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RESEARCH ARTICLE

Multi-environment stability of soybean for seed phytic 
acid and yield
James Ng’ang’a Njorogea, Josephine P. Oumab, and Pascal P. Okwiri Ojwangb

aOil Crops Program, Food Crops Research Centre Njoro, Kenya Agricultural and Livestock Research 
Organization, Nairobi, Kenya; bDepartment of Crops, Horticulture and Soils, Egerton University, Njoro, 
Kenya

ABSTRACT
Low phytic acid in soybean [Glycine max (L.) Merrill] is a significant 
attribute to its dietary consumption. The presence of high phytic 
acid in soybean impacts negatively on the bioavailability of 
minerals and protein digestion for humans and livestock. 
Understanding the stability of phytic acid accumulation in soy
bean varieties is essential for formulating genetic improvement 
strategies to develop cultivars with reduced phytic acid. The 
objectives of this study were to determine genotypic variation 
of soybean genotypes for seed phytic acid content, assess its 
stability, and seed yield in multi-environments. Forty-eight soy
bean genotypes were evaluated in an Alpha Lattice design across 
three locations over two cropping seasons. Genotype was the 
main determinant of the variation in phytic acid content. 
However, environmental factors significantly contributed to the 
phenotype mean value for phytic acid across environments. 
Commercial genotypes Hill, EAI 3600, DPSB 19, and SC Saga had 
lower mean phytic acid content of 3.6, 3.5, 3.5, and 3.2 mg g−1, 
respectively, than the mean (3.8 mg g−1). However, all the com
mercial genotypes had higher phytic acid content (3.2–4 mg g−1) 
compared to the mean (1.5 mg g−1) of N6003LP, the check geno
type. The mean yield across sites ranged from low (0.3 t ha−1) for 
N6003LP to 1.5 t ha−1 for genotype NJSB 6. The results provide 
critical information for planning a breeding strategy for low 
phytic acid cultivars.
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Introduction

Soybean [Glycine max (L.) Merrill] is an important legume globally due 
to its economic value and source of protein and minerals for human 
and livestock (Jansone et al. 2021). The demand for soybean products 
and animal feed has increased steadily, largely due to the growing 
population. Equally, change in dietary habits has created the need for 
inexpensive sources of energy and nutrient dense food alternatives. The 
global production of soybeans was estimated at 371.3 million (M) metric 
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tons (MT) in 2020 with a yearly growth rate of 1.8% from 2020 to 2030 
(Siamabele 2021). The world’s leading producers are Brazil at 152.1 M 
MT, the United States of America at 113.3 M MT, and Argentina at 
25.0 M MT. China was the fourth largest producer with a production of 
19.4 M MT. In Africa, South Africa is the leading producer and in the 
same period produced 2.7 M MT followed by Nigeria with 1.3 M MT 
and in the third place was Zambia with 0.7 M MT (FAOSTAT 2023). In 
the eastern Africa region, Kenya’s production does not meet its domes
tic demand estimated at 200,000 MT per annum and thus depends on 
imports.

Soybeans have a distinctive nutrient profile; hence, it is a suitable option to 
ensure food and nutritional security. However, the existence of significant 
amounts of inherent anti-nutritional compounds, specifically inositol hexaki
sphosphate (phytic acid), is a major drawback to its utilization (Jain et al.  
2017). These anti-nutritional compounds reduce the nutrient use of soybean 
products for food or feed consumption (Thakur, Sharma, and Thakur 2019). 
Phytic acid (C6H18O26P6) named 1,2,3,4,5,6 hexakisphosphate is the principal 
storage of phosphorus (P) and has reactive groups of P that chelate positive 
cations such iron (Fe), zinc (Zn), and calcium (Ca) thus promoting mineral 
deficiencies (Prajapati and Shah 2022). This leads to reduced nutrient bioa
vailability causing mineral deficiencies and micronutrient malnutrition, and 
hidden hunger (Samtiya, Aluko, and Dhewa 2020). Phytic acid can bond with 
proteins to form complexes leading to reduced solubility of proteins and 
enzyme activity (Sarkhel and Roy 2022).

The feed industry has traditionally relied on enzymatic approach to alleviate 
the effects of phytic acid through the use of exogenous phytase (myo-inositol 
hexaphosphate phosphohydrolase). Phytase is the enzyme incorporated in feeds 
to hydrolyze the phytate molecule to release phytate P (Sureshkumar et al. 2023). 
However, soybean cultivars with low phytate content alleviate the need for 
addition of enzyme phytase in the feeds of livestock and aquatic animals redu
cing the cost of feed production. Qin et al. (2020) observed that natto, 
a traditional Japanese fermented food prepared from low phytate line, had 
higher inorganic P and lower phytate levels compared to natto prepared from 
normal phytate soybeans. Although there were no significant differences in 
macronutrient concentration between the low phytate and normal phytate 
soybean cultivars, the low phytate prepared natto had higher mineral bioavail
ability, was less sticky, and had a more appealing color. While evaluating poultry 
feeds, Sens et al. (2021) observed that use of soybean meal of superior quality 
combined with higher doses of phytase enhanced diet digestibility, utilization of 
energy, and phytate hydrolysis. Despite the advantage in using low phytate 
soybean for feed and human consumption, cultivars grown in sub-Saharan 
Africa largely have significantly high levels of phytate. This is because limited 
breeding effort has been placed on the development of low phytate soybean, and 
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instead the major focus has been on yield improvement and, to some extent, 
protein and oil content.

