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This study investigated the effect of processing (roasting and malting) and crop variety on fermentable oligo-di-monosaccharides and polyols (FODMAPs) profile of millet, sorghum, soybean, and sesame varieties commonly consumed in Uganda. Two elite varieties and one indigenous variety for each crop were analyzed. Monosaccharide and polyols content was determined by HPLC-UV method, while disaccharides and oligosaccharide were determined using Megazyme kits. The elite varieties of soybean (Maksoy 3 N), Millet (Seremi 2) and sorghum (Narosorg 2) exhibited significantly (p < 0.05) lower oligosaccharide content compared to indigenous varieties with percentage differences ranging from 10.2 to 73.9%. Additionally, Maksoy 3 N and Narosorg 2 also exhibited significantly lower (p < 0.05) excess fructose content compared to the indigenous variety. Malting was more effective than roasting (p < 0.05) in reducing FODMAP categories and total FODMAP content. Malting effectively reduced excess fructose in all grain types to the recommended levels of <0.15 g/100 g compared to roasting. Moreover, malting reduced total oligosaccharides and total FODMAPs in soybean and sesame by more than 50%. However, this reduction did not achieve the recommended threshold of 0.3 g/100 g for total oligosaccharides and 0.5 g/100 g, for total FODMAPs which are a criterion to categorize low FODMAP diets. Malting conditions should be optimized to enhance its effectiveness in producing low FODMAP foods. This study highlights the importance of selecting appropriate grain variety and processing techniques that modify FODMAP content in foods that can be used for dietary therapy of gastro-intestinal disorders among vulnerable population.
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1 Introduction

Cereal grains, oil seeds and legumes such as wheat, rice, millet, sorghum, sesame, and soybean constitute significant sources of nutritionally valuable compounds globally. These compounds include protein, carbohydrates, fiber, vitamins, minerals, and functional bioactive compounds such as polyphenols, carotenoids, and oligosaccharides (1). The unique balance of bioactive components and prebiotics (Fructo-oligosaccharides (FOS) and galacto-oligosaccharides (GOS)) in these grains have attracted substantial attention in the field of food and nutritional sciences. Bioactive compounds in plant-based foods have been associated with positive nutritional and health outcomes such as amelioration of non-communicable diseases (2) and functional gastro-intestinal disorders (FGID) (3). Consequently, research focus in food and nutritional sciences has shifted from basic nutrition to exploring the health-promoting properties of foods. Understanding how these compounds contribute to overall health is crucial for developing effective dietary interventions especially in this era of personalized nutrition.

More than 70% of households in sub-Saharan Africa, including Uganda, rely on these plant-based foods as significant sources of nutrients and bioactive compounds (1). To address the demand for plant-based foods and adapt to climate change, crop breeding technologies have been adopted to develop crop varieties that are high yielding and resilient to various environmental stressors (4). In Uganda, these elite varieties have predominantly replaced the indigenous crop varieties in diets and food processing industries. Elite crop varieties of sorghum (SESO and Narosorg series), soybean (Namsoy and Maksoy series), sesame (Sesim series), and millet (Seremi and Naromil series) have been highly adopted and consumed by Ugandan households (4, 5). These varieties are preferred for their superior traits, including high yield, good fermentation and nutritional qualities, and increased resistance to pests, diseases and drought (4, 6). They are widely utilized in both households and food industries as ingredients to produce a range of products including complementary foods, local dishes, non-alcoholic and alcoholic beverages (7, 8).

The health benefits associated with plant-based foods are strongly influenced by the composition and structure of various bioactive compounds such as prebiotics and polyphenols. For instance, cereal grains, and legumes contribute to improved gastro-intestinal health due to their substantial amounts of prebiotic carbohydrates (9). These carbohydrates, also known as fermentable oligo-di-monosaccharides and polyols (FODMAPs) (10), undergo fermentation, resulting in a reduced pH and increased concentration of short-chain fatty acids (11). These effects promote health by creating an unfavorable environment for pathogenic microorganisms and supporting the growth of beneficial gut microflora (12). FODMAPs that are selectively utilized by host microorganisms, promoting their growth and producing health-beneficial metabolites, are generally classified as prebiotics (13).

However, not all FODMAPs possess prebiotic properties, as FODMAPs represent a broader category of fermentable carbohydrates, some of which can have adverse effects on the host. For instance, foods with high levels of fructose and polyols can lead to flatulence, bloating and abdominal distention (14) due to gas production and increased water volume by osmosis in the lower gastro intestinal tract (15). Additionally, these substrates are associated with gut microbiota dysbiosis (16). Therefore, characterization and quantification of FODMAP content in commonly consumed plant-based foods becomes inevitable if effective targeted dietary therapy is to be achieved.

The FODMAP profiles of cereals, specifically wheat, rye, and barley, as well as legumes such as chickpeas, green peas, faba beans, soybean, red kidney beans and lentils, have been studied. These studies report FOS as the predominant FODMAP in the bran of cereals (17) while the legumes are rich in raffinose family GOS (18). However, there is a lack of information on the FODMAP profiles of other commonly consumed cereals in sub-Saharan Africa such as millet and sorghum. Similarly, there is limited data on the FODMAP profiles of oil seeds such as sesame, pumpkin seeds, and sunflower seeds despite their frequent use in plant-based diets of various households. Furthermore, several studies have investigated the effects of food processing on cereals, legumes and oil seeds. These studies have examined the impact of processing on functional properties (19), proximate and micronutrient composition (20), and sensory attributes (21). Nevertheless, there are few limited studies (22–25) focused on processing techniques specifically aimed at altering FODMAP content in cereals, legumes and oil seeds to meet the recommended reference cut of values for a low FODMAP diet (26), which is commonly used to alleviate FGID. None of the above authors focused on millet, sorghum, sesame and soybean varieties despite their significant inclusion in sub-Saharan African diets.

Studies on how processing techniques and grain variety influence FODMAP content of these crop varieties are limited. Existing information is derived from studies that focus on processing effects related to nutritional and physicochemical properties (59, 60), whereas varietal effects are predominantly studied in terms of yield stability and adaptability to varying environmental conditions (4, 61). Diverse processing methods, including thermal techniques such as dry heating and baking, and nonthermal techniques such as malting, fermentation, and enzymatic hydrolysis, significantly alter the functional properties of FODMAPs (25, 62). These techniques primarily alter the degree of polymerization and hence the structural composition of the grains. The extent of alteration of FODMAP content depends on the inherent structural composition, type, initial quantity of FODMAP and grain variety (27). However, the extent to which these processing methods and grain variety affect individual FODMAPs is not known.

Additionally it is important to note that the quality and quantity of FODMAPs in legumes, oil seeds and cereal grains are influenced by various environmental conditions and varieties across the globe (26). Thus, extrapolating data from one continent to another may result in erroneous estimates, either overestimating or underestimating the FODMAP content. Consequently, this renders dietary interventions for specific nutritional diseases, such as FGIDs, more speculative than effective. Moreover, it makes it challenging to achieve effective personalized nutrition. This study, therefore investigated the effect of thermal and non-thermal processing and crop variety on the FODMAP profile of millet, sorghum, soybean, and sesame varieties commonly consumed in Uganda.



