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ABSTRACT

Phytic acid, proteins, and oils are seed storage compounds that play a role in germination and seedling growth and may deter-
mine seed quality. The pattern of accumulation of these compounds and the relationship of their contents with the seed quality
of the Bambara nut (BN) are poorly understood. Seeds of three BN landraces, AbiBam001 (black/cream), LocalBam (brown
speckled), and TVSU544 (cream), were harvested from two field experiments at different maturation stages and tested for final
germination percentage (FGP), germination velocity index (GVI), and seedling dry weight (SDW). Seed samples from the same
experiments were analyzed for phytic acid and proximate composition. Kendall's ranked correlation was used to describe rela-
tionships between phytic acid, protein, and oil contents and the seed quality of the landraces. Results showed no differences in
the phytate, protein, and oil contents of landraces during seed maturation (p > 0.05), except for the phytate content of AbiBam001
(p<0.05), which increased in the first experiment. At mass maturity, AbiBam001 and LocalBam had higher phytate and less
protein and oil contents than TVSUS544, implying that seed coat color may influence the phytate, protein, and oil contents of BN
landraces. Higher phytate content in landraces appeared to relate positively with FGP, GVI, and SDW and vice versa. Phytic acid
may positively affect seed germinability in BN landraces with high phytate content but may affect it negatively in low-phytate
landraces. The oil content of all landraces had negative correlations with most seed quality characteristics, suggesting that BN
oils either are not priority reserves or play a minimal role in germination and seedling growth.

1 | Introduction

Grain legumes such as the Bambara nut (BN) (Vigna sub-
terranea (L.) Verdc.) are rich in carbohydrates, proteins,
fats, and minerals and supply valuable affordable nutrients
to the human population worldwide, especially in under-
developed countries (Affrifah, Uebersax, and Amin 2023;
Singh et al. 2022; Semba et al. 2021; Mohan, Tresina, and
Daffodil 2016; Vaz Patto et al. 2015). Proteins provide a source

of amino acids and nitrogen in plants, for growth and devel-
opment (Batra et al. 2023; Dhull, Kinabo, and Uebersax 2023;
Kermode 2011), and in the germinating seed, for seedling
growth and early establishment before the seedling becomes
self-supporting (Bewley and Nonogaki 2017; Kermode 2011;
M. Zhao et al. 2018). On the other hand, carbohydrates and
lipids serve as sources of energy for metabolism (Bewley and
Nonogaki 2017; Kermode 2011; M. Zhao et al. 2018). Besides
the major storage reserves, grain legumes also accumulate
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a comparatively high content of phytic acid (myo-inositol-
1,2,3,4,5,6-hexakisphosphate), normally stored in the seed
as salts of the acid called phytates (Karmakar et al. 2020;
Mohan, Tresina, and Daffodil 2016; Silva et al. 2021). Phytic
acid and phytates are secondary plant metabolites that per-
haps are better known for their antinutritional properties
(Dhull, Punia, Kidwai, et al. 2020; Dhull et al. 2021; Mohan,
Tresina, and Daffodil 2016; Punjabi et al. 2018; Raboy 2020).
However, phytic acid and phytates do play a role in plant nutri-
tion and plant protection (Dhull, Punia, Sandhu, et al. 2020;
Dhull, Sandhu, et al. 2020). Phytates are the principal stor-
age form of phosphorus (P) in most cereals and legume seeds
(60%-90% of all P in seeds) (Karmakar et al. 2020; Mandizvo
and Odindo 2020; Raboy 2009; Silva et al. 2019). They serve
as a source of inorganic phosphates for the germinating seed
(Daffodil, Fathima, and Mohan 2013) and are involved in
plant protection against insects, pathogens, nonarthropod
herbivores, and abiotic stresses (Pilu et al. 2005; Sangronis
and Machado 2007; Sparvoli and Cominelli 2015; Wink 2010).
In many cultivated and wild species, seed reserves differen-
tially or similarly (spatial-temporarily) accumulate in the
seeds during seed development and maturation (Bewley and
Nonogaki 2017; Bewley et al. 2013). Studies have shown that
lipid/oil accumulation in legumes tends to occur early in
seed development whereas proteins accumulate mostly in
the later stages (Huang et al. 2018; Warsame et al. 2022; Xu
et al. 2016). Upon maturation, seeds show varying contents
of stored reserves, between and within species (Bewley and
Nonogaki 2017; Bewley et al., 2013). In BN, light-colored ac-
cessions have been shown to have higher protein and oil, but
less minerals compared to dark-colored accessions (Donkor
et al. 2022). Similarly, landraces of cream and white (light) col-
ors had higher protein content than dark-colored (red, brown,
and black) ones (Hlanga, Modi, and Mathew 2021). The pat-
terns of oil and protein accumulation towards mass maturity
have not been fully described before for any BN landrace. In
addition, landraces from different regions have different mat-
uration periods and different contents of storage reserves,
but these have also not been described before for Ugandan
landraces. Accumulation of phytates in legume seeds for the
most part follows a pattern similar to the major seed compo-
nents (Dhole and Reddy 2015; Mandizvo and Odindo 2020;
Shunmugam et al. 2015; Sparvoli and Cominelli 2015; Urbano
et al. 2000). A contrasting scenario to this was, however, ob-
served in soybean whereby seed phytate accumulation fol-
lowed a linear trend throughout most of seed development
(Raboy and Dickinson 1987). Similarly, Pandey et al. (2016)
showed that the phytate content of both yellow and black
Indian soybean genotypes increased in a linear pattern from
early seed development to maturation. A study of phytate ac-
cumulation in BN landraces revealed that the phytate content
of landraces gradually increased in the early stages and then
rapidly increased afterwards until maturity (Mandizvo and
Odindo 2020). The study by Mandizvo and Odindo (2020) de-
scribed the accumulation of phytates only up to an apparent
physiological maturity and not beyond. However, it is likely
that some of the landraces studied, and even the Ugandan
landraces, may have longer maturity period, hence the need
to determine phytate content beyond 65days after flower-
ing (DAF). It has been suggested that the storage contents of
seeds may be related to the seed quality of certain species. The

