a site-specific basis to reduce experimental error. The study evaluated ten treatments (Table 1), including two S sources—AMS and gypsum—applied at three different S rates (11, 22, and 33 kg S/ha), as well as three urea treatments with N rates that match the N applied by the AMS treatments (10, 20, and 29 kg N/ha). A zero-fertilizer control was also included. Fertilizer treatments were uniformly broadcast by hand at planting and not incorporated into the soil. The fertilizer application rates were determined using typical crop removal S rates based on average U.S. soybean yield levels (16–19 kg S/ha), while also testing rates above and below this range. Weed control, pest management, water management, and other plot maintenance practices were kept consistent across all plots within each site to ensure that observed treatment effects could not be confounded by differences in plot management. These background management methods align with local best management recommendations for each site, and more information can be found in Brooks et al. (2023b).
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FIGURE 1
 Trial sites in 2019 (black triangles) and 2020 (white circles).



TABLE 1 List of treatments and nutrient rates that each treatment supplied.
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Plots were harvested for grain yield with a plot combine at each location, and 150–200 g of seed were collected from each plot for grain analysis. Samples were stored in individually sealed bags and stored at room temperature. Further information about soybean yield response to S and N additions can be found in Brooks et al. (2023b). This publication includes data from 40 of the 52 sites in the Brooks et al. (2023b) paper that were able to collect grain samples during harvest.



Laboratory methods

The grain samples were dried and sent to the University of Minnesota Soybean Quality Lab, where near-infrared spectroscopy (NIRS) (PerkinElmer DA7250®) was used to analyze seed constituents. Calibration equations were developed in collaboration between the University of Minnesota and PerkinElmer using an annual validation procedure where a subset of samples are scanned in triplicate and cross-checked with wet chemistry analyses of protein, oil, moisture, and amino acids conducted at Eurofins Nutrition Analysis Center and the University of Missouri Agricultural Experiment Station Chemical Laboratories. At the end of each soybean growing season, matched NIR spectra and wet chemistry data were used by PerkinElmer to update calibration profiles, which were implemented in the following season's testing. Concentrations of 18 amino acids were measured, including methionine, cysteine, lysine, threonine, tryptophan, isoleucine, leucine, histidine, phenylalanine, valine, alanine, arginine, aspartic acid (representing aspartate and asparagine), glutamic acid (representing glutamine and glutamate), glycine, proline, serine, and tyrosine (Pfarr et al., 2018). Oil content and total protein content were also estimated by NIRS.

Seed constituents were expressed at 130 g kg−1 seed moisture content in all cases. Relative cysteine and relative methionine were calculated by dividing the methionine and cysteine content by total protein for each grain sample. While cysteine and methionine are often represented together as a sum (M+C) due to their sparing effect in the diet, we opted to analyze them separately to better understand their individual contributions to the overall amino acid profile and protein quality. This approach allows for a more detailed assessment of each amino acid's response to fertilization, providing insights that could be masked if they were grouped together.



Statistical analysis

Analysis was conducted in R 4.3.1 (R Core Team, 2023). For all response variables (protein, oil, relative cysteine content, and relative methionine content), ANOVAs were performed with linear fixed effects models separately for each year of the study (2019 and 2020) in order to improve model fit as compared to running models across both years of the study. The large size of the dataset (859 observation in 2019 and 1,023 observations in 2020) provides a good estimate of the variability in soybean grain qualities in our study area. Observations where the response variable fell outside of three standard deviations from the mean value were considered outliers, likely due to sampling error, and removed from the dataset. The total proportion of outliers removed was <1% in 2019 and <2% in 2020.

In all ANVOA models, treatment, site, and their interaction, as well as replication (nested within site), were considered fixed effects. Replication was included as a fixed effect; given the repeated use of these sites across different trials, we aimed to determine whether certain sites exhibited larger replication effects than others for use when planning future projects among our team. This analysis choice also allowed us to better determine whether blocks were arranged in a way that reduced or increased error overall in the trial, since blocking parallel to field variation patterns can sometimes reduce trial power. Kenward-Roger degrees of freedom adjustment was used for all ANOVAs. Additionally, the normality of residuals in each model was assessed using histograms and QQ-plots. Post hoc tests were performed for pairwise comparisons between different levels of factors using the package agricolae, and Bonferroni correction was applied to models (de Mendiburu, 2023).