2 Materials and methods

Sugar standards (monosaccharide kit 47,267, sugar alcohol kit 47,266) and other chemicals (acetonitrile, methanol, sodium borohydride, p-aminobenzoic ethyl ester ABEE-derivatizing agent, HPLC-grade chloroform) were purchased from Sigma Aldrich, United States. Analytical grade glacial acetic acid was sourced from Merck (Millipore, Darmstadt, Germany). HPLC grade water and ultra-pure water were obtained from water purification system (Evoqua, Ultrapure water system Art. No. W3T364778, Germany). All chemicals and reagents were stored following the manufacturer’s instructions.


2.1 Selection of samples

This study focused on four crops, including two cereals: finger millet (Eleusine coracana) and sorghum (Sorghum bicolor), one legume: soybean (Glycine max) and one oil seed: sesame (Sesamum indicum). These grains are recognized sources of FODMAPs with prebiotic potential including FOS (fructo-oligosaccharides) and GOS (galacto-oligosaccharides) (3). Each grain type comprised of two elite varieties and one indigenous variety commonly consumed by Ugandan Households. The indigenous grains were collected from five different grocery and produce stores across various markets in Gulu City, northern Uganda. Equal quantities of each grain were combined to make 2 kg samples for each type. The selected elite varieties originated from two national plant breeding institutes: the National Semi-Arid Resources Research Institute (NASARRI), Serere district, Uganda, and the Ngetta Zonal Agricultural Research and Development Institute, Lira district, Uganda. The criteria for variety selection included their suitability for both food consumption and brewing as previously reported by Byakika et al. (28).



2.2 Sample treatment

Individual grains were thoroughly sorted and cleaned with portable water. The samples were subsequently oven-dried at 50°C for 24 h to a consistent weight. Approximately 500 g of each dried grain was subjected to either thermal processing (dry heat-roasting) or non-thermal processing (malting), while the unprocessed grains served as control. For thermal processing, the method described by Kim et al. (29) was followed with minor adjustments in roasting temperatures and holding time. Specifically, the grains were roasted on an electric hot plate (DLAB MS-H280-Pro, Los Angeles United States) at temperatures ranging from 90°C to 100°C, with a holding time of 10 min for sorghum, millet, and sesame, and 20 min for soybean grains. These conditions are considered adequate to significantly reduce the beany flavor and antinutritional factors in the grains while preserving nutritional quality (30).

Regarding malting, the method described by Syeunda et al. (31) was employed. Briefly, cleaned grains were steeped in distilled water (500 g of grain to 1.5 L of water) for 24 h. The steeping water was changed every 6 h to ensure uniform air circulation, and the final water was drained prior to sprouting. Subsequently, they were allowed to sprout at an ambient temperature (25–27°C) for 48 h. During the sprouting stage, the grains were uniformly mixed and periodically moistened to facilitate homogenous sprouting and temperature regulation. After 48 h, the sprouted grains were kilned in an oven at 50°C until a moisture content of 10% was achieved. Finally, the raw, roasted, or malted grains were each ground using a laboratory blender (Neo-Tech SA, Milmort, Belgium) and passed through a 300 μm screen. The flour samples were sealed in high-density polyethylene bags and stored at 8°C prior to subsequent analysis.



2.3 Carbohydrate extraction

The water and ethanol extraction method was used as described by Schmidt & Sciurba (32) with minor modifications. Briefly, 2.0 g of each sample was mixed with 4 mL of 80% ethanol (v/v) to inactivate amylase and prevent excessive starch hydrolysis during the extraction process (33). Exactly 20 mL of distilled water was added followed by sonication (GT SONIC-D9, Beijing, China) at room temperature for 3 min. Sonication was conducted to enhance percentage yield during the extraction process (34). The mixture was then centrifuged (VWR Micro star 17, 521–1,646, Berlin, Germany) at 3000 x g for 5 min and the resulting supernatant was collected. FODMAPs were further re-extracted from the residue with 20 mL of distilled water. The supernatants for the two extractions were pooled and made up to 100 mL. Each sample underwent three independent extractions, with each extraction replicated twice during analysis to account for variability in the extraction and analysis process.



2.4 HPLC determination of monosaccharide and polyol content in the samples


2.4.1 Preparation of standard and sample solution

Standards (Glucose, fructose, sorbitol and mannitol) and sample solutions were prepared according to the method of Jalaludin and Kim (35).The sample extracts were derivatized with p-aminobenzoic acid ethyl ester (ABEE) according to the method described by Debebe et al. (36). Briefly, ABEE stock solution was prepared by dissolving 2 g of ABEE agent in 4 mL of methanol in a 1 L glass tube followed by addition of 310 mL of glacial acetic acid. The mixture was completely dissolved at 45°C in a water bath and left to cool to room temperature. Upon cooling, 0.6 g of sodium borohydride were added, and the solution was vortexed for 30 s to yield an ABEE stock solution.

A 2 mL aliquot of the ABEE stock solution was mixed with 500 μL of either standard or sample solution and incubated at 80°C for 1 h. The mixture was cooled under running water and centrifuged (Eppendorf AG Barkhausenweg 122,339 Hamburg, Germany) at 4000 x g for 1 min. Exactly 3 mL of HPLC grade water was added to the supernatant followed by addition of 3 mL of chloroform to extract the aqueous phase. The mixture was vortexed for 30 s and again centrifuged at 4000 x g for 1 min. The upper layer was collected, centrifuged (4,000 x g for 1 min), and filtered into HPLC vials using a 0.22 μm nylon syringe filter (AVF-100C-NY, Dubai, UAE) for HPLC analysis.



2.4.2 HPLC analysis

HPLC was performed following the procedure of Debebe et al. (36) with a slight modification in conditions. The analysis was performed using a C18 column (LunaR 5 μm C18 100 Å, LC Column 250 × 4.6 mm) and UV detector at λmax 190 nm. This wavelength yielded a consistent correlation coefficient of 0.99 for both monosaccharides and polyols indicating good detector response. Two mobile phases (75% Acetonitrile as solvent A and HPLC water as solvent B) were used in a gradient elution mode. The gradient conditions were 0–4 min with 65% solvent A, which linearly increased to 80% within 5–10 min followed by maintenance at 80% for 11–12 min with a mobile-phase flow rate of 0.5 mL·min−1. The sample injection volume was 10 μL with the column temperature set at 40°C.

The data was evaluated using a calibration method where standards (Glucose, fructose, sorbitol, and mannitol) of 6 different concentrations ranging between 0.039–10 μg/mL were used to create calibration curves. A correlation coefficient of >0.98 was accepted. The calibration curve was used to determine the limit of quantification (LOQ) of the standards using Equation 1. The precision of the analysis was checked after 4 repeated injections of each standard. The set of the standards was run at the start and at the end of the sample running session to allow correction of any drift in the elution profile. Quantitative determination of the individual monosaccharide was by external standard method. The summary of LOQ ranges, correlation coefficients and R2 values for each sugar standard are indicated in Table 1. Chromatograms obtained were analyzed using LabSolutions CS software version 5 (Shimadzu LC-2050, Tokyo Japan) and the concentration of the corresponding sugar was calculated by obtaining the area under the curve.
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TABLE 1 The correlation coefficient, R2 and limit of quantification ranges of sugar standards.
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2.5 Determination of disaccharide and oligosaccharide contents

Disaccharide and oligosaccharide content in the samples were prepared using Megazyme kits and determined by UV–VIS spectrophotometer (Jenway 6,705, Milmort Belgium). K-RAFGL kit (last updated August 2023) was used to determine sucrose, and galacto-oligosaccharide content whereas total fructo-oligosaccharide was determined by K-FRUC kit (last updated November 2022; Megazyme, Bray Ireland). During determination of Fructo-oligosaccharides, α-galactosidases (Megazyme cat. no. EAGLANP) was used to eliminate interfering GOS. The kits were used following manufacturer’s instructions. A calibration curve was created for 6 different concentrations of each standard and LOQ for the compounds was determined using equation 1. The LOQ ranges of FOS and GOS were between 27.1–250 μg/mL and 123.3–250 μg/mL and the correlations coefficients (R) were 0.998 and 0.995, respectively. The R2 values and equations were 0.997, y = 0.0099x + 0.0222 and 0.991, y = 0.0044x + 0.0479, for FOS and GOS, respectively.