metabolism of stored reserves during seed germination and in
seedling growth has been documented in several species (for
example, Bewley and Nonogaki 2017; Soriano et al. 2011; M.
Zhao et al. 2018). M. Zhao et al. (2018) studied the mobiliza-
tion of seed reserves in germinating seeds of wild grass species
and found that the germination rate had a positive relation-
ship with both soluble sugar and soluble protein contents at
different stages of germination. On the contrary, protein and
fat reserves in dry seeds did not have any relationship with the
rate and extent of germination (M. Zhao et al. 2018). Further
reports indicated that the germination rate had a positive as-
sociation with nitrogen and lipid concentrations of forest tree
seeds (Soriano et al. 2011), while the fat content and germi-
nation percentage of flax seeds did not show any relationship
(Kanmaz and Ova 2015). Similarly, the phytate content of le-
gume seeds and their seed quality have largely been shown to
be positively related (for example, Pramitha et al. 2020; Soares
et al. 2014; Zhou et al. 2018). Interestingly, low phytic acid
(Ipa) mutants have been suggested to result in negative gene
pleiotropy that may undermine seed viability and germina-
tion (Colombo et al. 2020; Meis, Fehr, and Schnebly 2003; Pilu
et al. 2005). The relationship between phytate, protein, and oil
contents and the seed quality of BN landraces has not been de-
tailed before. The purpose of this study was therefore to deter-
mine the pattern of phytic acid, protein, and oil accumulation
and the relationship of their contents with seed quality during
the maturation of BN landraces from Uganda. This would
elucidate their roles in determining seed quality during seed
maturation and germination, which will in turn help refine
aspects of seed quality management for better yields.

2 | Materials and Methods

The procedures and materials of the field experiments and seed
germination tests presented below have been described in full
detail in Oballim et al. (2023).

2.1 | Field Experiment Sites

Two field experiments were set up at on-farm sites in Ocettoke,
Kitgum District (2020/2021), and Koro, Omoro District
(2021/2022), both in the northern region of Uganda. Both
Ocettoke (03°2233.071” N/032°51'55.69” E, 1020masl) and
Koro (02°39'22.92” N/032°18’44.27” E, 1085masl) lie in the
warm subhumid zone of the northern moist farmlands’ agro-
ecological zone (AEZ) (Wortmann and Eledu 1999). The rain-
fall in this AEZ is unimodal (>1200mm annual average),
stretching from April to October, and the average annual
temperature is >20°C. The zone has a long dry spell usually
from November to March (Nsubuga et al. 2014; Wortmann and
Eledu 1999). The soils are mostly sandy and sandy clay, having
low organic matter and low nutrient availability (Wortmann
and Eledu 1999).

