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Abstract

Soybean is a vital source of vegetable protein, carbohydrates, oil, and minerals. However, anti-nutritional factors (ANFs)
can diminish its nutritional value for monogastric animals, including humans. This study assessed the variability of phytate
and trypsin inhibitors in Ugandan soybean germplasm. A total of 308 soybean genotypes were analyzed for yield, phytate,
and total trypsin inhibitors (TTI) using spectrophotometric methods. Significant variation was observed for yield, phytate,
and TTl levels (p <0.001). Phytate levels ranged from 14.8 mg kg™' (BSPS 48A-6-3) to 6928.8 mg kg™ (NGDT 2.15-7), while
TTlvaried from 14.7 mg kg™'(DN 16_N) to 1534.8 mg kg™ '(Duiker). Using a weighted selection index, the best-performing
genotypes, Ux 990-044, Ux 990-102, and S 6.22B, combined high yield with low ANF levels. Broad-sense heritability (H?)
was 0.68 for phytate, 0.84 for TTI, and 0.08 for yield. The phenotypic coefficient of variation (PCV) for phytate (203.1%)
was significantly higher than the genetic coefficient of variation (GCV) (137.6%), indicating substantial environmental
influence, while moderate for TTI (PCV = 34.6%; GCV = 29.2%). Genetic advance (GA) values were 1667.6 mg kg_1 for
phytate and 504.3 mg kg™ for TTI, highlighting considerable genetic variability and heritability. These findings have
practical implications for breeding programs; the identified genotypes that combine high yield and reduced ANFs can
reduce processing costs for food and feed industries while enhancing nutritional security, especially in regions dependent
on soybean as a protein source.
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1 Introduction

Soybean (Glycine max., 2n=40) is rich in protein (40-50%), lipids (20-30%), carbohydrates (26-30%) [1-4] and
micronutrients (3.93-6.15%) [5], and can be consumed in various forms, including roasted whole beans, baked beans,
soy paste, soymilk, and fermented soybean curd [6, 7]. Due to its rich nutritional profile, soybean is widely used to combat
malnutrition globally, particularly in developing countries [3, 8]. However, the soybean nutritional value is negatively
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affected by the presence of secondary metabolism products known as anti-nutritional factors (ANFs). While ANFs play a
crucial role in plant defense [9] and have significant beneficial effects in animals [10], if present at high concentrations,
they can hinder nutrient absorption in animals and humans by forming complexes with nutrients such as proteins, sugars,
and minerals [11, 12]. Studies on other legumes, such as common beans and lentils, have shown similar challenges
with ANFs like tannins and oligosaccharides affecting mineral absorption [11, 13]. These studies emphasize the broader
relevance of addressing ANFs in legumes to improve nutritional quality.

The main ANFs in soybean seeds include protease inhibitors, metal chelators such as phytate, oligosaccharides,
antigenic factors [14], saponins, and tannins [15]. The significance of phytate and TTl lies in their impact on the nutritional
value of soybeans, as they influence two key groups of biomolecules - proteins and minerals. These molecules are
crucial for the structural and functional processes in both animals and humans. Phytate (PA; myo-inositol 1,2,3,4,5,6
hexakisphosphate) chelates minerals such as Cu?*, Ca®*, Zn?*, and Fe3", resulting in insoluble phytate-metal complexes
[12], thereby limiting mineral bioavailability. Phytate can also form extremely persistent compounds with proteins
preventing their digestion and absorption [13]. Trypsin inhibitors are the major proteinase inhibitors in soybean,
accounting for about 6% of the total protein [16]. They form an inhibitor-enzyme complex that blocks the enzyme’s
active site, thereby impairing the digestion and absorption of proteins and consequently reducing animal and human
growth [17]. To minimize nutrient losses, ideally, phytate should be less than 0.25 mg per 100 g (2.500 mg kg™') [18] while
trypsin inhibitors should be between 1.750 and 2.500 mg kg™ '[19].

To address the negative effect of anti-nutritional factors on animals and humans, various processing methods have
been proposed, including physical, chemical and enzymatic approaches. Traditional physical and chemical techniques
such as soaking, cooking, autoclaving, microwave cooking, extrusion, germination, irradiation [20], debranning [11],
dehulling [21], roasting, sprouting [22] and enzymatic treatments [23] can be used alone or in combination. However,
the methods are often expensive, some requiring high expertise and can denature proteins [24]. Thus, the most practical
and cost-effective approach is to breed genotypes that have reduced, well-documented levels of anti-nutritional factors
for animal and human consumption.