2.6 Determination of total FODMAP content in millet, sorghum, soybean and sesame

The total FODMAP content in the different grains and seeds was calculated according to Varney (26). The individual contents of monosaccharide, disaccharides, oligosaccharides, and polyols in each sample were summed to calculate the total FODMAP content.



2.7 Statistical analysis

Data for FODMAP content was analyzed using one-way Analysis of Variance (ANOVA). Mean comparisons were performed using the Tukey’s HSD test and α = 0.05 was used to detect significant differences in means. Prior to performing ANOVA, the test for homogeneity of variance was confirmed using Levene’s test and normal distribution was ascertained using Shapiro–Wilk test. All statistical analyses were performed using SPSS software version 25.0 (SPSS Inc., Chicago, IL). Finally, graphical illustrations were generated using Sigma Plot version 11.0.




3 Results


3.1 Characterization of fermentable oligo-di-monosaccharides and polyols in selected grains and seeds

Table 2 illustrates variations in FODMAPs content according to seed type. Generally, the FODMAPs profiles were influenced by crop type. Glucose was significantly higher (p < 0.05) in millet compared to other crops. Fructose on the other hand was not significantly different from the crops except in soybean that registered a significantly lower (p < 0.05) fructose content by 0.26–0.29 g/100 g. For disaccharides, sucrose content in soybean was about 3 times higher than in sesame, sorghum and millet. Similarly, soybean had the highest (p < 0.05) GOS and FOS content followed by sesame. Sugar polyols were below the limit of quantification values for all grains and seeds under study.



TABLE 2 Characterization of FODMAP profiles of millet, sorghum, soybean and sesame.
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3.2 Effect of crop variety on the contents of fermentable oligo-di-monosaccharides and polyols

Significant differences (p < 0.05) in FODMAP content were observed between elite and indigenous varieties, with varying magnitudes (Table 3). The elite soybean (Maksoy 3 N) and sorghum varieties, (Narosorg 2) exhibited significantly lower (p < 0.05) excess fructose content compared to the indigenous variety. The excess fructose content in Narosorg 2 was significantly lower by 0.12 and 0.17 g/100 g compared to the indigenous and Narosorg 4 varieties, respectively.



TABLE 3 Influence of crop variety on fermentable oligo-di-monosaccharides and polyols content in Millet, Sorghum, Soybean and Sesame.
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Similarly, the elite varieties of soybean, sorghum and millet demonstrated significantly lower (p < 0.05) total oligosaccharide content except in Naromil 2 millet variety which exhibited significantly higher (p < 0.05) values. Specifically, the indigenous variety of sorghum had significantly higher (p < 0.05) GOS (by 56%), and FOS (by 73.9%) compared to the elite varieties. Additionally, the percentage difference in GOS and FOS content between the indigenous soybean variety and the elite varieties ranged from 10.2 to 38.3%. Conversely, oligosaccharide content in sesame elite and indigenous varieties were not significantly different (p > 0.05). By implication therefore, varietal effect due to crop improvement technologies such as conventional breeding had a non-uniform effect on FODMAP content within crop types.



3.3 Effect of processing on the contents of fermentable oligo-di-monosaccharides and polyols

Table 4 shows the effect of processing techniques on FODMAP contents in oil seeds, cereals, and legume grains investigated. The results indicate that the type of processing significantly (p < 0.05) influenced FODMAP quantities, regardless of grain type albeit at varying magnitude. Malting demonstrated a greater potential to reduce FODMAPs in millet, sorghum, soybean and sesame compared to roasting. Malting significantly (p < 0.05) increased glucose levels across all grains, with the highest increase observed in sorghum (428.6%) and millet (250%). Conversely, malting significantly (p < 0.05) reduced fructose levels in millet, sorghum, and sesame, with sorghum showing the greatest reduction (79.4%), while soybean exhibited an increase of over 100%. Additionally, malting significantly (p < 0.05) reduced galacto-oligosaccharides (GOS), especially in soybean (71.6%) and sesame (62.2%). However, no significant reduction in GOS was observed in sorghum and millet. The effect of malting on fructo-oligosaccharides (FOS) was variable, increasing in cereals (11.1% in sorghum, 63.2% in millet) but significantly reducing in sesame and soybean by 14.5 and 68.9%, respectively.



TABLE 4 Effect of processing on FODMAPs content in millet, sorghum, soybean and sesame.
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In contrast, roasting did not significantly affect GOS and FOS irrespective of the crop type. However, it resulted in a significant (p < 0.05) increase in fructose levels across all grains, ranging from 21.6 to 512.5%. Soybean and sesame showed the highest increase.



3.4 The potential of roasting and malting in achieving low FODMAP food products

Figures 1–3 illustrate the potential of roasting and malting in reducing FODMAPs to the recommended threshold values for each FODMAP category with the objective of obtaining a low FODMAP food product. Malting effectively reduced excess fructose in all grain types to the recommended levels of <0.15 g/100 g, a reduction which was not achieved by roasting (Figure 1). The amount of excess fructose obtained after malting was not significantly different (p > 0.05) from the reference cut-off value for soybean but was significantly lower (p < 0.05) in sesame, millet and sorghum. After malting, millet and sorghum did not exhibit any excess fructose content. Furthermore, malting had a greater effect on reducing the total oligosaccharides and total FODMAPs in soybean and sesame (>50% reduction) although this reduction did not result in attaining the recommended threshold of 0.3 g/100 g (Figure 2) and 0.5 g/100 g (Figure 3), respectively. Specifically, the reduction of both total oligosaccharides and total FODMAP remained significantly higher (p < 0.05) in all crop types than the reference cut-off values.

[image: Figure 1]

FIGURE 1
 Effect of processing on excess fructose content ratings of millet, sorghum, soybean and sesame compared to the reference cut-off value for a low FODMAP food (26). Values are means of three independent determinations. Error bars represent standard deviation. Graphs with asterisk are significantly different (p < 0.05) from the reference cut-off value.
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FIGURE 2
 Effect of processing on total oligosaccharide content ratings of millet, sorghum, soybean and sesame compared to the reference cut-off value for a low FODMAP food (26). Values are means of three independent determinations. Error bars represent standard deviation Graphs with asterisk are significantly different (p < 0.05) from the reference cut-off value.
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FIGURE 3
 Effect of processing on total FODMAP content ratings of millet, sorghum, soybean and sesame compared to the reference cut-off value for a low FODMAP food (26). Values are means of three independent determinations. Error bars represent standard deviation. Graphs with asterisk are significantly different (p < 0.05) from the reference cut-off value.