2.2 | Plant Material

BN seeds of three landraces, namely, AbiBam001, LocalBam, and
TVSU544, were obtained from a market in Arua, in the north-
western region of Uganda, and planted in randomized complete
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blocks with three replicates. AbiBamO001 is small, round, and
cream with black stripes (intermediate color), and LocalBam
has large oblong mottled seeds with brown or purplish specs and
is of dark color. TVSU544 has medium-sized cream seeds with
black eyes and is of light color (Oballim et al. 2023).

2.3 | Field Operations and Seed Sampling

Standard crop management practices were applied at all stages
of the crop growth. The crop was irrigated twice a week during
periods of extended dry spells, especially in December and
January. Pods were harvested from randomly selected rows
in each plot at predetermined days after sowing (DAS) of 103,
113, and 123 (Ocettoke) and 123, 130, and 138 (Koro). Pods were
sun dried and temporarily kept at room temperature and then
later transferred to a —20°C freezer until use. Pods were hand
threshed and used for the seed quality and biochemical analyses.

2.4 | Seed Size Measurements

Seed dry weight was measured with a weight balance. Twenty
seeds were drawn twice from each replicate; each set of 20 seeds
was weighed, and the average of the two measurements was re-
corded as the 20-seed weight. The result was expressed as the
100-seed weight by multiplying by 5.

2.5 | Germination Tests

A germination test was performed in triplicate on seeds steril-
ized with 1% sodium hypochlorite solution on sterilized moist-
ened sand media in plastic trays. Seeds were incubated in a
growth chamber at alternating conditions of 30°C 8-h light and
20°C 16-h dark, and the number of seeds germinated was re-
corded on a daily basis for 16 days. A seed was considered germi-
nated when the plumule has emerged from the sand surface. At
16days, the final germination percentage (FGP) was calculated
using the following formula:

FGP = (N, /N;)100

where N, is the number of germinated seeds and Ny is the total
number of seeds sown (Damalas, Koutroubas, and Fotiadis 2019)
after modification.

The germination velocity index (GVI) was calculated as pro-
posed by Maguire (1962) as

GVI=G,/N;+G, [Ny + -« -+ +G

where G;,G, ... ... ....G,are the number of seeds germinated
on the first, second, and last counts. N;, N, ... .. N, are the num-
ber of days at the first, second, and last counts from the day of
sowing.

Five normal seedlings from each tray (each replication) were air
oven dried at 95°C for 24h and weighed to determine the seed-
ling dry weight (SDW). A combined ranking of FGP, GVI, and
SDW for sampling days was used to estimate stages of highest
seed quality. Mass maturity stages were estimated as the point
of diminished increase in seed dry weight (Oballim et al. 2023).

2.6 | Determination of Total Phosphorus
and Phytic Acid Contents Using the Megazyme Kit

Samples were analyzed using the K-PHYT standard assay pro-
cedure (Neogen Megazyme, Wicklow, Ireland). Colorimetric
determination of phosphorus was performed in a Synergy HTX
microplate reader (Agilent Technologies, California, USA).

2.6.1 | Sample Extraction

Dried seeds were ground into a fine powder using the Cyclotec
1093 mill (FOSS Analytics, Hillerod, Denmark). One gram
of sample material was weighed in a 75-mL glass beaker, and
20mL of 0.66-M hydrochloric acid was added. The beaker was
then covered with aluminum foil and stirred vigorously on a re-
ciprocal shaker for at least 3h at room temperature. One milli-
liter of the extract was transferred to a 1.5-mL microfuge tube
and centrifuged at 13,000rpm for 10 min. Immediately, 0.5mL
of the resulting extract supernatant was transferred to a fresh
1.5-mL microfuge tube and neutralized by the addition of 0.5mL
of 0.75-M sodium hydroxide solution. The neutralized sample
extract was then used in the enzymatic dephosphorylation step.