Different breeding strategies are available for the development of soybean varieties with low anti-nutritional content,
including conventional breeding [25, 26], mutational breeding [27], and modern plant breeding techniques [27-30]
such as marker-assisted selection [31], CRISPR-Cas9 [27, 32]. Although most of these approaches still require technical
expertise, and ethical or regulatory considerations, for instance challenges in breeding genetically modified crops;
genotypes with low ANFs are crucial for nutrient utilization [14], reducing processing costs [33], and improving nutritional
security and safety [34].

Several studies have extensively focused on morphological and agronomic traits [35], diseases [36-38]; yield and
nutritional parameters [38, 39]; adaptability [40], assessing genetic diversity using single sequence repeats (SSR) molecular
markers [41], genotype identification using expressed sequence tag derived simple sequence repeat (EST-SSR) [42], and
SNP markers [37, 43]. However, anti-nutritional factors have not been extensively studied.

The lack of a thorough biochemical characterization of germplasm could result in the deployment of soybean varieties
with high levels of anti-nutritional factors, potentially compromising the quality of consumed products. Uganda’s soybean
germplasm represents diverse genetic resources adapted to local environmental conditions. This genetic diversity
provides a foundation for developing nutritionally superior and regionally adapted soybean varieties. Understanding
the variability in anti-nutritional factors (ANFs) within this germplasm allows breeders to enhance the nutritional quality
of soybean for human and animal consumption while reducing the dependency on expensive processing methods.
Therefore, this study aimed to assess the variability of phytate and total trypsin inhibitors in Ugandan soybean germplasm.
It sought to provide a basis for the improvement of soybean nutritional value while maintaining desirable traits such as
yield for feed and food.

2 Material and methods

2.1 Germplasm and experimental design

A collection of 308 soybeans, maintained by the Makerere University Centre for Soybean Improvement and Development
(MAKCSID), composed of lines sourced from Uganda (120), Taiwan (27), the USA (132), Japan (19), Nigeria (1), and

Zimbabwe (13) was used in this study. To standardize the conditions and ensure consistent seed multiplication, genotypes
were planted at the Makerere University Agricultural Research Institute Kabanyolo (MUARIK) in 2023. Kabanyolo is
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located in the Central Region of Uganda, at coordinates 0°28’ N, 32°36’ E and an altitude of 1,180 m above sea level. The
mean annual temperature is 21.4 °C, and the mean annual rainfall is 1,234 mm [39]. The experiment was laid out in an
augmented design with 31 blocks, each containing 10 plots, and this design was chosen to ensure robust evaluations
of 308 genotypes. This setup was implemented at Makerere University Agricultural Research Institute Kabanyolo, and
the results reflect consistent experimental replication across all genotypes. Planting was done with inter and intra-row
spacing of 60 cm x5 cm, respectively. The study was conducted in a single environment.

2.2 Biochemical analysis

Genotypes were harvested separately at maturity, threshed and corrected to 10% moisture content by sun-drying before
the biochemical analysis. Dried soybean seeds were ground using a food processor grinder (FOSS, Brook Crompton
Laboratory mill, type 2-TDABO03J, England, 2014) at the Nutritional and Biochemical Laboratory of the National Crops
Resources Research Institute (NaCRRI) in Uganda. The ground samples were then subjected to analysis to determine
levels of phytate and total trypsin inhibitors.