Results

The analysis of variance (ANOVA) results for protein, oil, cysteine and methionine content indicated that there were significant differences across sites in both 2019 and 2020 (Table 2). Oil content did not vary among treatments in either year; however, there was limited evidence of a treatment × site interaction impacting oil content in 2019 (Table 2). The interaction between treatment and site impacted protein content in both years. Treatment impacted relative cysteine content in both years, and the interaction between treatment and site was significant in 2019 but not in 2020 (Table 2). For relative methionine content, differences were found among treatments in both years. The interaction between treatment and site was not significant in 2020 nor in 2019 (Table 2). Replication (nested within site) predicted differences in oil and protein levels in both years, indicating that plots were arranged at sites in a way that reduced overall trial error (Table 2). Additional post-hoc test results are available in Supplementary Table 1 (2019 ANOVAs) and Supplementary Table 2 (2020 ANOVAs).


TABLE 2 ANOVA results for fixed-effect models where oil, protein, relative methionine content, and relative cystine content were considered dependent variables, and independent variables were treatment, site, the treatment by site interaction, and replication nested within site.
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In 2019, relative methionine content was higher in soybean treated with a high rate of AMS or medium rate of gypsum as compared to the control (Figure 2a). Relative cysteine content was higher than the control in plots treated with the high rate of AMS and low Urea (Figure 2b).
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FIGURE 2
 Boxplots for response variables with significant treatment effects (p < 0.05) identified by the overall ANOVA, post-hoc letters indicate significant differences according to Bonferroni's test. (a) is for the response variable relative methionine content in 2019, and (b) summarizes relative cysteine content in 2020. Treatments are identified on the x-axis, with the abbreviation AMS used for ammonium sulfate. Boxes delimit first and third quartiles. Solid lines inside the box indicate median. Upper and lower whiskers represent maximum and minimum values. Outliers within a given treatment are denoted with closed circles above or below the whisker lines.


In 2019 at Minnesota Lake location, plots treated with high rates of AMS had higher proportions of cysteine than plots treated with medium rates of urea (Supplementary Table 1). Similarly, for the same site and year, protein level in the urea high treatment was different from protein level in the AMS medium, but both treatments were not different than the control. In 2020 at Hancock, Wisconsin, low rates of gypsum had higher protein than medium AMS.



Discussion

The availability and assimilation of S into soybean plants significantly influences the expression of SAA genes across vegetative and reproductive organs, thereby impacting the quality of seed storage proteins (Borja Reis et al., 2021). Maintaining optimal S levels throughout plant development is critical for enhancing seed nutritional value. However, S fertilization does not consistently influence soybean production across different growing environments, particularly yields (Brooks et al., 2023b). This could be due to a variety of factors, including environmental differences such as soil type or varying amounts of atmospheric deposition of S between fields (Brooks et al., 2023b) or management factors such as utilizing P or K sources that include high concentrations of sulfur (Camberato et al., 2023).

In our study, the increases in protein content related to fertilizer application were minimal, with 38 out of 40 sites showing no changes in protein content associated with N or S fertilizers application. This aligns with other studies on N application in the U.S., including Wood et al. (1993) who concluded that N fertilization is ineffective for altering protein and oil content of soybean grown in Alabama. Similarly, Wesley et al. (2013) found no significant effect of N rates on soybean seed protein across eight sites in Kansas, and Brooks et al. (2023a) found no significant impact of late-season N application on protein content in immature soybeans (edamame) in the mid-Atlantic region. Our results showed that in Minnesota (2019), the most responsive treatment (medium AMS) resulted in a 5.3% higher protein content compared to the lowest treatment (high urea). In Wisconsin (2020), the highest treatment (high urea) exhibited a 4.3% increase in protein content compared to the lowest treatment (low urea). Given that other rates of AMS at the Minnesota site and urea at the Wisconsin site did not affect seed composition, these findings indicate that the effects of S and/or N fertilization on protein content are variable, especially in environments where nutrient application rates are a small proportion of overall quantities of available nutrients even when applications exceed crop removal rates of N and S.