2.6.2 | Enzymatic Dephosphorylation Reaction

For the “total phosphorus” isolation, 0.6 mL of distilled water,
0.2mL of K-PHYT solution 1 (buffer), 0.05 mL of sample extract,
and 0.02mL of phytase suspension were pipetted into 1.5-mL
microfuge tubes. They were mixed by vortex and incubated in a
water bath at 40°C for 10 min. After 10min, 0.2mL of K-PHYT
solution 3 (buffer) and 0.02mL of alkaline phosphatase suspen-
sion were added to the reaction tube, mixed by vortex, and in-
cubated in a water bath at 40°C for 15min. The reaction was
terminated by the addition of 0.3 mL of 50% (w/v) trichloroacetic
acid. The solution was then centrifuged at 13,000 rpm for 10 min
and left to stand. The supernatant was carefully recovered for
the colorimetric determination of phosphorus. The procedure
for the “free phosphorous” was the same, except in the first step
where 0.62mL of distilled water and no phytase were added, and
in the second step, 0.02mL of distilled water and no alkaline
phosphatase were added.

2.6.3 | Preparation of Color Reagent

A color reagent was freshly prepared on the day of use by mixing
two solutions, “A” and “B.” To make Solution A, 10g of ascorbic
acid was added to 90 mL of distilled water, followed by 5.35 mL of
concentrated sulfuric acid (95%-98%), and the ascorbic acid was
dissolved. The volume of the solution was adjusted to 100mL
with distilled water. Solution B was made by dissolving 1.25g of
ammonium molybdate in 20 mL of distilled water, and the solu-
tion was adjusted to a volume of 25mL with distilled water. The
color reagent was formed by adding one part of Solution B to five
parts of Solution A.

2.6.4 | Colorimetric Determination of Phosphorus

A standard solution of 0.2-mL sample and 0.1-mL color reagent
was transferred into a 0.65-mL microfuge tube and mixed by vor-
tex. The solution was incubated in a water bath at 40°C for 1h.
Afterwards, it was again mixed by vortex, and then 0.2mL of the
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mixture was transferred to a known position in a 96-well micro-
titer plate. A blank (distilled deionized water, 0.2mL) was also
added to a known position in the microtiter plate. Absorbance for
each of sample, standard and blank, was read at 655nm within
3h in a Synergy HTX microplate reader (Agilent Technologies,
California, USA). The absorbance values for both “total phos-
phorus” and “free phosphorus” were entered into Megazyme's
Mega-Calc Excel worksheet, which generated the corresponding
phosphorus and phytic acid values for the samples.

2.6.5 | Preparation of the Phosphorus
Calibration Curve

Standard phosphorus solutions were prepared in 13-mL polypro-
pylene tubes using 0.00, 0.05, 0.25, 0.50, and 0.75mL of a 50-pg/
mL phosphorus standard solution (Megazyme K-PHYT solution
5) and adjusted to a final volume of 5mL with distilled water. The
standards’ absorbances generated a phosphorus standard curve
that was used in the determination of the phosphorus contents of
samples. The regression coefficient (R?) of the phosphorus stan-
dard curve was 0.9999, denoting the reliability of the curve in the
determination of phosphorus and phytic acid contents of seeds.

2.7 | Proximate Analysis
2.71 | Crude Fat

Total fat was determined by the acid hydrolysis method using
the Soxhlet apparatus (Horwitz and Latimer 2012; Puwastien
et al. 2011). Samples were digested with hydrochloric acid, fil-
tered with a Whatman filter paper, and the filter paper was
washed with warm distilled deionized water and dried overnight
in an oven at 50°C-60°C. Samples were then extracted by im-
mersing them in warm petroleum ether for 3h and then drying.

2.7.2 | Crude Protein

Protein was determined using the Kjeldahl method (Horwitz
and Latimer 2012; Puwastien et al. 2011). Samples were digested
with concentrated sulfuric acid and hydrogen peroxide to re-
lease nitrogen from proteins. Samples were then analyzed with
the UDK 169 Automatic Kjeldahl Nitrogen Protein Analyzer
(Velp Scientific, New York, USA). Protein content was esti-
mated by multiplying the amount of detected nitrogen by 6.25.

2.7.3 | Ash Content

Ash contentwas determined by the dry ashing method (Horwitz
and Latimer 2012; Puwastien et al. 2011). Samples were in-
cinerated in a muffle furnace (Bioevopeak FNC-BX1400,
Shandong, China) at 500°C-550°C until the residue was uni-
formly white or nearly white. Ash content (dry weight basis)
was determined as the percentage loss in weight on ashing.