2.2.1 Quantitative determination of phytate

Phytate extraction was performed through an acidic method as described by [44], with slight modifications on the sam-
ple’s initial volume and refrigeration during centrifugation. Twenty milliliters of 0.5 M HCl was added to 0.5 g of finely
powdered triplicate soybean samples, vortexed, and shaken on an orbital shaker for 1 h. The homogenized mixture was
centrifuged at 4000 rpm for 30 min at 4 °C using a HERMLE 300 K centrifuge (HERMLE Labortechnik GmbH; Siemenstr. 25,
78564 Wehingen, Germany). For each sample, 5 ml of supernatant containing the soluble fraction was transferred into
three new Falcon tubes, and the pH was adjusted by adding an equal volume of 0.5 M NaOH. The reaction was stopped by
adding 5 ml of NaCl. The sample was then filtered, and 2 ml of a chromogenic solution (ferric chloride lll, FeCl;) was added
for spectrophotometric (Anthos Mikrosysteme GmbH; Burkamp 22, 26169 Friesoythe, Germany) reading at 492 nm. The
optical densities (OD) were used to calculate the concentration of phytate in the samples as equivalents of the external
calibration standard of sodium phytate, using a linear regression calibration standard prepared from serial dilutions.
Controls, prepared similarly to the testing samples, but without the analyte were subtracted from the final concentration.

2.2.2 Determination of total trypsin inhibitors

Total trypsin inhibitors were extracted following the method described by [19] with slight modifications on the sample
size, volume, and refrigeration during centrifugation. Powdered triplicate soybean sample (0.05 g) was weighed into
clean centrifuge tubes, and homogenized with 5 ml of phosphate-buffered saline (PBS). The mixtures were vortexed
and shaken on an orbital shaker for 1 h, then centrifuged at 10,000 rpm for 10 min at 4 °C using a HERMLE 300 K cen-
trifuge (HERMLE Labortechnik GmbH; Siemenstr. 25, 78564 Wehingen, Germany). A 0.1 ml aliquot of supernatant was
transferred into new micro-centrifuge tubes, and mixed with 0.1 ml of 1 mg/ml trypsin solution, followed by incubation
at 0 °C for 10 min. Then, 0.3 ml of 2% casein substrate was added [19, 45], and the mixture was incubated in a water bath
at 37 °C for 20 min. The reaction was stopped by adding 0.2 ml of 10% Trichloroacetic acid (TCA), and the mixture was
centrifuged at 10,000 rpm for 5 min to remove undigested casein, larger inhibitor fragments, and enzyme. All steps were
performed in triplicate. Blank 1 was a control without any inhibitor addition, and Blank 2 was a control with casein only.
After reading the absorbance at 410 nm using a spectrophotometer, trypsin inhibition activity (TIA) from the OD read-
ings was calculated based on the following formula [19] and converted into mg kg™ 'to obtain the final concentration:

% inhibition = test sample — blank2/blank1 — blank2 x 100

In both methods for the determination of phytate and trypsin inhibitors, were validated by running calibration curves
using standard solutions of sodium phytate and trypsin inhibitors, ensuring linearity (R?>0.98) and sensitivity across
expected concentration ranges.
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2.3 Genotypic data

Genotypic data was obtained using Genotyping-by-Sequencing (GBS) through the DArTseq™ technology. This method
was selected for its high throughput, cost-effectiveness, and ability to provide both SilicoDArT and SNP markers, enabling
comprehensive genotypic characterization [46]. Alternative techniques, such as SSR and GBS, were considered but lacked
the required marker density. In summary, DNA extraction was performed using the Nucleomag Plant Kit, yielding genomic
DNA concentrations of 50-100 ng/uL. DNA quality was verified using 0.8% agarose gel [47]. The DArTseq complexity
reduction method involved digesting genomic DNA with Pstl and Msel enzymes, followed by adapter ligation and PCR
amplification. Sequencing was conducted on the lllumina HiSeq 2500 platform, with 77-base single-read runs. DArTseq
markers, including SilicoDArT and SNP markers, were scored using DArTsoft14, an in-house marker scoring pipeline. Both
marker types were binary scored (1=presence, 0=absence), and aligned to the soybean Wm82.a4.v1 reference genome
to determine chromosome positions [46, 48, 49].

2.4 Morphometric characterization

Soybean seeds dried to a 10% moisture content were used to determine plot yield. Yield was measured by weighing the
seeds from each plot for every genotype (in grams). Yield was considered a secondary trait and was used solely for calcu-
lating the linear selection index (SLI), alongside the primary traits including phytate and trypsin inhibitors. This approach
aligns with the main objective of the study, which was to assess the variability of those anti-nutritional factors [50].