Yield is an important trait in soybean production, and so are the yield 
contributing traits. Production of low phytate soybeans would have a positive 
impact, where the trait would be accompanied by high seed yield. Taliman et al. 
(2019) observed that growth following germination, yield, and seed attributes 
were the same in the low and normal phytate cultivars treated with the same 
level of phosphate fertilizer. Dong et al. (2020) reported that low-phytate 
soybeans had higher seedling growth and nitrogen (N) fixation capabilities, in 
addition to expressing higher root phytase and root and nodule phosphatase 
activity levels than normal-phytate soybean lines. They suggested that these lines 
would possibly adapt better in low-P environments. Development of low phytic 
acid genotypes enhances the bioavailability of micronutrients, but in some 
instances may reduce the germination and yield in crops.

Multi-environment trials are conducted to evaluate crop genotypes for 
productivity, adaptability, stability, and genotype-by-environment (G × E) 
interactions (Lee et al. 2023). Low phytate soybean lines with low phytate 
and different genetic backgrounds treated with different fungicides were 
tested for seed emergence and yield characters (Averitt et al. 2020). The 
results indicated that there was no increase in yield for any genotype, but 
low phytate genotypes with mips or lpa1/lpa2 mutations gave similar 
results to normal phytate lines under particular soil and environment 
conditions due to G × E interactions (Averitt et al. 2020). The composition 
of soybean seeds drives the demand for soybeans for various industrial 
uses. The seed composition determines the quality of the product in the 
market; hence, the need to quantify and determine its stability across 
environments. Wang et al. (2024) stated that protein and oil content, 
among other seed quality traits, are regulated by genetic and environmental 
factors. Furthermore, they evaluated 150 soybean varieties under different 
environmental conditions to identify superior and stable soybean genotypes 
in oil and protein content and identified four varieties stable in protein 
content and six varieties stable in oil content. Employing a different ana
lysis method, Abdelghany et al. (2021) evaluated soybean for seven seed 
composition traits using the weighted average of absolute scores biplot 
(WAASB) for the best linear unbiased predictions of the genotype by 
environment interaction and multi-trait stability index (MTSI) to deter
mine stability of the traits and identified two genotypes for stability in 
protein, two for stability in oil content, and one each for palmitic, stearic 
acid, oleic acid, linoleic, and linolenic acid. The use of WAASB and MTSI 
thus becomes important, powerful and simple tools for identification of 
superior genotypes in terms of performance and stability in seed quality 
traits that includes phytic acid. Despite its importance in food security and 
environmental pollution, there is limited information on phytic acid 
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variation in soybean genotypes and its stability across environments. 
Therefore, the objectives of this study were to assess the genetic variability 
and stability of soybean genotypes for phytic acid and yield in multi- 
environments. Thorough evaluation of the impact of the environmental 
conditions on soybean seed nutrient composition is a useful consideration 
in the identification of the ideal selection environment and subsequent 
selection of superior lines for future deployment. In addition to under
standing the genetic architecture of low phytic acid in soybean, broadening 
our knowledge on G × E interactions will aid breeders in planning breeding 
strategies for developing low-phytate varieties for the formulation of high- 
value feed.

Materials and methods

Experimental site description

The trials were established at three locations in Kenya: The Food Crops 
Research Center, Njoro (Njoro) in Nakuru County, Mabanga ATC 
(Mabanga) in Bungoma County, and the Non-Ruminant Research Institute 
(Kakamega) in Kakamega County for two cropping seasons. Njoro site (0° 
20’S, 35° 56’E) is located at an altitude of 2185 m above sea level (m.a.s.l). 
The area has a mean temperature of 15.9°C with a daily minimum of 9.1°C 
and maximum of 22.6°C and a mean annual rainfall of 1032 mm with 
a bimodal rainfall pattern. The main cropping season is from March to 
August, while the short rain cropping season starts in September and 
stretches to December. The soils in Njoro are well-drained vitric Andosols, 
moderately deep brown to dark brown, very friable loam to sandy clay. 
Mabanga (0°37’ 24“N, 34° 36’ 52” E) is at an altitude of 1515 m.a.s.l. The 
soil type is sandy loam, strongly acidic at a pH of 5.22 (Abubakar et al. 2020). 
The area has a mean temperature of 21.5°C with a minimum temperature of 
14.1°C and a maximum of 29.1°C (https://en.climate-data.org/africa/kenya/ 
bungoma/bungoma-11167/). The mean monthly rainfall is 1618 mm. The 
warmest month is March, and the coldest is July. Kakamega (0° 28’ 0” N, 
34° 45’ 0“E) is at 1585 m.a.s.l. The annual rainfall ranges from 800 to 
2000 mm, distributed in two cropping seasons. The agro-ecological zone is 
classified as the upper midland zone (UM1) with a daily average temperature 
of 21°C. The temperature ranges from 15°C to 29.4°C (https://en.climate- 
data.org/africa/kenya/kakamega/kakamega-922/). The soils are dystric-mollic 
Nitisols and experience two cropping seasons referred to as the long and 
short rainy seasons. These environments represent the medium maturity 
(1000–1600 m a.s.l) and late maturity market segments (1600–2200 m.a.s.l) 
where soybean production is practiced. In the medium altitude 
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environments, soybean production is done in both seasons, but more pro
nounced in the short rains.

Soybean genotypes

Forty-eight local and introduced soybean genotypes (Table 1) were sourced 
from the soybean breeding program at the Food Crops Research Center, 
Njoro, International Institute of Tropical Agriculture (IITA), Agri SeedCo Ltd, 
USDA, and Genetic Resources Research Institute (GeRRI). The program Edgar 
from within Genstat analytical software (http://www.edgarweb.org.uk/.) was 
used for randomization and field layout design (Singh and Bhatia 2017).