Similar to N, S application did not significantly affect protein and oil content across treatments and locations. Variations in protein content for specific treatments at certain sites and years were not consistent or substantial enough to indicate a significant overall impact. This differs from both a meta-analysis across eight states, which reported a 0.3% increase in seed protein concentration with S application at planting (Borja Reis et al., 2021), and studies outside the US where S fertilization has increased soybean protein and oil content (Islam et al., 2010). Site-specific variability in soil sulfur levels and organic matter may have influenced responses in our study, as yield and protein benefits from sulfur fertilization have been shown to occur primarily in environments with intermediate soil S and SOM levels (Fleuridor et al., 2023; Borja Reis et al., 2021). Our results showed no significant effects of S application on soybean oil concentration, whereas research in Stoneville, Mississippi, found that S and S combined with N fertilizers increased soybean seed oil content, but despite these findings, our study did not detect similar effects, likely due to differences in environmental conditions, particularly water availability, which was a key factor influencing seed composition in their study (Bellaloui et al., 2011). Site-specific factors are critical to interpreting the impact of fertilizer on soybean quality, as local climate data can accurately predict variations in regional soybean seed quality (Naeve and Huerd, 2008).

Previous research has shown that incidental application of S contributes to the total sulfur available in the system, ensuring that sulfur availability is sufficient throughout the crop's development (Camberato et al., 2023). Our results align with research suggesting that when sulfur availability is not severely limiting and remobilization from vegetative tissues supplies much of the seed's sulfur demand during reproduction, sulfur applications may have minimal impact on overall seed protein and oil concentrations but can selectively enhance sulfur-containing amino acids such as methionine and cysteine (Naeve and Shibles, 2005; Sexton et al., 2008).

Across all sites, high AMS rates in 2019 raised relative methionine by 0.87%, and high gypsum rates in 2020 raised relative cysteine by 1.84%. These findings align with a multilevel meta-analysis conducted across eight states which demonstrated an ~1% increase in SAA concentration regardless of fertilization timing (Borja Reis et al., 2021). Similarly, a comprehensive study across the main soybean-producing regions of the U.S., including Kansas, Minnesota, Arkansas, Illinois, Iowa, South Dakota, and Indiana, confirmed that SAA content was enhanced after S application, irrespective of fertilizer application timing (Moro Rosso et al., 2020). Furthermore, research in Maryland and Pennsylvania soybean fields showed that S application increased the proportion of methionine and cysteine in both extracted protein and seeds (Rushovich and Weil, 2021). These consistent findings across differing regions suggest a response of soybean SAA content to S fertilization. Across our study, as well as in previous research, incorporating S at rates higher than soil available S levels can increase in SAA content in many environments. The decline in atmospheric sulfur deposition across the Upper Midwest, combined with spatial variability in soil sulfur pools and mineralization capacity, creates potential for localized deficiencies even when regional averages appear sufficient; future fertilization strategies should therefore account for the non-uniformity of sulfur inputs and crop responses, as regional trends may obscure meaningful site-level variation (Hinckley and Driscoll, 2022).

Sulfur-containing amino acids (SAAs), specifically cysteine and methionine, significantly impact protein quality and are essential for both human and animal nutrition. Soybean meal, a common animal feed ingredient, falls short of the recommended 3.5 g of SAAs per 100 g of protein, and SAA deficiencies in animal diets can impair health and development (Krishnan and Jez, 2018). With the growing demand for meat substitutes, soybeans have also gained prominence as a key protein source in human diets (Smetana et al., 2023; Zhang et al., 2021). Although soybean seed composition is typically around 40% protein, sulfur-containing amino acids make up <1.5% of that total, falling below recommended dietary levels (Assefa et al., 2018). In our study, sulfur fertilization increased the relative concentration of methionine by 0.87% in 2019 (with a high AMS rate) and cysteine by 1.84% in 2020 (with a high gypsum rate). Given the low baseline of <1.5% SAAs, these increases represent a substantial proportional improvement in nutritional quality.

While increasing SAA concentrations in soybeans through fertilizer application may be beneficial to consumers, their increased concentration in soybean due to fertilizer application may not justify the additional costs to farmers, especially considering the efficiency and affordability of direct amino acid supplementation in both livestock and human nutrition (Neubauer and Landecker, 2021). Additionally, the relationship between yield and S fertilization is variable and influenced by factors such as soil type, organic matter content, and geographical region (Borja Reis et al., 2021; Brooks et al., 2023b). This cost-benefit consideration has been explored in other agronomic crops, including wheat. Previous research on nitrogen fertilization in wheat shows that while N significantly enhances crude protein content and amino acid composition, farmers must carefully weigh these benefits against the added fertilizer costs (Gunthardt and McGinnis, 1957; Brooks et al., 2023b).