2.5 Data analysis

The Ime4 package in R was used to generate best linear unbiased predictors (BLUPs), which were then used to rank
phytate, TTl and preliminary yield-related parameters. BLUPs were computed considering genotype and block as random
effects as follow:

Yij = u + Gi + Bj + G : Bij + €ij; where: where Yij=phenotypic observation for a trait, u=grand mean, B=random effect
of block (j), G=random effect of genotype (i), G:B=interaction effect between genotype (i), and e=random residual term.
The resulting BLUPs were then used for computation of weighted linear selection index (LSI) with weights of 0.5, 0.2 and
0.3 for yield, phytate, and trypsin inhibitors, respectively. These weights were assigned based on the agro-economic
importance of yield, and the greater nutritional emphasis on proteins (affected by trypsin inhibitors), compared to
minerals impacted by phytate in soybean. Pearson correlation analysis was conducted using the residuals versus fitted
values for both phytate and trypsin inhibitors.

2.5.1 Phenotypic and genotypic clustering

Clustering of phenotypic and genotypic data was conducted using the cluster package in R. The optimal number of clus-
ters was determined based on the silhouette criterion. Hierarchical clustering was performed using a hierarchical clus-
tering algorithm, Euclidian distance metric, and the ward.D2 method, which was used to plot the dendrogram. Principal
component analysis (PCA) of phenotypic data was carried out using the factoextra package in R. The structure analysis of
genotypic data was performed using the adegenet package in R. Discriminant analysis of principal components (DAPC)
was conducted to assess the genetic structure and group differentiation within the dataset.

2.5.2 Estimation of genetic parameters

Phenotypic and genotypic coefficients of variation (PCV and GCV) were estimated using R software, following the formula
proposed by Johnson et al. (1955): phenotypic coefficients of variation (PCV)PVC = ap/x x 100 and genotypic coefficients
of variation (GCV); GCV = og/x x 100; where op =phenotypic standard deviation (cg + oe), og =genotypic standard
deviation, oe =environmental standard deviation and x=mean for phytate and TTI. Broad-sense heritability (H?) for yield,
phytate, and trypsin was calculated using best linear unbiased predictors as follow: H2=Vg/(Vg + Ve); where: H? is the
broad sense heritability, Vg is the genotypic variance, and V, is the error (residual) variance. Genetic advance in absolute
unit (GA) and genetic advance percent of the mean (GAM), assuming selection of the superior 5% of the genotypes, was
estimated as: GA = k * op * H>and GAM=GA/x x 100; where k=the standardized selection differential at 5% selection
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intensity (k=2.063), op=phenotypic standard deviation, H2= Heritability and x=Grand mean of the trait [51]. Admixture
analysis was performed using snmf function in LEA R package with k=1:10 and 10 repetitions [52].

3 Results
3.1 Variability for Phytate, total trypsin inhibitors, and yield related parameters

There was a highly significant difference among genotypes in respect to phytate, total trypsin inhibitors and yield-
related parameters (p <0.001). The mean value for phytate was 1756.9 mg kg™' (min. 14.8 mg kg™ 'for BSPS 48A-6-3 to
6928.8 mg kg™ 'for NGDT 2.15-7), while for total trypsin inhibitors the mean value was 850.3 mg kg™' (min. 14.7 mg kg™ 'for
DN 16_N and max. 1534.8 mg kg"for Duiker). The broad sense heritability (H?) was 0.68 for phytate, 0.84 for TTl and yield,
0.08. Genotypes sourced from Japan exhibited the lowest levels of phytate, while genotypes from Nigeria and Taiwan
showed low levels of trypsin inhibitors (Fig. 1A). The top 10 genotypes with the highest linear selection index (LSI) scores,
in descending order, are: Ux 990-044, Ux 990-102, S 6.22B, AGS 329, Ux 990-63, S 13.2B, NGDT 8.10-9, Ux 990-062, NGDT
4.11-4,and G 457021-26-3-1 (Table 1).

Yield averaged per plot was 674.5 g, with the highest yield being 1800 g and the lowest being 77.0 g. Residuals are
clustered linearly for phytate and trypsin inhibitors (Fig. 1-B). Correlation analysis among the BLUPs versus observed
values showed strong positive linear relationships, r2 (phytate): 0.97; r2 (TTI)=0.98 and r? (yield): 0.98.