Conversely, roasting significantly increased (p < 0.05) excess fructose, total oligosaccharide, and total FODMAP content in soybean, sesame, and sorghum compared to the reference cut-off values. Millet, however, did not show any significant difference (p > 0.05) from all the reference cut-off values. The percentage differences ranged from 50 to 185.4%, with sorghum exhibiting the lowest and soybean the highest significant differences from the reference cut-off values.




4 Discussion


4.1 Characterization of fermentable oligo-di-monosaccharides and polyols in selected grains and seeds

Understanding the characteristics of fermentable oligo-di-monosaccharides in cereal, legume and oil seeds provides an insight to allow for: (i) selection of nutritious and functional crop type for use in dietary modification therapies (22), (ii) enhancing the content of bioactive compounds through food processing (37), and (iii) updating the food composition tables (38). The characteristics of FODMAPs reported in this study delineated sesame, soybean, sorghum and millet as crops with varying quantities of FODMAPs. They can be used as good candidates for modification through processing to develop products with lower FODMAP content as dietary interventions for FGIDs. This information can also be used to update information in the current food composition tables for East and central Africa because these crop varieties are consumed in the two African regions (39).

The results obtained in the current study are comparable with those of Ispiryan et al. (18) who reported legume such as peas and beans to contain substantial quantities of galacto-oligosaccharide (between 4.48 to 4.87 g/100 g) and total oligosaccharide. Galacto-oligosaccharides and fructo-oligosaccharides are known prebiotic substrates that modulate gut microbiota and inhibit pathogen growth (40). Conversely, the higher content of fructose in sorghum, millet and sesame may contribute to fructose-related gastrointestinal digestive disorders such as increased motility and flatulence in sensitive individuals. This is further emphasized by Larke et al. (41) who reported increased gastrointestinal inflammation among adults who frequently consumed fructose rich diets.

These findings highlight the dual role of FODMAP components in gastrointestinal health emphasizing the necessity for personalized dietary recommendations tailored to individual needs. For instance, individuals predisposed to gastrointestinal disorders may benefit from a diet rich in Oligosaccharides such as those in soybean (Maksoy 3 N). Conversely, individuals sensitive to monosaccharides should limit their intake of foods like sorghum and sesame. This personalized approach could enhance overall gut health and reduce the risk of digestive disorders contributing to the achievement of Sustainable Development Goal 3, which aims at achieving good health and well-being.



4.2 Effect of crop variety on the contents of fermentable oligo-di-monosaccharides and polyols

The observed significant variation in FODMAP content between elite and indigenous varieties of millet, sorghum, soybean and sesame highlight the impact of crop improvement technologies such as conventional breeding on carbohydrate composition in cereals, legumes and oil seeds. These variations were comparable to those reported by Bhardwaj (42) in S26 and S32 sesame varieties and Karnpanit et al. (27) in Australian sweet Lupin legumes. Moreover, Raja et al. (43) reported variations in GOS content in different chickpea varieties while Huynh et al. (44) reported variations in FOS content in different wheat and barley varieties.

These varietal differences in FODMAP content could be attributed to crop improvement technologies that aim at improving agronomic characteristics potentially at the expense of total nutritional content and quality. Furthermore genotypic differences and varying geographical environmental conditions (26) could also be a plausible explanation for the differences in FODMAP content. The varying FODMAP content reported in elite varieties has three major implications in the field of nutrition. Firstly, these varieties may increase the symptoms of functional gastrointestinal disorders in sensitive individuals especially those with high fructose (45). Secondly, those with higher total oligosaccharides (FOS & GOS) can provide ameliorating effect to FGIDs among vulnerable population such as children under 5 years of age. This is due to their proven prebiotic properties (46). Thirdly, the high FODMAP content presents an opportunity to apply food processing technologies to develop symbiotic food products. Symbiotic food products contain both prebiotic and probiotic properties (47). Therefore, careful selection of crop varieties is essential to balance between nutritional benefits with potential digestive health implication.



4.3 Effect of processing on the contents of fermentable oligo-di-monosaccharides and polyols

The results of this study, which demonstrated a reduction of more than 50% in FODMAP content due to malting, are consistent with results from previous studies. Nyyssölä et al. (24) reported a 90% decrease in galacto-oligosaccharide (GOS) content in faba beans and yellow peas following enzymatic treatment. Similarly, Kaczmarska et al. (48) reported a 44% reduction in total oligosaccharides in germinated soybean whereas Ispiryan et al. (23) documented a 60–85% decrease in GOS content in malted chickpeas, barley, and oats. During malting, GOS are rapidly mobilized by endogenous catabolic α-galactosidases during the germination stage (49). This endogenous enzyme activation is crucial for energy metabolism to promote plant growth during the initial stages (50). This could be a plausible explanation for the reduction of GOS in malted plant-based foods such as soybean, sesame, millet, and sorghum.

The varying effect of malting on FOS content may be attributed to differences in grain type, inherent FOS quantity and type, and processing steps. Cereals such as wheat, rye and barley, millet and sorghum may contain varying quantities of levan and inulin type fructo-oligosaccharides with varying glycosidic linkages of either β-2 → 1 or β-2 → 6 fructose-sucrose glycosidic linkages (51). These linkages influence the degree of polymerization which in turn influences their ability to be broken down by malting. However, this study did not explore this perspective in detail.

Conversely, the effect of roasting was more visible at the total FODMAP level rather than individual FODMAP categories. This could be attributed to re-polymerization and re-construction of new carbohydrate glycosidic linkages (52) and moisture removal during roasting leading to increased concentration of FODMAPs (53). Overall, the study demonstrates that processing techniques significantly alter FODMAP content depending on the FODMAP category and processing method. Malting is more effective than roasting in reducing FODMAP content in cereals and legumes, making it a preferable method for producing low-FODMAP foods. Malting is effective in reducing FODMAP categories such as excess fructose with adverse effects upon consumption by vulnerable population such as children under 5 years.

In most Ugandan households, millet, sesame, sorghum, and soybean are fundamental in the diet and nutrition. Millet and sorghum serve as staple cereals, frequently used to prepare porridge, non-alcoholic fermented beverages, bread, and other traditional dishes (7). Similarly, soybean and sesame are utilized either as single ingredients or in combination to develop snacks, composite flours, and pastes, contributing to the diversity and nutritional value of the diet (20, 54). Malting these food ingredients can lead to production of various food products with low FODMAP content while preserving nutritional quality.



4.4 The potential of roasting and malting in achieving low FODMAP food products

Functional gastro-intestinal disorders (FGIDs) incidences are increasing in developing countries, and dietary management plays a crucial role in symptom control. Despite high FODMAP foods being known triggers for FGID symptoms (45), they are also rich in nutrients. Therefore, elimination or significant reduction of daily intake of these foods may lead to nutrient deficiencies (55). Previous studies have documented that bioprocessing methods such as malting and fermentation can reduce FODMAP content while maintaining nutritional quality (25). These methods also produce symbiotic food products with prebiotic and probiotic properties (56).

The results of this study indicate that malting significantly reduces FODMAP contents in cereal and legume grains commonly consumed in Uganda and other countries in eastern and central Africa. However, reductions attained could not achieve the recommended cut-off values of below 0.3 g/100 g and 0.5 g/100 g for total oligosaccharides and total FODMAP, respectively (26). Similar results were reported by Ispiryan et al. (23), for chickpea (0.49 g/100 g) and lentil malt (0.84 g/100 g). Schmidt & Sciurba (32) also found comparable FODMAP content in fermented wheat flour varieties (0.53 g/100 g). The failure to attain cut-off values as observed in the current study could be due to the initially high FODMAP content in cereals and legumes investigated and ineffectiveness of selected processing conditions. Therefore, optimization of processing parameters for the methods investigated could be explored to improve their effectiveness in producing low FODMAP food products. Optimizing these processes is crucial for developing dietary interventions that minimize gastrointestinal discomfort for individuals sensitive to FODMAPs, particularly in regions where these grains are staple foods.