Soil characteristics

Soil samples were taken before planting at a depth of 30 cm using a soil auger 
in all the sites. Twelve samples were collected per site and composited, from 
which a sample of 500 g was sourced for soil nutrient analysis. The sites had 
varying soil characteristics (Table 2). The locations had medium acidity (pH 
5.10–5.97) in all the seasons except for Mabanga, which had strong acid soils 
(pH 4.67) in the long rains of 2022. The total soil N was adequate in all the 

Table 1. Soybean genotypes used in the study.
Genotype Entry No. Source Genotype Entry No. Source

NJSB 1 G1 KALRO NJSB 9 G25 KALRO
Kensoy 009 G2 KALRO Kensoy 05 G26 KALRO
NJSB 2 G3 KALRO SB24 G27 IITA
SB93 G4 IITA 916/5/15 G28 KALRO
NJSB 3 G5 KALRO SB61 G29 IITA
NJSB 4 G6 KALRO 835/5/30 G30 KALRO
DPSB8 G7 KALRO NJSB 10 G31 KALRO
NJSB 5 G8 KALRO NJSB 11 G32 KALRO
SBH 3/7/4 G9 KALRO Kensoy 10 G33 KALRO
N6003LP G10 USDA NJSB 12 G34 KALRO
Red Tanner G11 KALRO DPSB19 G35 KALRO
NJSB 6 G12 KALRO NJSB 13 G36 KALRO
929/5/30 G13 KALRO 917/5/16 G37 KALRO
NJSB 7 G14 KALRO Nyala G38 KALRO
Flora531 G15 KALRO Hill G39 KALRO
Gazelle G16 KALRO SB4 G40 IITA
NJSB 8 G17 KALRO EAI3600 G41 KALRO
SB50 G18 IITA SC saga G42 Agri-Seedco
Black Hawk G19 KALRO NJSB 14 G43 KALRO
Salama G20 Agri-Seedco NJSB 15 G44 KALRO
SB91 G21 IITA NJSB 16 G45 KALRO
Bossier G22 KALRO NJSB 17 G46 KALRO
SBH 7/7/1 G23 KALRO NJSB 18 G47 KALRO
SBH 5/2/2 G24 KALRO SB37 G48 KALRO

Abbreviations: IITA-International Institute of Tropical Agriculture; KALRO – Kenya Agricultural & Livestock 
Research Organization. 
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sites across seasons, ranging from 0.23 to 0.26% except for two seasons in 
Mabanga, where the total N was 0.12% and 0.14%, respectively. The total 
organic carbon (C) varied across the locations and seasons and was reported 
as either moderate or adequate except in the short rains of 2021, when low 
(1.18%) total organic C was recorded in Mabanga. Phosphorus, important for 
root development, was low in all the soils across the sites. The range was 1.1 
ppm in Mabanga in 2022 to 20.5 ppm in Njoro in 2021. Potassium was low 
(0.12 and 0.44 meq%) in both seasons at Mabanga. Calcium was adequate in 
all locations except Mabanga, where it was low (1.00meq%) in both seasons. 
Magnesium was high in Njoro (3.10% and 3.27 meq%) but adequate in all 
seasons at Kakamega and Mabanga. The micronutrients manganese (Mn), 
copper (Cu), iron (Fe), and sodium (Na) were adequate in all the sites in all 
the seasons. Zinc content was low (4.8 meq %) in Kakamega in the short 
rains of 2021 and in Mabanga (0.97 meq %). The Zn content was adequate in 
Njoro and in the long rains of 2022 at Kakamega.

Trial establishment and management

The genotypes were planted in an Alpha-Lattice design of double row plots, 
2 m long, each spaced at 45 × 10 cm, resulting in a plot area of 1.8 m2 

replicated three times. The experiment was planted for two seasons in each 
site, in 2021 and 2022, respectively, giving a total of six environments based 
on year-location combinations. Planting was done at a seeding rate of 75 kg 
ha−1 and di-ammonium phosphate (18:46:0) applied as basal fertilizer. Weeds 
were controlled using metribuzin at a rate of 750 ml ha−1 as a pre-emergence 
herbicide. Soybean rust (Phakopsora pachyrhizi) was controlled using dife
noconazole. Other foliar diseases and insect pests were controlled by 

Table 2. Soil characteristics of Njoro, Kakamega, and Mabanga in the 2021 short rains and 2022 
long rains.

Fertility results

NJA NJB KKA KKB MABA MABB

Value Class Value Class Value Class Value Class Value Class Value Class

Soil pH 5.62 MA 5.97 MA 5.40 MA 5.03 MA 5.10 MA 4.67 SA
Total Nitrogen% 0.24 A 0.26 A 0.23 A 0.23 A 0.12 L 0.14 L
Total Organic Carbon % 2.60 M 2.86 A 2.60 M 2.55 M 1.18 L 1.66 M
Phosphorus ppm 20.5 L 12.9 L 12.7 L 7.4 L 3.3 L 1.1 L
Potassium meq% 1.56 H 1.64 H 0.40 A 0.44 A 0.12 L 0.10 L
Calcium meq % 10.7 A 10.0 A 7.50 A 6.5 A 1.00 L 1.00 L
Magnesium meq% 3.27 H 3.10 H 2.13 A 2.01 A 1.56 A 1.36 A
Manganese meq % 0.66 A 0.50 A 0.74 A 0.40 A 0.17 A 0.12 A
Copper ppm 2.74 A 2.85 A 3.93 A 6.90 A 3.93 A 3.33 A
Iron ppm 95.7 A 103.2 A 27.9 A 31.4 A 36.2 A 37.4 A
Zinc ppm 15.5 A 15.2 A 4.80 L 9.64 A 0.97 L 4.80 L
Sodium meq% 0.34 A 0.20 A 0.34 A 0.26 A 0.18 A 0.18 A

Abbreviations: MA = Medium Acid; SA = Strong Acid; A = Adequate; L = Low; M = Moderate; H = High. 
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application of recommended pesticides. Data were collected on days to 
maturity as the number of days from sowing to physiological maturity; 
plant height (cm) measured from the base of the main stem to the apex of 
the plant, pods plant−1 as the mean number of pods collected from 10 
randomly selected plants in a plot, grain yield (t ha−1) calculated as amount 
of grain harvested in a plot−1, 100 seed weight as the weight of a random 100 
seeds harvested in a plot and seed phytic acid content.