3.2 Cluster analysis among soybean germplasm

The cluster analysis showed different patterns within the population. The optimal number of clusters determined by the
Silhouette method indicated three clusters for the phenotypic (Fig. 2A) and four for genotypic data (Fig. 2B). The resulting
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Fig. 1 Levels of phytate, trypsin inhibitors (A), and residuals versus fitted plots for of phytate and TTI (B). Genotypes from Japan showed the
lowest levels of phytate, while those from Nigeria and Taiwan had the lowest TTI
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Table 1 BLUPs of the top 10 lower and higher levels of phytate and trypsin inhibitors

Lower Phytate (Genotype)

Higher Phytate (Genotype)

Lower TTI ? (Genotype)

Higher TTI (Genotype)

—24.14 (BSPS 48A-6-3) 29.65 (NGDT 2.15-7) —20.91 (DN 16_N) 8.92 (Duiker)
—23.75 (G 84037-31-1-23) 26.34 (NGDT 8.10-9) —17.48 (Maksoy 2N * 5N-1) 8.64 (NGDT 15.16-3)
—23.02(S11.1B) 25.58 (NGDT 6.10-3) —17.10 (BSPS 48A— 27-6) 8.36 (Wonder * 4 M)
—21.58 (Pan 33) 21.82 (Ux 990-100) —17.04 (Pan 3) 6.72 (Ux 990 - 072)
—21.42 (Pan 1) 21.62 (BSPS 48A-16) —-16.91 (DN 22) 6.59 (6N * Signal)
—20.41 (Pan 9) 20.67 (BSPS 48A-17) —15.74 (Ux 990-079A) 6.46 (DN 12)
-18.75 (5 13.2B) 20.67 (BSPS 48A-24) —15.00 (Pan 34) 6.29 (BSPS 48A-28-1)
—18.46 (DN 8) 20.59 (BSPS 48A-30) —14.72 (Ux 990-091) 6.25 (NGDT 2.13-3)
-17.45(S7.11A) 19.49 (Pan 22) —14.18 (Saga) 6.075 (NGDT 3.15-10)
—17.29 (BSPS 48A-38) 19.18 (NGDT 2.15-2A) —13.55 (DN 5) 6.07 (S11.1A)
2TTl total trypsin inhibitors
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Fig.2 Dendrogram of phenotypic (A) and genotypic (B) data showing clustering pattern of the soybean genotypes. Based on the silhouette
method, the phenotypic and genotypic data have three and four clusters, respectively

dendrogram visualized the hierarchical relationships between the clusters. Regardless of their source, the population is
divided into three clusters. In cluster 1, there are 50 individuals in total (16.23%). The breakdown by source is as follows:
5 individuals from Japan, 3 from Taiwan, 30 from the USA, 11 from Uganda, and 1 from Zimbabwe. In cluster 2, there are
127 individuals (41.23%). Specifically, 14 are from Japan, 1 from Nigeria, 19 from Taiwan, 67 from the USA, 25 from Uganda,
and 1 from Zimbabwe. Cluster 3 has the largest number of individuals, with 131 in total (42.53%), but the fewest sources
represented. It includes 5 individuals from Taiwan, 35 from the USA, 81 from Uganda, and 10 from Zimbabwe. In clusters
1 and 2, the majority of the genotypes are from the USA, while in cluster 3, the majority are from Uganda (Table 2). For
the genotypic data, four clusters were identified. In cluster 1, there are 77 individuals, accounting for 25.25% of the total.
Cluster 2 contains 106 individuals, representing 34.75%. Cluster 3 comprises 92 individuals, or 30.16%, while cluster 4
includes 30 individuals, making up 9.84% of the total. Both the phenotypic and genotypic data indicate that clusters 3
and 2 comprise the largest number of individuals. The principal component analysis using genotypic data has revealed
clustering pattern into distinct groups and some admixture genotypes (Fig. 3).

3.3 Structure analysis of genotypic data

The discriminant analysis of principal components (DAPC) identified four distinct groups within the dataset with
overall classification accuracy of 98.05%. In the first and fourth populations, 100% of individuals were correctly
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Fig. 3 Principal component analysis of the phenotypic data. The traits analyzed are spread out along the four quadrants, and the two
principal components accounts for up to approximately 15% of total variation in the data

classified. In the second, third and fourth populations, 96.67%, 96.67%, and 82.61% of individuals were correctly
classified, respectively, with a small margin of misclassification. The first cluster shows the highest diversity based
on source representation, while the other clusters are more homogeneous, particularly clusters 2 and 4, which are
dominated by single sources. Regarding cluster association, cluster 1 shows a mix of sources, with USA, Uganda,
Taiwan and Japan being the most predominant. Cluster 2 and 3 are strongly associated with the USA, with minimal
representation from Uganda. Cluster 4 is dominated by Uganda, with only a small contribution from the USA and
Zimbabwe. The clustering appears to reflect some geographical grouping, with clusters showing dominance by
specific countries such as USA in clusters 2 and 3, Uganda in cluster 4 (Fig. 4).