Based on the results of this study and others (55, 63), it is plausible to suggest that the 0.5 g/100 g threshold for a low FODMAP diet (26), may be excessively restrictive for high FODMAP food resources such as cereals, legume grains, and oil seeds used in this current study. Given that FODMAPs confer health benefits primarily through prebiotic mechanism of action (57), reducing them to such low levels might undermine these benefits. Notably, the FODMAP levels achieved in this study through malting fall within the recommended prebiotic intake range of 5–8 g/day, which is believed to be adequate to elicit a prebiotic effect in the host (58). However, the current study did not explore this aspect. Therefore, future studies should explore the prebiotic potential of FODMAPs at levels achieved through malting for the promising varieties of millet, soybean, sorghum and sesame identified in this study. This will provide a basis for striking a compromise between achieving the recommended FODMAPs threshold and the expected prebiotic benefit. These quantities maybe protective from functional gastrointestinal disorders rather than act as potential triggers.




5 Conclusion

This study successfully characterized the FODMAP content in cereals, oil seeds, and legumes varieties commonly consumed in Uganda and demonstrated the potential of malting to reduce FODMAP content to recommended cut-off values. Specifically, the study demonstrated that; (i) Crop improvement leads to varying changes in the total FODMAP content of elite crop varieties. The elite varieties of soybean (Maksoy 3 N), millet (Seremi 2) and sorghum (Narosorg 2) contain lower total FODMAP content compared to indigenous varieties. Therefore, careful selection of crop varieties is essential to balance between nutritional benefits with potential digestive health implication; (ii) malting is more effective than roasting at reducing total FODMAP content, especially fructose which is known to have adverse digestive health effects when consumed in high quantities. Despite its superiority at reducing FODMAPs compared to roasting, malting conditions still need to be optimized to be able to achieve the recommended threshold of 0.5 g/100 g recommended for low FODMAP diets.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

DA: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. SO: Conceptualization, Data curation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. IM: Conceptualization, Data curation, Methodology, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. DO: Conceptualization, Data curation, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Regional University Forum for Capacity Building in Agriculture (RUFORUM) in partnership with MasterCard Foundation under the Transforming African Agricultural Universities to Meaningfully Contribute to Africa’s Growth and Development (TAGDEV) project (grant number RU2016MCF002). The funding source did not have any involvement in, study design, collection, analysis, and interpretation of data, writing the report, and in the decision to submit the article for publication.



Acknowledgments

We would like to thank the TAGDEV project team for the funds provided to conduct this research and the Gulu University Research & Multifunctional Laboratories for providing a conducive Laboratory environment to implement the study experiments.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Poutanen, KS, Kårlund, AO, Gómez-Gallego, C, Johansson, DP, Scheers, NM, Marklinder, IM , et al. Grains - a major source of sustainable protein for health. Nutr Rev. (2022) 80:1648–63. doi: 10.1093/nutrit/nuab084 

 2. Breidenassel, C, Schäfer, AC, Micka, M, Richter, M, Linseisen, J, and Watzl, B. The planetary health diet in contrast to the food-based dietary guidelines of the German nutrition society (DGE). Ernahrungs-Umschau. (2022) 5:56–72. doi: 10.4455/eu.2022.012

 3. Kaur, AP, Bhardwaj, S, Dhanjal, DS, Nepovimova, E, Cruz-martins, N, Kuča, K , et al. Plant prebiotics and their role in the amelioration of diseases. Biomol Ther. (2021) 11:1–28. doi: 10.3390/biom11030440 

 4. Obua, T, Nabasirye, M, Namara, M, Tusiime, G, Maphosa, M, and Tukamuhabwa, P. Yield stability of tropical soybean genotypes in selected agro-ecologies in Uganda. South African J Plant Soil. (2020) 37:168–73. doi: 10.1080/02571862.2019.1678687

 5. Owere, L, Tongoona, P, Derera, J, and Wanyera, N. Variability and trait relationships among finger millet accessions in Uganda. Uganda J Agric Sci. (2015) 16:161. doi: 10.4314/ujas.v16i2.2

 6. Obua, T, Sserumaga, JP, Awio, B, Nganga, F, Odong, TL, Tukamuhabwa, P , et al. Multi-environmental evaluation of protein content and yield stability among tropical soybean genotypes using gge biplot analysis. Agronomy. (2021) 11:2–16. doi: 10.3390/agronomy11071265

 7. Mukisa, IM, Nsiimire, DG, Byaruhanga, YB, Muyanja, CMBK, Langsrud, T, and Narvhus, JA. OBUSHERA: descriptive sensory profiling and consumer acceptability. J Sens Stud. (2010) 25:190–214. doi: 10.1111/j.1745-459X.2009.00272.x

 8. Diaz, M, Kellingray, L, Akinyemi, N, Adefiranye, OO, Olaonipekun, AB, Bayili, GR , et al. Comparison of the microbial composition of African fermented foods using amplicon sequencing. Sci Report. (2019) 9:1–8. doi: 10.1038/s41598-019-50190-4

 9. Ispiryan, L, Zannini, E, and Arendt, EK. FODMAP modulation as a dietary therapy for IBS: scientific and market perspective. Compr Rev Food Sci Food Saf. (2022) 21:1491–516. doi: 10.1111/1541-4337.12903 

 10. Muir, JG, Rose, R, Rosella, O, Liels, K, Barrett, JS, Shepherd, SJ , et al. Measurement of short-chain carbohydrates in common Australian vegetables and fruits by high-performance liquid chromatography (HPLC). J Agric Food Chem. (2009) 57:554–65. doi: 10.1021/jf802700e 

 11. Feng, W, Ao, H, and Peng, C. Gut microbiota, short-chain fatty acids, and herbal medicines. Front Pharmacol. (2018) 9:1–12. doi: 10.3389/fphar.2018.01354

 12. Ribeiro, TS, Sampaio, KB, Menezes, FNDD, de Assis, POA, dos Santos, LM, de Oliveira, MEG , et al. In vitro evaluation of potential prebiotic effects of a freeze-dried juice from Pilosocereus gounellei (a. Weber ex K. Schum. Bly. Ex Rowl) cladodes, an unconventional edible plant from Caatinga biome. 3 Biotech. (2020) 10:448–9. doi: 10.1007/s13205-020-02442-8 

 13. Gibson, GR, Hutkins, R, Sanders, ME, Prescott, SL, Reimer, RA, Salminen, SJ , et al. Expert consensus document: The international scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics. Nat Rev Gastroenterol Hepatol. (2017) 14:491–502. doi: 10.1038/nrgastro.2017.75

 14. Lenhart, A, and Chey, WD. A systematic review of the effects of polyols on gastrointestinal health and irritable bowel syndrome. Adv Nutr. (2017) 8:587–96. doi: 10.3945/an.117.015560 