2.8 | Data Processing and Analysis

Data were entered in Excel, and analysis of variance (ANOVA)
was performed on the proximate composition of seeds at mea-
sured stages of seed development in GenStat 14th edition
(VSN International Ltd, Hemel Hempstead, UK). ANOVA was

performed to compare the following: the developmental stages
for the proximate composition of landraces during maturation,
the proximate composition of landraces at the respective stages
of highest seed quality and mass maturity, and the phytate con-
tent of landraces at mass maturity. Means were separated using
Tukey's procedure at the 5% level. t-tests were performed (also
in GenStat 14th edition) to compare landraces for phytic acid
contents at 113 and 123 DAS in the Ocettoke experiment and at
points of highest seed quality to compare only AbiBam001 and
LocalBam (at 113 DAS for both landraces). This was because
phytic acid was determined only from 113 DAS onwards for all
landraces (the stage of highest seed quality for TVSU544 was at
103 DAS). Kendall's rank correlation coefficient () (Kendall's tau-
b) was calculated in IBM SPSS Statistics (Version 20) statistical
software (IBM Corporation, Armonk, New York, USA) to explore
relationships between the protein, oil, and phytic acid contents
of seeds and different germination variables (Oballim et al. 2023).

3 | Results

3.1 | Phytic Acid Content of Seeds During
Seed Maturation

There were no differences in the phytate content of seeds
of all landraces in both experiments (p>0.05), except for
AbiBamO001 at Ocettoke, which showed significant differences
in phytate content at 113 and 123 DAS (p<0.01) (Table 1).
Nevertheless, for both AbiBam001 and TVSU544, there were
33% and 7% increases in phytate content, respectively, from
113 to 123 DAS, while for LocalBam, it decreased by 22% from
113 to 123 DAS at Ocettoke (Table 1). At Koro, AbiBam001
showed a steady decrease in phytate content at all seed mat-
uration stages, but both LocalBam and TVSU544 showed an
increase and then a decline in phytate content (Table 1). At the
stage of highest seed quality (113 DAS for both AbiBam001
and LocalBam), the two landraces showed significant differ-
ences in their phytate content with LocalBam having a much
higher phytate content than AbiBamo001 (Table 2). Similarly,
at mass maturity, there were significant differences in the
phytate content of the landraces with LocalBam having the
highest content followed by AbiBam001 and TVSU544 having
the lowest phytate content (Table 2).

3.2 | Proximate Composition of Seeds During
Seed Maturation

There were no differences in the ash, protein, and oil compo-
sition of seeds of all landraces in both the Ocettoke and Koro
experiments (p>0.05) (Table 3). However, both protein and
oil contents exhibited increasing trends in Ocettoke, except
for LocalBam, which showed a decreasing trend (Table 3).
Ash content also increased with seed maturation for both
AbiBamO001 and LocalBam but decreased for TVSU544 in the
Ocettoke experiment (Table 3). At Koro, the ash, protein, and
oil contents of AbiBamO001 overall increased, whereas those of
both LocalBam and TVSU544 either decreased or leveled off.
At the stage of their respective highest seed quality, landraces
showed no differences in their oil, protein, and ash contents,
but at mass maturity, they differed significantly in protein and
oil contents, but not in ash content (Table 4). The landrace

40of 11

Legume Science, 2024

85U801 SUOWWOD AIR.D 3(gedldde ayy Aq peusenob afe 9 e YO 8sn Jo sejni o} Akeid1T8uljUQ 43I UO (SUONIPUOD-PUR-SULIBYWOY™AS| 1M AfeIq 1jeulUO//SANY) SUONIPUOD pue SWie 1 8y} 88S *[9202/70/yT] Uo ARigiTauljuo A8|im ‘(ouleande ) sqnopesy Aq zzz'€691/200T 0T/10p/woo A8 im Areiqijpul|uo//sdny wouy pepeojumod ‘T ‘vZ0Z ‘T8TIEET



TABLE1 | Phytic acid composition of Bambara nut seeds during seed maturation.