3.4 Genetic parameters analysis for phytate and total trypsin inhibitors (TTI)

68% of the observed variation in phytate concentration is due to genetic differences among the genotypes while
84% of the variation in TTl is attributed to genetic factors (Table 3). The GCV of 137.58% for phytate indicates a high
level of genetic variability and, thus a greater genetic diversity for the trait. While for TTI, the GCV of 29.21% shows
a moderate level of genetic variability for the trait. A large difference between PCV and GCV was found (Table 3).

3.5 Genetic composition of each individual

The ancestry matrix shows individuals in six groups with most of the lines having multiple ancestral populations. The
majority are derived from multiple ancestral populations (multi-color bars) representing admixture genotypes, or
genetic contributions from different ancestral populations (Fig. 5). Thus, the population can be described as admixed,
as most genotypes show multiple colors, representing contributions from different ancestral populations.
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Fig.4 Discriminant analysis of principal components (DAPC). Figure A represents the structure of the population and B, the distribution
of source by cluster. There are 4 distinct groups. Better separation of clusters is seen between clusters 1 and 4 indicating strong genetic
differentiation. The overlap between clusters 2 and 3 suggests an admixture or less differentiation

e

Percentage of Source

Table 3 Estimates of variance
components for phytate and

total trypsin inhibitors of the  phytate (mgkg-1) 148 69288 17569 068 137.58 203.07 1667.6 9492 11.7 0.68
soybean genotypes
TTI (mg.kg-1) 147 15385 8503 084 2921 3462 50432 5933 54 034
Yield (g) 74 1800 67518 008 392 4725 78 116 198 053

Trait Min  Max Mean SD  H? GCV PCv GA GAM SD V(%

H? broad-sense heritability, GCV genetic coefficient of variation, PCV phenotypic coefficient of variation,
GA genetic advance at 5% selection intensity (k=2.063); GAM genetic advance as a function as percent of
mean, SD standard variation, CV coefficient of variation

Ancestry matrix

|| ‘
M'

74 93 126 173 183 194 202 262 114 122 134 222 231 239 249 260 268 279 290 300 130 140 148 156 163 230 99 113 203 220 256 288 9 25 66 1 5 14 22 30 36 43 50 56 64 72 81
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Fig.5 Ancestry coefficients obtained from Sparse non-negative matrix factorization (SNMF). Individuals are split into multiple segments,
indicating that they have significant genetic contributions from several populations
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4 Discussion

In this study, we sought to understand the variability of anti-nutritional factors including phytate and trypsin inhibitors
in Ugandan germplasm. Highly significant variation regarding phytate, trypsin inhibitors, and yield levels (p <0.001) was
found among the genotypes, indicating a promising opportunity for soybean breeders to select genotypes based on
phytate and trypsin inhibitor levels and high yield potential as parents in breeding programs to develop new cultivars
as desired. The evaluated genotypes have lower phytate levels than the reported range of 10,000—22,200 mg kg™ [53].
Conversely, phytic acid phosphorus levels of 3,770 mg kg™'to 5070 mg kg™ 'were reported in soybean mutants and natural
breeding lines using HPLC method [44]. In selected soybean genotypes classified as low phytate lines the maximum
concentration found was 962 mg kg™' [54]. The total trypsin inhibitors in the evaluated genotypes are lower than the 20
to 540 mg kg™' reported in different soybean products using processed soybean products [55]. On the contrary, higher
levels of trypsin inhibitors (1,200 to 3,540 mg kg™') were found in soybean meals using three heat treatment processes
and spectrometric method [19]. Kunitz trypsin inhibitors (KTI), a fraction of trypsin inhibitors, was reported to range
from 800 mg kg™' to 8020 mg kg~'using HPLC method when developing and validating markers linked to low concen-
trations of KTl [14]. Another study reported levels of the two isoforms of KTl and BBI (Bowman-Birk Inhibitor) ranging
from 5,250 to 1,4600 mg kg™'and 1,810 to 5,740 mg kg™', respectively, using sodium dodecyl sulfate polyacrylamide
gel electrophoresis [56]. Significant differences were similarly found in evaluation of soybean genotypes for yield and
other economically important traits [57, 58]. The observed variability among the genotypes might be attributed to their
genetic background and geographical origins.