 15. Bertin, L, Zanconato, M, Crepaldi, M, Marasco, G, Cremon, C, Barbara, G , et al. The role of the FODMAP diet in IBS. Nutrients. (2024) 16:1–24. doi: 10.3390/nu16030370 

 16. Beisner, J, Gonzalez-Granda, A, Basrai, M, Damms-Machado, A, and Bischoff, SC. Fructose-induced intestinal microbiota shift following two types of short-term high-fructose dietary phases. Nutrients. (2020) 12:1–21. doi: 10.3390/nu12113444

 17. Biesiekierski, JR, Rosella, O, Rose, R, Liels, K, Barrett, JS, Shepherd, SJ , et al. Quantification of fructans, galacto-oligosacharides and other short-chain carbohydrates in processed grains and cereals. J Hum Nutr Diet. (2011) 24:154–76. doi: 10.1111/j.1365-277X.2010.01139.x 

 18. Ispiryan, L, Zannini, E, and Arendt, EK. Characterization of the FODMAP-profile in cereal-product ingredients. J Cereal Sci. (2020) 92:102916. doi: 10.1016/j.jcs.2020.102916

 19. Udeh, HO, Duodu, KG, and Jideani, AIO. Effect of malting period on physicochemical properties, minerals, and phytic acid of finger millet (Eleusine coracana) flour varieties. Food Sci Nutr. (2018) 6:1858–69. doi: 10.1002/fsn3.696 

 20. Alowo, D, Muggaga, C, and Ongeng, D. The effect of traditional malting technology practiced by an ethnic community in northern Uganda on in-vitro nutrient bioavailability and consumer sensory preference for locally formulated complementary food formulae. J Food Sci Nutr. (2018) 6:2491–8. doi: 10.1002/fsn3.856 

 21. Hidalgo-fuentes, B, De, JE, Cabrera-hidalgo, ADJ, Sandoval-castilla, O, Liceaga, AM, and Aguilar-toal, JE. Plant-based fermented beverages: nutritional composition, sensory properties, and health benefits. Food Secur. (2024) 13:1–20. doi: 10.3390/foods13060844 

 22. Galgano, F, Mele, MC, Tolve, R, Condelli, N, Di Cairano, M, Ianiro, G , et al. Strategies for producing low FODMAPs foodstuffs: challenges and perspectives. Foods. (2023) 12:2–15. doi: 10.3390/foods12040856 

 23. Ispiryan, L, Kuktaite, R, Zannini, E, and Arendt, EK. Fundamental study on changes in the FODMAP profile of cereals, pseudo-cereals, and pulses during the malting process. Food Chem. (2020) 343:128549. doi: 10.1016/j.foodchem.2020.128549 

 24. Nyyssölä, A, Nisov, A, Lille, M, Nikinmaa, M, Rosa-Sibakov, N, Ellilä, S , et al. Enzymatic reduction of galactooligosaccharide content of faba bean and yellow pea ingredients and food products. Futur Foods. (2021) 4:100047. doi: 10.1016/J.FUFO.2021.100047

 25. Nyyssölä, A, Ellilä, S, Nordlund, E, and Poutanen, K. Reduction of FODMAP content by bioprocessing. Trends Food Sci Technol. (2020) 99:257–72. doi: 10.1016/J.TIFS.2020.03.004

 26. Varney, J, Barrett, J, Scarlata, K, Catsos, P, Gibson, PR, and Muir, JG. FODMAPs: food composition, defining cutoff values and international application. J Gastroenterol Hepatol. (2017) 32:53–61. doi: 10.1111/jgh.13698 

 27. Karnpanit, W, Coorey, R, Clements, J, Nasar-Abbas, SM, Khan, MK, and Jayasena, V. Effect of cultivar, cultivation year and dehulling on raffinose family oligosaccharides in Australian sweet lupin (Lupinus angustifolius L.). Int J Food Sci Technol. (2016) 51:1386–92. doi: 10.1111/ijfs.13094

 28. Byakika, S, Mukisa, IM, and Byaruhanga, YB. Sorghum malt extract as a growth medium for lactic acid Bacteria cultures: a case of Lactobacillus plantarum MNC 21. Int J Microbiol. (2020) 2020:1–7. doi: 10.1155/2020/6622207 

 29. Som, KD, Lee, JT, Hong, SJ, Cho, JJ, and Shin, EC. Thermal coursed effect of comprehensive changes in the flavor/taste of Cynanchi wilfordii. J Food Sci. (2019) 84:2831–9. doi: 10.1111/1750-3841.14797 

 30. Agume, ASN, Njintang, NY, and Mbofung, CMF. Effect of soaking and roasting on the physicochemical and pasting properties of soybean flour. Food Secur. (2017) 6:1–10. doi: 10.3390/foods6020012 

 31. Syeunda, CO, Anyango, JO, and Faraj, AK. Effect of compositing precooked cowpea with improved malted finger millet on anti-nutrients content and sensory attributes of complementary porridge. Food Nutr Sci. (2019) 10:1157–78. doi: 10.4236/fns.2019.109084

 32. Schmidt, M, and Sciurba, E. Determination of FODMAP contents of common wheat and rye breads and the effects of processing on the final contents. Eur Food Res Technol. (2021) 247:395–410. doi: 10.1007/S00217-020-03633-6

 33. Ziegler, JU, Steiner, D, Longin, CFH, Würschum, T, Schweiggert, RM, and Carle, R. Wheat and the irritable bowel syndrome - FODMAP levels of modern and ancient species and their retention during bread making. J Funct Foods. (2016) 25:257–66. doi: 10.1016/j.jff.2016.05.019

 34. Annegowda, HV, Bhat, R, Min-Tze, L, Karim, AA, and Mansor, SM. Influence of sonication treatments and extraction solvents on the phenolics and antioxidants in star fruits. J Food Sci Technol. (2012) 49:510–4. doi: 10.1007/s13197-011-0435-8 

 35. Jalaludin, I, and Kim, J. Comparison of ultraviolet and refractive index detections in the HPLC analysis of sugars. Food Chem. (2021) 365:130514. doi: 10.1016/j.foodchem.2021.130514 

 36. Debebe, A, Temesgen, S, Redi-Abshiro, M, Chandravanshi, BS, and Ele, E. Improvement in analytical methods for determination of sugars in fermented alcoholic beverages. J Anal Methods Chem. (2018) 2018:1–10. doi: 10.1155/2018/4010298 

 37. Melilli, MG, Buzzanca, C, and Di Stefano, V. Quality characteristics of cereal-based foods enriched with different degree of polymerization inulin: a review. Carbohydr Polym. (2024) 332:121918. doi: 10.1016/j.carbpol.2024.121918 

 38. Liljebo, T, Störsrud, S, and Andreasson, A. Presence of fermentable oligo-, Di-, monosaccharides, and polyols (FODMAPs) in commonly eaten foods: extension of a database to indicate dietary FODMAP content and calculation of intake in the general population from food diary data. BMC Nutr. (2020) 6, 2–10. doi: 10.1186/s40795-020-00374-3 

 39. Mirriam, A, Mugwe, J, Nasar, J, Kisaka, O, Ranjan, S, and Gitari, H. Role of phosphorus and inoculation with Bradyrhizobium in enhancing soybean production. Adv Agric. (2023) 2023:1–14. doi: 10.1155/2023/3231623 

 40. Guarino, MPL, Altomare, A, Emerenziani, S, Di Rosa, C, Ribolsi, M, Balestrieri, P , et al. Mechanisms of action of prebiotics and their effects on gastro-intestinal disorders in adults. Nutrients. (2020) 12:1–24. doi: 10.3390/nu12041037 