Phytic acid analysis

Phytic acid content in soybean grain was determined by a colorimetric 
method as described by Kariithi et al. (2016). Ten grams of soybean seeds 
were milled using a chrome ball mill (Retsch mill model MM400). The 
milling component was teflon-coated to prevent contamination of the milling 
chamber (Kariithi et al. 2016). To initiate the analysis, 0.2 g of soybean flour 
was transferred into a 7 ml vial tube. Two ml of 0.4 M hydrochloric acid was 
added and incubated for 12 h at 4°C to extract the phytic acid present in the 
sample. The sample extracts were then filtered using Whatman 125 mm 
diameter filter paper, and approximately 100 µl aliquot of each was trans
ferred into a test tube and supplemented with an equal amount (100 µl) of 
Chen’s reagent (1 volume 6N H2S04, 1 volume 2.5% ammonium molybdate, 1 
volume 10% ascorbic acid, and 2 volumes H20). The assay was then allowed 
to develop a phospho-molybdate blue coloration for about 2 h at room 
temperature. The samples were then analyzed using a Shimadzu UV 1900i 
spectrophotometer at a wavelength of 833 nm.

Standard curve development

Standard curves were developed by dissolving 0.174 g of di-potassium hydro
gen phosphate (K2HPO4) in 1 L of distilled H2O to give a concentration of 1  
Mm K2HPO4. Five standards were then prepared in order of increasing 
concentration by pipetting 15, 30, 45, 60, and 75 µL and supplementing 
them with 100 µL of Chen’s reagent, 10 µL of 0.4 M HCl, and distilled 
water in order of reducing volumes (Table 3). The different concentrations 
of the di-potassium hydrogen phosphate were scanned using a double-beam 
UV-Vis spectrophotometer (K19000) from 190 to 1100 nm. Deionized (DI) 
H2O was used as the reagent blank/reference. This was to identify the analyte 
peak absorption wavelength. Origin Pro graphing software was used for 
plotting the illustrated spectra (Figure 1).

The analyte peak was identified at 833 nm, which corresponded to the 
phosphomolybdate compound. The intensity of the blue coloration 
increased with an increase in the concentration of P. Photometric absor
bance measurements were then performed at 833 nm for the varying 
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concentrations of the standards, and the results were recorded (Table 3) 
and displayed (Figure 2).

The phytic acid content was calculated using the following formula:

where v = volume of the acid, a = absorbance, and w = weight of sample.

Data analysis

Multi-environment trial data for all quantitative traits across six environ
ments were based on season-location combinations where each season in 

Table 3. Concentrations of di-potassium hydrogen phosphate, distilled water, HCL, Chen’s 
reagent, standards, and absorbance in the development of the standard curve.

Standard
µL of 1 mM K2 

HPO4

µL of 0.4 M 
HCl

mL of dH2 

O
µL of Chen’s 

reagent
Standard (µg 

L−1)
Abs.@ 833  

nm

1 15 10 2.000 100 2.61 0.353
2 30 10 1.985 100 5.22 0.460
3 45 10 1.970 100 7.83 0.553
4 60 10 1.955 100 10.44 0.695
5 75 10 1.940 100 13.05 0.734

Figure 1. Spectra of absorption wavelengths of different concentrations of di-potassium hydro
gen phosphate for standard curve development.
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every location was considered as a separate environment. Season-location 
combinations were important for understanding the repeatability and repre
sentativeness of the test sites (Yan et al. 2011). Mixed model analysis was 
fitted across the six environments using Residual Maximum Likelihood 
(REML) estimates procedure (Mohring, Williams, and Piepho 2015; 
Patterson and Thompson 1971; Patterson and Williams 1976). The statistical 
model was fitted using Genstat 15th edition computer software program 
(VSN International 2012). The statistical model is shown below.

where: Yijkl is the response of the lth genotype in the kth block of the ith 

environment, µ is the general mean; Ei is the effect due to the ith 

Environment; Rj is the effect of the jth replicate in the ith Environment; 
Bk(j) is the effect due to the kth block in the jth replicate; Gl is the effect due 
to the lth genotype in the kth block; GEli is the effect due to the lth genotype in 
the ith environment; Ɛijkl is the random error due to the lth genotype in the kth 

block of the ith environment. The genotypes were considered fixed while the 
environments were considered random.

Genotype plus genotype-by-environment (GGE) interaction analysis was 
deployed to evaluate the genotype (G) main effects and genotype-by- 
environment interactions (GEI). To demonstrate the repeatable and non- 

Figure 2. Developed a standard curve for comparison in colorimetric quantification of phytic acid 
extract. Abbreviations: PHY = Phytic acid; Env = Environment; Gen = Genotype. 
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repeatable GEI based on season correlations between locations, the location- 
season combinations were considered as environments (Yan 2019). The GGE 
analyses revealed which genotypes won where and the discriminative ability 
and representativeness of the test environments (Kebede et al. 2023; 
Malosetti, Ribaut, and Van Eeuwijk 2013; Olivoto and Lúcio 2020; Yan and 
Kang 2002; Yan and Tinker 2006). The model employed was as indicated 
below

where Yij is the response of genotype i in environment j, μ is the grand mean; 
ej is the mean value of environment j; j = 1 . . . e, and i = 1 . . . g with g and 
e being the numbers of genotypes and environments, respectively; t is the 
number of principal components (PC) used or retained in the model, with 
t ≤ min (e, g − 1)e, (g − 1), λk is a scale factor (the single value), αik is the 
product of the cultivar score, ljk is an environment score and εij is the 
residual association with genotype in environment j. Genstat® software 15th 

Edition (VSN International 2012) was employed for analysis. Stability and 
discriminative analysis for yield and phytic acid were further done using the 
“metan” package in the R environment (Arminian 2025). There were no 
missing data.