Phytic acid content of landraces (g/100g)

Location Seed developmental stage (DAS) AbiBam001 LocalBam TVSU544

Ocettoke 113 439.5a 956.3a 514.5a
123 653.8b 786.1 a 552.3a
p value 0.003 0.137 0.185
s.e.d. 33.19 70.96 23.56

Koro 123 710.59 a 647.59 a 541.06 a
130 669.60 a 658.15a 77771 a
138 581.29 a 627.03 a 689.25a
p value 0.817 0.356 0.150
s.e.d. 197.284 16.622 71.075
Ls.d. 848.845 71.520 305.809

Note: Means followed by different letters within a column are significantly different from each other (Tukey's test, p <0.05).

TABLE 2 | Phytic acid composition of seeds at the stage of highest
seed quality and at mass maturity.

Phytic acid content (g/100g)

At stage of highest At mass
Landrace seed quality maturity
AbiBam001 439.53 a 668.32 ab
LocalBam 956.26 b 956.26 b
TVSU544 — 514.54 a
p value 0.002 0.037
s.e.d. 72.76 109.28
Ls.d. — 303.40

Note: Means followed by different letters within a column are significantly
different from each other (Tukey's test, p <0.05). Stages of highest seed quality:
113 DAS (AbiBamo001 and LocalBam), 103 DAS (TVSU544); mass maturity
stages: 113 DAS (LocalBam and TVSU544), 103 DAS (AbiBamo001) (Oballim

et al. 2023).

with the highest ash, protein, and oil contents at mass matu-
rity was, respectively, AbiBamo001, LocalBam, and TVSU544.
The lowest ash content at the same stage was recorded in
TVSUS544, and the lowest protein and oil contents were both
recorded in AbiBamO001 (Table 4).

3.3 | Relationship Between Phytate Content
and Seed Quality of Landraces

Phytate had a positive relationship with FGP for AbiBam001
and LocalBam in both experiments (at Ocettoke and Koro) but
a negative relationship with FGP for TVSU544 in both experi-
ments (Tables 5 and 6). For SDW, there were negative relation-
ships with phytate content for all landraces in both experiments,
except for TVSU544 at Koro (Tables 5 and 6). Phytate content
related positively (for LocalBam) and negatively (for TVSU544)
with GVI at both sites, whereas for AbiBamo001, the relationship
was negative at Ocettoke and positive at Koro (Tables 5 and 6).
Phytate content had positive (for TVSU544) and negative (for
LocalBam) relationships with seed weight at both sites. For
AbiBamO001, the relationship was negative at Ocettoke and posi-
tive at Koro (Tables 5 and 6).

3.4 | Relationship Between Oil and Protein
Contents and Seed Quality of Landraces

Oil content had mostly negative correlations with the seed qual-
ity characteristics of FGP, GVI, SDW, and seed weight in both
experiments for LocalBam and TVSU544. For AbiBamO001, oil
content had positive relationships with all seed quality char-
acteristics in the Ocettoke experiment, except SDW (Tables 5
and 6). In the Koro experiment, the oil content of AbiBam001
had negative relationships with FGP and GVI and positive re-
lationships with SDW and seed weight (Tables 5 and 6). For
protein content, there were positive or no relationships with
FGP and GVI in both experiments for LocalBam, whereas for
AbiBamO001, the relationships of protein content with FGP and
GVI were positive at Ocettoke and negative at Koro (Tables 5 and
6). The protein content of TVSU544 was negatively related with
FGP, GVI, and SDW at both sites. SDW had negative relation-
ships with the protein content of all landraces at Ocettoke and
positive relationships with the protein contents of AbiBam001
and LocalBam at Koro. For seed weight, there were positive rela-
tionships with the protein content of all landraces at both sites,
except for LocalBam at Ocettoke (Tables 5 and 6).

4 | Discussion

4.1 | Phytic Acid Content of Seeds During
Seed Maturation

Both AbiBamo001 and TVSUS544 showed an initial increase
and then an overall decline in phytate content from the first
experiment (Ocettoke) to the second experiment (Koro). For
LocalBam, however, there was an overall declining trend of
phytate content from the first experiment to the second ex-
periment. Accumulation of seed storage compounds, that is,
carbohydrates, proteins, and oils, in most species is known
to gradually increase up to a point, and then there is a rapid
increase towards physiological maturity and eventual lev-
eling off at and decline after physiological maturity (Bewley
and Nonogaki 2017; Bewley et al., 2013). It has been observed
that phytates accumulate in legume seeds in much the same
way as the major seed components (Dhole and Reddy 2015;
Mandizvo and Odindo 2020; Shunmugam et al. 2015; Sparvoli
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TABLE 3 | Proximate composition of seeds of landraces at different developmental stages from the Ocettoke and Koro sites.