 41. Larke, JA, Bacalzo, N, Castillo, JJ, Couture, G, Chen, Y, Xue, Z , et al. Dietary intake of monosaccharides from foods is associated with characteristics of the gut microbiota and gastrointestinal inflammation in healthy US adults. J Nutr. (2023) 153:106–19. doi: 10.1016/j.tjnut.2022.12.008 

 42. Bhardwaj, H. Sugars in whole sesame seed: effects of cultivars, planting dates and row Spacings. Am J Exp Agric. (2014) 4:978–84. doi: 10.9734/AJEA/2014/8999

 43. Raja, RB, Agasimani, S, Varadharajan, A, and Ram, SG. Natural variability and effect of processing techniques on raffinose family oligosaccharides in pigeonpea cultivars. Legum Res. (2016) 39:528–32. doi: 10.18805/lr.v0iOF.9279

 44. Huynh, BL, Palmer, L, Mather, DE, Wallwork, H, Graham, RD, Welch, RM , et al. Genotypic variation in wheat grain fructan content revealed by a simplified HPLC method. J Cereal Sci. (2008) 48:369–78. doi: 10.1016/j.jcs.2007.10.004

 45. Killian, LA, Muir, JG, Barrett, JS, Burd, NA, and Lee, SY. High fermentable oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAP) consumption among endurance athletes and relationship to gastrointestinal symptoms. Front Nutr. (2021) 8:8. doi: 10.3389/fnut.2021.637160 

 46. Cao, L, Bultsma, M, Wissing, J, Gerhard, BE, Ziegler, M, Versteeg, M , et al. High purity galacto-oligosaccharides: optimal process design and prebiotic effect. Bioact Carbohydrates Diet Fibre. (2023) 30:100387. doi: 10.1016/j.bcdf.2023.100387 

 47. González-Herrera, SM, Bermúdez-Quiñones, G, Ochoa-Martínez, LA, Rutiaga-Quiñones, OM, and Gallegos-Infante, JA. Synbiotics: a technological approach in food applications. J Food Sci Technol. (2021) 58:811–24. doi: 10.1007/s13197-020-04532-0 

 48. Kaczmarska, KT, Chandra-Hioe, MV, Zabaras, D, Frank, D, and Arcot, J. Effect of germination and fermentation on carbohydrate composition of Australian sweet Lupin and soybean seeds and flours. J Agric Food Chem. (2017) 65:10064–73. doi: 10.1021/acs.jafc.7b02986 

 49. Blöchl, A, Peterbauer, T, and Richter, A. Inhibition of raffinose oligosaccharide breakdown delays germination of pea seeds. J Plant Physiol. (2007) 164:1093–6. doi: 10.1016/j.jplph.2006.10.010 

 50. Wang, L, Zhu, Y, Jiang, J, Tan, G, Ma, Q, and Zhang, H. Dynamic changes in the levels of metabolites and endogenous hormones during the germination of Zanthoxylum nitidum (Roxb.) DC. Seeds Plant Signal Behav. (2023) 18:1–10. doi: 10.1080/15592324.2023.2251750 

 51. Jackson, PPJ, Wijeyesekera, A, and Rastall, RA. Inulin-type fructans and short-chain fructooligosaccharides—their role within the food industry as fat and sugar replacers and texture modifiers—what needs to be considered! Food Sci Nutr. (2023) 11:17–38. doi: 10.1002/fsn3.3040 

 52. Yao, YG, Wang, WY, Chen, LY, Liu, HM, Yan, RZ, Li, S , et al. Structural changes of cellulosic polysaccharides in sesame hull during roasting at various temperatures. Qual Assur Saf Crop Foods. (2021) 13:13–24. doi: 10.15586/qas.v13i2.876

 53. Martínez-Subirà, M, Meints, B, Tomasino, E, and Hayes, P. Effects of roasting and steeping on nutrients and physiochemical compounds in organically grown naked barley teas. Food Chem X. (2024) 22:101385. doi: 10.1016/j.fochx.2024.101385 

 54. Desire, MF, Blessing, M, Elijah, N, Ronald, M, Agather, K, Tapiwa, Z , et al. Exploring food fortification potential of neglected legume and oil seed crops for improving food and nutrition security among smallholder farming communities: a systematic review. J Agric Food Res. (2021) 3:100117. doi: 10.1016/j.jafr.2021.100117

 55. Hill, P, Muir, JG, and Gibson, PR. Controversies and recent developments of the low-FODMAP diet efficacy of the low-FODMAP diet in patients with irritable bowel syndrome. Gastroenterol Hepatol (NY). (2017) 13:36–45.

 56. Bamigbade, GB, Subhash, AJ, Kamal-Eldin, A, Nyström, L, and Ayyash, M. An updated review on prebiotics: insights on potentials of food seeds waste as source of potential prebiotics. Molecules. (2022) 27:27. doi: 10.3390/molecules27185947 

 57. Gibson, PR, Halmos, EP, and Muir, JG. Review article: FODMAPS, prebiotics and gut health-the FODMAP hypothesis revisited. Aliment Pharmacol Ther. (2020) 52:233–46. doi: 10.1111/apt.15818 

 58. Kolida, S, and Gibson, GR. Prebiotic capacity of inulin-type fructans. J Nutr. (2007) 137:2503S–6S. doi: 10.1093/jn/137.11.2503S 

 59. Ramo, MI, and Martínez-Monzó, J. Physicochemical properties and structure changes of food products during processing. Foods. (2022) 11. doi: 10.3390/foods11152365

 60. Munekata, PES, Domínguez, R, Budaraju, S, Roselló-Soto, E, Barba, FJ, Mallikarjunan, K , et al. Effect of innovative food processing technologies on the physicochemical and nutritional properties and quality of non-dairy plant-based beverages. Food Secur. (2020) 9:1–16. doi: 10.3390/foods9030288 

 61. Tesfaye, T, Tesfaye, K, Keneni, G, and Alemu, T. Genotype by environment interactions and yield of sesame (Sesamum indicum L.) varieties across the diverse agro-ecologies of Ethiopia. Ethiop J Agric Sci. (2021) 31:1–17.

 62. Bai, YP, Zhou, HM, Zhu, KR, and Li, Q. Effect of thermal processing on the molecular, structural, and antioxidant characteristics of highland barley β-glucan. Carbohydr Polym. (2021) 271:118416. doi: 10.1016/j.carbpol.2021.118416 

 63. Catassi, G, Lionetti, E, Gatti, S, and Catassi, C. The low FODMAP diet: many question marks for a catchy acronym. Nutrients. (2017) 9, 1–9. doi: 10.3390/nu9030292 


Copyright
 © 2025 Alowo, Olum, Mukisa and Ongeng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of thermal and non-thermal processing on fermentable oligo-di-monosaccharides and polyols (FODMAPs) content in millet, sorghum, soybean and sesame varieties