Results

Variance components

There was variation in how soybean traits under study were influenced by the 
environment, genotypes and their interactions. There were significant (p <  
0.001) differences among genotypes for phytic acid content, seed yield, 100 
seed weight, plant height, pods plant−1, and maturity (Table 4). The traits 
were also significantly influenced by the environment, genotype, and their 
interactions (Table 4).

Phenotypic variation in seed phytic acid content

Genotypes expressed significant variation in phenotypic performance for 
seed phytic acid content. Moderate to high (3.5–4.6 mg g−1) phytic acid site 
means were recorded across all the environments except in Mabanga during 
the short rains of 2021 (MABA) with 2.8 mg g−1 (Table ST1). Evidently, the 
check genotype (N6003LP) genetically improved for low phytic acid content, 
had the lowest phytic acid content across locations varying from a low of 1.3  
mg g−1 at Njoro in the short rains of 2021 to a high of 1.7 mg g−1 at Mabanga 
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in the long rains of 2022. Notably, three genotypes (Kensoy 009, SBH 5/2/2 
and 835/5/30) showed low phytic acid of 1.8, 1.8, and 1.9 mg g−1 respectively, 
in Mabanga in SR 2021 (MABA). However, this was not repeatable in other 
environments. Genotypes NJSB 12, NJSB 15, SC-Saga, SB 37, NJSB 5, SBH 3/ 
7/4, NJSB 6, NJSB 4, NJSB 14, 929/5/30, DPSB 8, NJSB 2, SB 50, Black Hawk, 
DPSB 19, NJSB 13, 917/5/16, SB 4, and NJSB 17 expressed moderate phytic 
acid content of between 2.1 and 2.9 mg g−1 in Mabanga. In Njoro genotypes 
NJSB 1, NJSB 2, NJSB 4, Red Tanner, NJSB 7, Gazelle, Black Hawk, SB 50, 
DPSB 8, SB91, Kensoy 05, SB 24, NJSB 13, Hill, EAI 3600, NJSB 6, and NJSB 
18 expressed moderate phytic acid content of 2.2 to 2.9 mg g−1 either in the 
long or short rains of 2021 and 2022. In Kakamega, genotype SB 50, Salama, 
NJSB 9, SB 24, NJSB 11, SC Saga, SB 93, SBH 7/1/1, and Kensoy 10 similarly 
expressed moderate phytic acid content ranging from 2.3 to 2.9 mg g−1. 
Among the commercial genotypes, Kensoy 05 and Salama had the lowest 
phytic acid content at 2.5 and 2.3 mg g−1 at Njoro and Kakamega, respec
tively, in the long rains of 2022. In Mabanga, Kensoy 009 had the least phytic 
acid content of 1.8 mg g−1 among the commercial genotypes (Table ST1) in 
the short rains of 2021. There were no noticeable differences in the seed 
phytate content based on the seed source. Among the commercial genotypes, 
those with lower mean phytic acid content than the mean of 3.8 mg g−1 

across the environments (Table ST1) were SC Saga (3.2 mg g−1), EAI 3600 
(3.5 mg g−1), DPSB 19 (3.5 mg g−1), and Hill (3.6 mg g−1).

Yield and related agronomic traits

Significant differences in yield were achieved across locations and seasons. 
The mean yield across sites and seasons ranged from 0.3 t ha−1 to 1.5 t ha−1, 
achieved by genotype N6003LP and NJSB 6, respectively. The mean yield for 
all genotypes in the short rains of 2021 was higher in Njoro at 1.5 t ha−1 and 
lower in Mabanga at 0.6 t ha−1 (Table ST1). In the long rains of 2022, the 
mean yield was high (2 t ha−1) in Kakamega and low in Mabanga (0.9 t ha−1) 
(Table ST1). Except for Njoro, genotypes expressed higher mean yields in the 
long rains of 2022. High mean yields (2.2 t ha−1) were achieved by genotype 
SBH/5/2/2 in Njoro in the short rains of 2021 and genotype Nyala performed 
well among the commercial genotypes with a yield of 2.0 t ha−1. In the long 
rains of 2022, genotypes SB93 and NJSB 5 achieved a comparatively high 
yield of 2.3 t ha−1 as Kensoy 009, a commercial genotype, performed best at 
2.2 t ha−1 in Njoro (Table ST1). In Kakamega, DPSB 8, a commercial 
genotype, and NJSB 6 achieved high yields of 3.1 t ha−1 and 3.0 t ha−1, 
respectively, in the long rains of 2022. However, the yields were depressed in 
the short rains of 2021 in the same environment for the best yielding 
genotype NJSB 8 achieved 1.4 t ha−1. In Mabanga, SB50 achieved the highest 
mean yield of 1.5 t ha−1 in the long rains of 2022 while DPSB 8 yielded 1.2 
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t ha−1 in the short rains of 2021. In Kenya, there are 12 soybean varieties 
registered for commercial production which were evaluated in this study, 
specifically Kensoy 009, DPSB 8, Gazelle, Black Hawk, Salama, Kensoy 05, 
Kensoy 10, DPSB 19, Nyala, Hill, EAI 3600, and SC Saga. In Njoro, Kensoy 
009 and Nyala were among the best-performing commercial genotypes 
(Table ST1). In Kakamega, DPSB 8 was among the best commercial geno
types, yielding 3.1 t ha−1, while in Mabanga, variety EAI 3600 and DPSB 19 
were among the top 3 genotypes (1.4 t ha−1). Among the commercial 
genotypes, the highest yielding genotype across sites was DPSB 8 (1.5 
t ha−1). The least mean yield across sites was achieved by N6003LP, an exotic 
genotype at 0.5 t ha−1 (Table ST1). There were no clear trends in terms of 
yield associated with the source of germplasm (Table 1).