The higher broad-sense heritability for TTI compared to phytate and yield indicate that that the phenotypic variance
observed for TTl is mostly due to genetic factors rather than environmental factors. These genetic component include
additive, dominance, and epistatic effects. Total trypsin inhibitors and phytate are likely to be more predictable and con-
sistent across different environments compared to yield. Though the selection based on phyate can be still effective, the
influence of environmental factors is more pronounced than TTI. Thus, selecting individuals for improvement based on
the levels of TTI will likely result in a faster and more reliable genetic gain compared to phyate as it has moderate genetic
control. Among the three traits, yield was found to be largely controlled by environmental factors, making selection for
improvement based on this trait less effective or slower. Conversely, higher heritability of 0.97 was reported for phytate
[59], while another study reported heritability of ~ 0.7 for phosphorus [60]. Phytate is known to be the main storage form
of seed phosphorus in living systems [60]. Thus, phosphorus is often used as an indirect measure of phytate and vice versa.
Phosphorus has been found to have significant positive correlation with phytate in legume seeds [61]. Lower heritability
of 0.54 has been reported for KTl [14]. While low broad-sense heritability was found in this study, a higher heritability for
yield of 0.66 has been reported [62]. Overall, emphasis should be given to TTl, as it offers the most genetic gain potential
through selection. Phytate also is promising for improvement, though requires environment management. For yield,
breeding alone might not be sufficient to achieve significant gains. Other measures such as environmental management
and innovative breeding techniques are required to address the low heritability. Regarding the environmental factors
influencing these traits, it has been reported that phytate levels in soybeans can be influenced by availability of potas-
sium, phosphorus, hydrolyzable nitrogen, and sulfur content in the soil, diurnal temperature range during blooming and
podding, and mean temperature during seed filling and maturity [63]. Additionally, growing location has been found to
significantly impact phytate content [64]. Drained paddy fields versus upland fields, resulted in different phytate contents
within the same soybean variety [65]. This highlight the complex interaction between genetic and environmental fac-
tors in determining soybean phytate levels. On the other hand, the smaller difference between phenotypic coefficient
of variation (PCV) and genotypic coefficient of variation (GCV) for TTl indicates that environmental influence is less
significant compared to phytate. Consistently, a study has reported no significant difference between locations, and the
parent-by-location interaction was not significant either [14]. The low heritability (H?>=0.08) for yield suggests limited
genetic control, emphasizing the need to prioritize traits like phytate and TTl in early generations while improving yield
through hybrid vigor or better agronomic practices.

The GCV observed for TTl is relatively moderate, indicating lower level of genetic variation. This suggests that the potential
for maximizing genetic gain through selection may be limited compared to phytate, which exhibits lower heritability but has a
high GCV.The high GCV for phytate suggests considerable genetic diversity among individuals, offering a greater opportunity
forimprovement in terms of anti-nutrient level reduction. Considering both heritability and GCV, selection based on TTl can
be effective, but the moderate genetic variability among individuals may restrict the extent of anti-nutrient level reduction.
In contrast, phytate, with its high GCV, presents a more favorable option for prioritization in breeding programs, despite its
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moderate heritability. In fact, the high GA for phytate reported in this study indicates an expected improvement in terms of
levels reduction of 1667.6 mg kg™' in the next generation from the selected genotypes with low phytate levels. On the other
hand, the expected improvement in terms of reduction for TTl is about 504.32 mg kg™". Both traits indicate a considerable
reduction in phytate and total trypsin inhibitor content compared to the current population. In contrast to these findings,
lower genetic gains (GA) have been reported for morphometric traits and heritability in soybean [66]. The reduction in levels
of ANFs in subsequent generations will be more effective for phytate than for total trypsin inhibitors (TTI), as indicated by
their genetic gain averages (GAM) of 93% and 59%, respectively. Different from what was found, GAM for phytate was lower
(23.43%) in a study targeting nutritional potential in Vigna angularis [67]. Breeding should focus on traits with high GCV, like
phytate while considering environmental adjustments to manage traits with low heritability such as yield. This strategy aligns
with reported findings on the importance of balanced selection indices [60].