A previous study in 1995 found that a 1% increase in methionine adds 0.77 cents per kilogram to soybean value (McVey et al., 1995), highlighting its significance for organic livestock production due to feed restrictions (USDA National List of Allowed Prohibited Substances, 2024). When adjusted for inflation using the consumer price index (CPI), this equates to 1.32 cents per kilogram in the year 2020 (U.S. Bureau of Labor Statistics, 2024). Additionally, based on price estimates in the study area from 2019 to 2020 for fertilizer without application costs, the cost of high rates of AMS and gypsum would be ~53.82 and $39.85 per hectare, respectively. The profitability impact of these treatments would vary based on annual and geographic variation in fertilizer costs.

The deficiency of SAAs in soybean meal and many common feeds necessitates the use of synthetic supplements to support optimal growth therefore managing soybean for increased SAA content may be more economically viable for organic livestock feed production. Our study found high AMS rates increased methionine by 0.87%, while in 2020, high gypsum rates increased cysteine by 1.84%. Cysteine can partially replace methionine in livestock feed and reduce the need for methionine when adequately supplied (Shoveller et al., 2003; Di Buono et al., 2001). Based on these average increased SAA levels, the 0.87% increase in methionine alone would add ~1.15 cents per kilogram (0.87 * 1.32 cents), translating to a considerable added value per hectare when scaled up to typical yields. The organic livestock market (meat, dairy, eggs, poultry, fish) remains a critical segment of the organic sector, with dairy and eggs alone accounting for 8.4% of total organic retail sales (U.S. Department of Agriculture, 2025). Given that organic livestock feed cannot contain lab-produced SAAs, exploring the use of fertilizers, especially organic-approved sulfur sources like gypsum, presents a viable option to increase SAAs for these markets.

Currently, most soybean farmers are compensated based on yield rather than composition, though some markets are starting to shift toward rewarding the quality and nutritional profile of the beans. For example, high oleic soybeans, with higher levels of monounsaturated fats and lower saturated fat levels compared to traditional varieties, are specifically cultivated to meet the demands of certain markets (Nicholson et al., 2024). This study suggests there may be economic and practical advantages in transitioning to a composition-based approach in soybean management, at least in niche markets. By focusing on sulfur amino acids (SAA), essential for livestock feed, this research highlights ways to enhance the nutritional value of soybeans. For instance, specific fertilizer treatments like ammonium sulfate (AMS) and gypsum led to increases in methionine content by 0.87% and cysteine by 1.84%, thereby improving soybean's nutritional profile. Since cysteine can partially replace methionine in feed and reduce the need for methionine supplementation when sufficiently supplied (Shoveller et al., 2003; Di Buono et al., 2001), the increased SAA levels are valuable. Additionally, financially rewarding farmers can help mitigate soybean production challenges related to seed quality by providing economic motivation (Borja Reis et al., 2022).



Conclusions

Our findings indicate that while S and N applications can consistently increase SAA content of soybean grown in diverse environments, the impact of fertilizer on overall protein and oil content is variable. While increasing SAAs can add value to soybean crops, the economic viability of these fertilization practices must be considered. The additional costs associated with high rates of S and N fertilizers may be justified in specific contexts, such as organic livestock feed markets where use of synthetic amino acids are restricted.
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2 AMS* Low 11 10
3 AMS Medium 22 20
4 AMS High 33 29
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F value F value

oil Treatment 0.449 0.908 1.184 0302
Site 3773 <0.001 87.39 <0.001
Treatment x Site 1.225 0.052 1.370 0.173
Site x Rep 4117 <0.001 3763 <0.001

Protein Treatment 1373 0.196 1.867 0.054
Site 2158 <0.001 143.6 <0.001
Treatment x Site 1.784 <0.001 1.877 <0.001
Site x Rep 6222 <0.001 4347 <0.001

Relative cysteine Treatment 5.663 <0.001 8.160 <0.001
Site 53.47 <0.001 25.99 <0.001
Treatment x Site 1.320 0013 LI1L 0.166
Site x Rep 1.442 0.110 2239 <0.001

Relative methionine Treatment 5.689 <0.001 4246 <0.001
Site 4828 <0.001 2334 <0.001
Treatment x Site 1131 0.165 1.175 0.068
Site x Rep 1.018 0435 2258 0.007

All models were evaluated using alpha =

.05.
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