The mean 100-seed weight for two seasons was higher in the 2022 season 
in all the sites at a mean of 15.8 g in Njoro, 17.7 g in Kakamega, and 15.8 g in 
Mabanga. In Njoro, NJSB 4, NJSB 3, NJSB 12, and NJSB 7 had a mean 100- 
seed weight of more than 20 g and thus in the large-seeded category, while 
genotypes Salama, Red tanner, Black Hawk, DPSB 19, Hill, SB4, SB50, SB24, 
and SBH5/2/2 are small-seeded with less than 13 g. In Kakamega, genotype 
NJSB3 (22.4 g) was the only genotype that recorded a mean of more than 20  
g. In Mabanga, the 100-seed weight was the least with a mean of 15.59 g, 
where NJSB3 and NJSB4 recorded high seed weights of 21.2 g and 20 g, 
respectively (Table ST1). The mean 100 seed weight across sites ranged 
from 10.6 g for SB50 to 21.2 g for NJSB 3 (Table ST1).

Plant height was greater than the mean of 62.8 cm in Njoro (Table ST1) 
compared to Mabanga and Kakamega in the long rains of 2022. Except for 
Njoro, plant height was higher in the long rains of 2022 than in the short 
rains of 2021. The differences in plant height between seasons were higher in 
Kakamega (19.2 cm) than in Njoro (3.4 cm) and Mabanga (8.2 cm). The 
mean plant height across sites and seasons ranged from 17.5 cm to 105.3  
cm for genotypes N6003LP and NJSB 5, respectively (Table ST1).

Significant (p < 0.001) differences within and across locations among eval
uated genotypes on days to maturity were observed. Genotypes were late in 
maturity at the high-altitude site of Njoro, with a mean of 173.5–193.5 days 
in the two seasons and early at the lower altitude site of Mabanga, with 
a mean of 104.5–108.5 days in the two seasons (Table ST1). In Kakamega, the 
genotypes matured at a mean of 111–119 days. Genotypes were late by 20  
days in the long rains of 2022 compared to the short rains of 2021 in Njoro, 
and a similar difference of 8 days was observed in Kakamega. At Mabanga, 
the number of days to maturity was 4 days earlier in the long rains of 2022 
compared to the short rains of 2021. Among the commercial genotypes, 
DPSB 19 matured earliest in the highland site of Njoro at 139.7–151.9 days. 
At Kakamega, the days to maturity ranged from 92.2 for Black Hawk to 130.7 
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for Kensoy 009, while in Mabanga, maturity ranged between 91.4 days for 
Black Hawk and 111.8 days for DPSB 8 (Table ST1).

Genotypes differed significantly for the number of pods plant−1 across 
environments (Table ST1). A higher number of pods did not translate to high 
yield for all genotypes, e.g. genotype NJSB 14 had highest number of pods, 
yet it could only achieve a low yield of 1.0 t ha−1, just as SB24 with a lower 
pod load of 25.8 (Table ST1). Genotype N6003LP, the check genotype for 
phytic acid, had the least number of pods plant−1 (15.7), low plant height (17  
cm), and the lowest yield (0.3 t ha−1). There was a wide variation in the 
number of pods plant−1 for the commercial genotypes, ranging from 23.6 for 
genotype Kensoy 05 to 37.5 for genotype DPSB 8 (Table ST1).

Phenotypic correlations

Inter-relationships among soybean traits were observed among the genotypes 
under evaluation. Yield had a strong to moderate positive and significant (p  
< 0.01) correlation with plant height, pods plant−1, 100 seed weight, maturity, 
and a weak but significant correlation with phytate content. Hundred seed 
weight was significantly correlated with maturity (p < 0.05), plant height (p <  
0.001), number of pods plant−1 (p < 0.005), and yield (p < 0.001) (Table 5).

Genotype-by-environment interactions analyses

The need for increased soybean production to meet the domestic demand for 
soybean meal, oil, and other products has led to the introduction of new 
germplasm from different sources for adaptability evaluation in varying 
ecological zones. Yield is the outcome of genotypic potential (G), 
Environmental influence (E), and their interactions (Yan and Kang 2002). 
This study evaluated 48 genotypes in three locations for two seasons, making 
a total of six environments. The first (PC 1) and second (PC 2) principal 
components accounted for 50.46% of genotype and genotypes plus environ
ment variation for phytic acid in soybean seeds. Environments Njoro in the 
short rains (NJA) and Kakamega in the long rains (KKB) had a right angle 
between them, indicating that the two environments were not correlated, and 

Table 5. Phenotypic correlation coefficient for yield, plant height, pods plant−1, phytic acid 
content, maturity, and 100 seed weight across six environments of the study in the short rains 
of 2021 and long rains of 2022.