The first principal component analysis captured up to around 15% of the total variation in the dataset. Conversely,
higher PC1 and PC2 explained the variance in a previous study [68]. The low variance explained by PCA (15%) reflects
the complex nature of the dataset, possibly due to high environmental influence, as indicated by the broad PCV-GCV
gap. The higher variance captured in this study might help breeders to easily select genotypes with desirable levels of
the anti-nutritional factors as parental lines. The power shown by the discriminant analysis of principal components
(98.05%) along with the principal components (PCs) hints potential for optimization of breeding programs by targeting
distinct subpopulations. On the other hand, the extent of overlapping between the clusters might indicate an interplay
of genetic material from different sources, opening a window for complementary studies.

Based on genotypic data, the genotypes are grouped into three main clusters, different from the two groups reported
based on principal coordinate analysis [69]. The variability among the genotypes reflects their diverse backgrounds,
which can be exploited for informed decisions in breeding programs. These results provide the phenotypic and genotypic
background of Ugandan soybean germplasm that can be exploited for development of cultivars with desired level of
phytate and trypsin inhibitors. Based on the selection index, top genotypes with low ANFs against yield are provided
along with the genetic parameters for assessment of genetic gain. The population in this study is structured, and exhibit
multiple ancestries, indicating a historical interbreeding between populations and that gene flow from various ancestral
sources has contributed to the actual population’s genetic diversity.

Insights from this study provide a valuable foundation for soybean improvement in Uganda. By identifying genotypes
with lower levels of phytate and total trypsin inhibitors (TTI), breeders can target these traits to enhance the nutritional
value of soybean for human and animal consumption. For example, genotypes with reduced phytate could enhance min-
eral bioavailability, reducing incidences of iron and zinc deficiencies in developing countries. Similarly, low TTl levels can
enhance protein digestibility, crucial for malnutrition-prone populations [53]. The variability observed in anti-nutritional
factors (ANFs) highlights the genetic diversity within Ugandan soybean germplasm, which can be leveraged for molecu-
lar marker development. Molecular markers linked to low phytate and TTl levels can accelerate breeding programs by
enabling precise selection of desirable traits, reducing dependency on costly post-harvest processing methods.

Furthermore, understanding the genetic and environmental components affecting ANFs can guide breeding strate-
gies to balance nutritional improvements with yield stability. For example, traits like TTI, with high heritability, offer
greater predictability for selection, while traits influenced more by environmental factors, such as phytate, may require
integrated breeding and agronomic management approaches. The potential to reduce ANFs aligns with global efforts
to enhance the nutritional security of soybean-dependent populations [14, 53].

This study also underscores the importance of leveraging advanced genomic tools, such as Genotyping-by-Sequencing
(GBS), to identify quantitative trait loci (QTL) associated with ANFs. Such insights could facilitate the adoption of marker-
assisted selection (MAS) and genomic selection (GS) in soybean breeding. Future research should focus on multi-envi-
ronment trials to validate these findings and further dissect genotype-by-environment interactions impacting ANFs.

5 Conclusion

This study highlights the extent of variability of ANFs including phytate and TTl in the Ugandan soybean germplasm.The
observed variability in the population provides a valuable opportunity for genotype selection reconciling agro-economic
traits of interest and levels of the anti-nutritional factors studied. The results might help in accelerating breeding for
low anti-nutritional factors, enhance soybean nutritional value, and reduce processing costs. Furthermore, the genetic
parameters discussed may provide insights into the directions for the efforts aiming to reduction the the ANFs evalu-
ated. The significant genetic variability and heritability of the ANFs within the population suggest a strong potential for
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improvement through selection, making this an important pathway for breeding advancements. Thus, future efforts
should focus on testing these genotypes across environments. However, traits like phytate and TTl can be environment-
dependent. Since the study was conducted at one location (MUARIK), suggest future multi-environment trials to validate
findings.
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