		1 Introduction



		2 Materials and methods



		2.1 Selection of samples



		2.2 Sample treatment



		2.3 Carbohydrate extraction



		2.4 HPLC determination of monosaccharide and polyol content in the samples



		2.4.1 Preparation of standard and sample solution



		2.4.2 HPLC analysis









		2.5 Determination of disaccharide and oligosaccharide contents



		2.6 Determination of total FODMAP content in millet, sorghum, soybean and sesame



		2.7 Statistical analysis









		3 Results



		3.1 Characterization of fermentable oligo-di-monosaccharides and polyols in selected grains and seeds



		3.2 Effect of crop variety on the contents of fermentable oligo-di-monosaccharides and polyols



		3.3 Effect of processing on the contents of fermentable oligo-di-monosaccharides and polyols



		3.4 The potential of roasting and malting in achieving low FODMAP food products









		4 Discussion



		4.1 Characterization of fermentable oligo-di-monosaccharides and polyols in selected grains and seeds



		4.2 Effect of crop variety on the contents of fermentable oligo-di-monosaccharides and polyols



		4.3 Effect of processing on the contents of fermentable oligo-di-monosaccharides and polyols



		4.4 The potential of roasting and malting in achieving low FODMAP food products









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Effect of thermal and
non-thermal processing on
fermentable
oligo-di-monosaccharides and
polyols (FODMAPs) content in
millet, sorghum, soybean and
sesame varieties












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-12-1520510-t001.jpg
Compound
Fructose
Glucose

Sorbitol

Mannitol

lation coefficient R
0999
0.998
0998

0.996

R2
0.999
0.997
0997

0993

Equation
y=13,226x-34335
y=21,586x + 18135
y=22,780x + 17289

y=22,202x+ 92568

0OQ (ug/ml)
1.77-10
3.276-10
3.56-10

5.1-10





OPS/images/fnut-12-1520510-t002.jpg
Polyols
(9/100 g)

Sorbitol/
mannitol

Monosaccharides/disaccharides (g/100 g)

Oligosaccharides (g/100 g)

Crop type
Excess

Glucose Fructose fructose

Sucrose Total GOS Total FOS

Soybean 005" +0.03 0.08"+0.04 0.03+0.06 337404 <1L0Q 443 £085 37°£043
Millet 028015 037005 0.09%£0.19 0.51°40.17 <10Q <10Q 0.57°£033
Sorghum 0.14°+0.03 0.34°£0.05 02'£008 04154007 <1L0Q 022£0.1 0.63°£0.48
Sesame 007" +0.04 035009 028 £0.11 0.97°£0.09 <1L0Q 193 +043 0.83°£0.23

Values show mean  SD (1 = 6) for each crop type; values in the same column with different superscript are significantly different (p < 0.05); Excess Fructose, Fructose-Glucose; LOQ, Limit of
Quantification (sorbitol LOQ = 3.56 ug/mL, mannitol LOQ = 5.1 pg/mL. & total GOS LOQ = 27.1 pg/mL).






OPS/images/fnut-12-1520510-g002.jpg
Total Oligosaccharide content (g/100g)

°

m Soybean
Millet

— Reference cut-off value for low FODMAP source

Unprocessed

Roasting
Processing method





OPS/images/fnut-12-1520510-g003.jpg
Total FODMAP content (g/100g)

o

10

s

— Soybean

@z Millet

SN Sorghum

R Sesame

= Reference cut-off value for low FODMAP source

Unprocessed

Roasting Maltng

Processing method





OPS/images/fnut-12-1520510-t003.jpg
Disaccharides

Monosaccharides (g/100g)

Oligosaccharides (g/100g)

(g/100g)
: Excess
Variety Glucose Fructose Sucrose Total GOS Total FOS
fructose
Soybean | Maksoy 3N 0064001 0034001 - 3784005 4562009 3524003
Maksoy 6N 0.06'40.02 0092004 0034002 331°4028 348':0.16 3804032
Indigenous variety-
0.08'£0.10 01224001 0.04401 303007 5134044 3904058
soybean
Millet Naromil 2 0144003 0404001 0264002 | 074005 0.0320.17 081°40.19
Seremi 2 0274001 0392001 0122001 0494001 <10Q 042019
Indigenous variety-millet | 0.47£0.07 031°4006 - 0324009 <10Q 0584031
Sorghum | Narosorg 2 0184001 0.26°+0.05 0094005 | 031°4002 0.18':0.02 0.52°20.08
Narosorg 4 0.12°20.02 0384001 0264001 | 0454005 0.17°20.08 021°20.03
Indigenous variety-
0134001 0344004 0214004 | 0482002 0324006 1134029
sorghum
Sesame Sesim 2 0.10'40.04 0.25'50.14 0165018 | 1002008 2304025 0.86°0.07
Sesim 3 0.06'£0.04 0324010 0264011 | 094005 18644004 073'40.19
Indigenous variety-sesame | 0.05£0.01 033401 0274008 | 0984007 154024 10:40.37

Values show mean  SD (n=6) for each grain variety; values in the same column with different superscript are significantly different (P < 0.05); Excess Fructose=Fructose-Glucose; - no excess
fructose available; LOQ; Limit of Quantification (Total GOS = 27.1 pg/mL).
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Oligosaccharides Total

Monosaccharides/disaccharides (g/100 g)

Type of (9/100 g) FODMAP
At Glucose Fructose fExcess Total GOS  Total FOS (9/100 g)
ructose

Soybean Unprocessed 005" +0.03 0,08+ 0.04 0.03 £ 0.06 4434085 370'+0.43 8.16°£0.85
Roasting. 0.07* +0.04 0.49" £ 0.03 0.41° £ 0.05 434+ 095 359"+ 0.41 834 +1.28
Malting 0.14" £ 0.06 0.28° +0.03 0.15°+0.05 1.26" + 0.90 115" +0.73 2.56"+2.95
Unprocessed 028°£0.15 037% £005 0,09 £0.19 <10Q 057°£033 0,65+ 041
Roasting 0.3°+0.14 0.45* £ 0.1 0.17°£0.15 <LOQ 0.48" + 0.44 0.65* +0.37
Malting 098" +0.33 027°+0.15 - <LOQ 0.93* £0.38 0.93* +£0.38

Sorghum Unprocessed 0.14°£0.14 0.34°£0.05 0.2 £0.08 0.22°+0.10 0.63* £ 0.48 1.05* £ 058
Roasting 017+0.17 042004 025009 0.30°+0.14 036'£0.13 091025
Malting 074" +0.74 0.07°+0.03 - 0.20°+0.15 0.70" £ 0.86 0.90" £ 0.89

Sesame Unprocessed 0.07°+0.04 0.35" £ 0.09 0.28'+0.11 1.93'£0.43 0.83*£0.23 3.04"£0.36
Roasting 0.04° £0.02 045"+ 0.09 0.41'£0.10 246"+ 0.41 0.49* £ 0.28 336+ 0.64
Malting 0.18" £ 0.03 0.26" +0.07 0.08 +0.08 073"+ 0.65 0.71° £0.54 1.52° +0.65

Values show mean  SD (1 = ) for each grain type. Means in the same column with different superscripts are significantly different (p < 0.05). Excess Fructose, Fructose-Glucose. -, no excess
fructose available. Total FODMAP = (Excess Fructose + total GOS + total FOS); LOQ, LOQ-Limit of Quantification (total GO LOQ = 27.1 pg/mL).






OPS/images/fnut-12-1520510-e001.jpg
LOQ =10 x (standard deviation of intercept +slope)





OPS/images/fnut-12-1520510-g001.jpg
0s

06

Excess Fructose (g/100g)

01s

EEER Soybean

Millet

SN Sorghum

EZEE Sesame

—— Reference cut-off value for low FODMAP source

I

Malting

Processing method