100 seed weight Maturity Plant Height Phytic acid content Pods plant−1

Maturity 0.0692**
Plant Height 0.1169*** 0.6758***
Phytic acid content 0.0331ns 0.0664ns 0.2099***
Pods plant−1 0.0728* 0.2950 0.4788*** 0.1272***
Yield 0.3092*** 0.2652*** 0.5403*** 0.1898*** 0.5447***
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there were no comparisons on the expression of phytic acid content between 
the two environments (Figure 3a). Acute angles of the vector lines between 
Kakamega in the long rains of 2022 (KKB) and short rains of 2021 (KKA) 
and Mabanga in the long rains of 2022 (MABB) presented the environments 
as correlated. The obtuse angle between environments Kakamega in the long 
rains (KKB) and Mabanga in the short rains of 2021 suggested crossover 
events, indicating the impact of the environments on the genotypes 
(Figure 3a).

The which-won-where biplot presented genotype G10 (N6003LP), the 
check genotype as having low phytic acid content, while the other genotypes, 
G34 (NJSB 12), and G43 (NJSB 14) as having high phytic acid content, 
among genotypes evaluated (Figure 3(b)). Environments MABA, NJB, and 
KKB in the first quadrant of the Y*WAASB biplot indicated high discrimi
native ability on phytic acid (Figure 3(c)), and genotypes G10, G47, G23, 
G31, and G20 achieved low phytic acid but were unstable. Genotypes in 

Figure 3. (a) View of the scatter plot for the discriminative versus representativeness of test 
environments for soybean phytic acid content; (b) which one won where for soybean phytic acid 
content with a polygon joining genotypes that are furthest from the biplot origin; (c) a Y* 
WAASB biplot of mean performance and stability for soybean phytic acid content; (d) bar graph 
ranking genotypes for their phytic acid content by the rYWAASB index. Abbreviations: YLD =  
yield; Env = Environment; Gen = Genotype. 
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the second quadrant, such as G34 and G43, were unstable but had high 
phytic acid content. Genotypes in the 3rd quadrant that included G41, G42, 
G3, and G46 were stable with lower phytic acid content than the mean. 
Genotypes in the fourth quadrant, among them G33, G13, G18, G16, G26, 
and G21, were stable with higher phytic acid content above the mean. The 
rYWAASB bar graph (Figure 3(d)) ranked genotypes indicated as individuals 
on the x-axis. Genotypes with the highest index had the lowest phytic acid 
content.

The first and second principal components (PC1 and PC2) explained 
67.48% of the net difference caused by the genotype and GEI (Figure 4(a)) 
for seed yield. The Y*WAASB biplot identified environment MABB as 
having the ability to discriminate genotypes for seed yield (Figure 4(d)). 
The first quadrant had genotypes such as G10, G11, G24, and G43 that 
were unstable and achieved lower yields than the mean. The second quadrant 
had unstable genotypes such as G4, G2, G7, G12, and G38 with yields above 
the mean, while the third quadrant had genotypes such as G45, G26, G23, 

Figure 4. (a) View of the scatter plot of the discriminative versus representativeness of soybean 
test environments for yield; (b) bar graph ranking genotypes for seed yield by the rYWAASB 
index; (c) which-one-won where for soybean yield with a polygon joining genotypes that are 
furthest from the biplot origin; (d) a Y*WAASB biplot of mean performance versus stability for 
soybean seed yield.
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and G39 that were stable but achieved yields lower than the mean. The fourth 
quadrant had varieties that were stable and high yielding that included G48, 
G22, and G6. The rYWAASB index bar graph (Figure 4(b)) ranked genotypes 
indicated as individuals in the x-axis. Genotypes with the highest index had 
the lowest yield. The which-won-where biplot grouped genotypes into six 
sectors (Figure 4(c)). The genotypes located at the corners of the polygon are 
the best or worst in performance in specific locations. While those within the 
polygon are less responsive (Figure 4(c)). Genotype G12 performed well in 
Njoro and Kakamega in the long rains of 2022, while G14 performed well at 
Njoro in the short rains of 2021.

Discussion

The quality of soybeans is defined by their seed composition. Soybean seed 
composition is controlled by genetic, environmental, and management fac
tors (Assefa et al. 2019). Despite the presence of high-quality protein and oil, 
soybean seed also contains anti-nutritional factors such as phytic acid that 
limit its digestibility (Sá, Moreno, and Carciofi 2020) and the bioavailability 
of key nutrients in the feed and food products. This study aimed to under
stand the accumulation of phytic acid content among 48 soybean genotypes 
of different backgrounds, some of which are registered for commercial 
production. It is of great importance while initiating a low-phytate soybean 
program to determine the phytic acid content in the breeding program 
germplasm (Perera et al. 2018). A wide range of genotypic variation exists 
in soybean phytate-P concentration as observed by Kuerban et al. (2020). The 
study noted that some of the soybean genotypes had very low seed phytate 
combined with root traits for efficient P acquisition offering parental material 
for breeding for low phytate genotypes. The use of such unique parental 
material combined with marker assisted selection would hasten the avail
ability of low phytate soybean genotypes that would mitigate against mal
nutrition in Africa, which is high (Wambua et al. 2025). The mean phytic 
acid content in the genotypes ranged from moderate to high compared to the 
check genotype N6003LP. Phytic acid accumulation in soybean seeds is 
genetically controlled but the environment also contributes to the variation, 
as observed on genotype N6003LP. Kuerban et al. (2020) recorded lower 
phytic acid contents than what was observed in our results while assessing 
256 Chinese genotypes, suggesting that there are wide variations in phytic 
acid contents among soybean genotypes from different backgrounds. The 
mean soybean phytic acid content was lower in Mabanga, and this could be 
attributed to low pH limiting the availability of P and the low P content in 
the soil as observed in the site soil analysis results (Kamau, Kungu, and 
Mugendi 2020). Limitation of P availability reduces the enhancement of 
nodule weight and nitrogenase activity, leading to reduced plant growth 
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and yield (Sun et al. 2024) as observed in Mabanga. Lowering the phytic acid 
content may affect the agronomic performance of the generated lines. 
Punjabi et al. (2018) developed low-phytate soybean lines which had reduced 
phytic acid by 45%, an increase of inorganic P by 39% and an increase of 
mineral content of Zn, Fe, and Ca in the seed. The lpa transgenic lines had 
a good response to germination and seedling emergence, suggesting the 
expectation of normal to higher yields. However, Lin et al. (2024) observed 
that reducing phytic acid moderately by targeting single Gmlpkl genes as 
opposed to multiplex mutagenesis directed toward ultra-low phytic acid 
content is an ideal approach for low-phytate line development with 
a negligible drawback in yield performance. Our study established the 
range of phytic acid concentrations in the breeding program germplasm 
and further identified environments where variation in phytic acid content 
can be expressed, making it easier for subsequent related investigations. The 
set of genotypes evaluated and environments covered is inadequate to make 
very conclusive statements on phytic acid stability across environments. 
However, the study has brought to the fore the need to assess phytic acid 
in soybean germplasm on a wider scale, as is done for quality aspects of 
protein and oil content. This should be taken into consideration while 
evaluating soybean genotypes on a regional scale, as in the Pan-African 
Soybean Variety Trials (Stella et al. 2025) or regional trials executed by the 
International Institute of Tropical Agriculture.

Genetic diversity of soybean germplasm and testing environments in the 
study provided a good basis for evaluation and selection of elite genotypes. 
The first principal components (PC1) and second principal components 
(PC2) accounted for more than 50% of the variation for phytic acid and 
yield, suggesting a significant genotype main effect and GEI. This enhances 
the need for identification of stable genotypes for production in varying agro- 
ecological zones.

The ideal genotype should be high-yielding and low in phytic acid content. 
A low but significant correlation was observed between yield and phytic acid. 
However, the biplots explained 50.46% of phytic acid content, suggesting that 
other factors contributed to the variation (Yan and Tinker 2006). This will 
require further investigation in more environments to validate the current 
information.

Improving yield is a major objective in all breeding programs (Masoudi 
et al. 2024), and this includes all traits that are of economic importance in the 
crop under production. There were significant differences in the yield of 
genotypes under evaluation within and across the locations. Soybean yields 
are a result of a combination of factors, which include the genetic potential of 
the genotypes and the environmental factors. The soils in the trial locations 
varied in terms of mineral content, acidity, and above-ground climatic con
ditions, and this could have contributed to the yield variance across sites. 
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Yields were generally low, with a mean of 2.3 t ha−1 across the sites, which 
was lower than the potential yield of 5 t ha−1 in sub-Saharan Africa (Giller 
et al. 2011). The yields were low at Mabanga in the short rains of 2022, which 
could be attributed to low pH, organic C, potassium, and P, as evidenced by 
the soil analysis results. High acidity decreases the availability of key nutri
ents, hampering growth and development (Zhang et al. 2023). Among the 
high-yielding genotypes, four are registered for commercial production, 
while five are not and can be further evaluated as potential cultivars. 
However, some genotypes performed well, especially in Kakamega, where 
genotypes G1 (NJSB2), G7 (DPSB 8), G12 (NJSB 6), G31 (NJSB 10), and G34 
(NJSB 12) gave higher yields than the average production in Africa of 1.1 
t ha−1, but less than the global average of 2.4 t ha−1 (Khojely et al. 2018). The 
observed yields were low compared to yields recorded by Mwiinga et al. 
(2020) where soybean genotypes were evaluated in six environments in South 
Africa. In a recent study involving 308 genotypes in Uganda, Palange et al. 
(2025) realized variation in phytate ranging from 14.8 to 6928.8 mg kg−1 and 
yield that averaged 77.0–1800 g indicating the existence of high yielding low- 
phytate germplasm that can be used for breeding purposes. The current study 
identified high-yielding stable genotypes with low phytic acid content.

Conclusions

Genotype and genotype plus environment explained more than 50% of 
the variation in phytic acid content and seed yield, indicating significant 
variation in the traits. The study has identified high-yielding stable geno
types which can be further improved by improving their phytate and 
protein contents, which are key in the preparation of food and feed. 
There were no genotypes that had lower phytic acid content than the 
check genotype N6003LP. However, commercial varieties EAI 3600 (G41) 
and SC Saga (G42) achieved stable low phytate content and can be 
recommended for production as better varieties are developed. The cur
rent study has established the status of phytic acid content of released and 
promising genotypes in Kenya. This information can be used by breeders 
to improve the current commercial varieties with high yield and good 
end-use qualities by crossing them with the low phytic acid genotype 
N6003LP. Accessing other low-phytate soybean lines with proven end use 
qualities as parental materials would increase the diversity of low-phytate 
germplasm. In the short term, molecular markers linked to low phytate 
can be employed for the precise selection of soybean genotypes with 
desirable traits. To increase efficiency, gene editing using CRISPR/Cas9 
system may be employed targeting GmlPKl and GmMRPS genes involved 
in phytate synthesis. Mutation of these genes reduces the phytic acid 
content, increases P and other mineral bioavailability with minimal 
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impact on yield and other agronomic traits (Song et al. 2022). Further 
evaluation of more soybean genotypes in a wider range of environments 
(acidic, alkaline, irrigated, moisture-stressed) where soybeans are likely to 
be grown is recommended to increase chances of discovery of low phytate 
adaptable genotypes and generate more information on the repeatability 
of genotype by environment interaction on seed composition. There are 
other anti-nutritional factors in soybeans other than phytic acid, and it 
would be prudent to determine their levels in the germplasm in order to 
come up with strategies for improvement of genotypes for commercial 
utilization in the food and feed industry.
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