Landrace
AbiBam001 LocalBam TVSU544
Seed Crude Crude Crude
developmental protein® Crude protein Crude Ash protein Crude Ash
Location stage (DAS) (%) fat (%) Ash (%) (%) fat (%) (%) (%) fat (%) (%)
Ocettoke 103 17.69 a 7.389a 3.360a 20.53 a 7.792 a 2.860 a 18.70 a 6.819 a 3.820a
113 18.44 a 7.667a 3.440a 2142 a 6.722a 3.640a 19.97 a 7.861 a 3.540a
123 19.08 a 8.181a 3.440a 20.40 a 7.389a 2960a 1899a 9.111a 3.320a
p value 0.093 0.544 0.200 0.253 0.194 0.641 0.597 0.167 0.094
s.e.d. 0.32 0.62 0.03 0.46 0.37 0.80 1.14 0.73 0.11
l.s.d. 1.36 2.67 0.14 1.96 1.62 3.45 491 3.13 0.49
Koro 123 14.25a 4.382a 3.667a 13.54a 5.327a 3.622a 13.54 a 5.127a 4411 a
130 14.80 a 4991a 4.297a 13.86a 5118a 3.987a 1390a 4775 a 3.731a
138 14.78 a 5.084a 4.095a 13.85a 5.265a 3.213a 13.57a 5.376 a 3.569 a
p value 0.539 0.111 0.420 0.598 0.827 0.088 0.503 0.459 0.246
s.e.d. 0.472 0.191 0.387 0.317 0.333 0.17 0.284 0.393 0.361
L.s.d. 3.023 0.822 1.665 1.363 1.431 0.73 1.224 1.692 1.552

Note: Means followed by different letters within a column are significantly different from each other (Tukey's test, p <0.05).
2Crude protein, crude fat, and ash measured as percentage of dry matter on a dry weight basis.

TABLE 4 | Protein, oil, and ash contents of seeds of BN landraces at respective stages of highest seed quality and mass maturity.

Seed component

At stage of highest seed quality

At mass maturity

Landrace Proteins (%) 0il (%) Ash (%) Proteins (%) 0il (%) Ash (%)
AbiBamO001 18.44 a 7.67 a 3.44a 14.80 a 499 a 4.30a
LocalBam 2142a 6.72 a 3.64a 21.42b 6.72b 3.64a
TVSU544 18.70 a 6.82a 3.82a 19.97b 7.86 ¢ 3.54a

p value 0.250 0.196 0.251 0.008 0.003 0.242
s.e.d. 1.34 0.36 0.16 0.45 0.10 0.33
L.s.d. 5.78 1.56 0.67 1.92 0.44 1.41

Note: Means followed by different letters within a column are significantly different from each other (Tukey's test, p <0.05). Stages of highest seed quality: 113 DAS
(AbiBamo001 and LocalBam), 103 DAS (TVSUS544); mass maturity stages: 113 DAS (LocalBam and TVSU544), 103 DAS (AbiBam001) (Oballim et al. 2023).

and Cominelli 2015; Urbano et al. 2000). In contrast, however,
Raboy and Dickinson (1987) showed that phytates accumulate
in a linear trend in soybean throughout most of seed develop-
ment. A similar report by Pandey et al. (2016) indicated that
the phytate content of both yellow and black Indian soybean
genotypes increased linearly from early seed development
to maturation. Nonetheless, Mandizvo and Odindo (2020)
demonstrated that the phytate content of BN landraces had
a gradual increase between 14 and 42DAF (approximately
49-77 DAS) and then had a rapid increase afterwards until
physiological maturity at 65 DAF (approximately 100 DAS).
The patterns of phytate accumulation shown by the landra-
ces in the present study concur with the findings of Mandizvo
and Odindo (2020). The following scenarios can therefore be
inferred. For AbiBamo001, the initial increase suggests the
phase of rapid increase before mass maturity; for LocalBam,
the gradual decrease suggests the phase of decline after mass
maturity; and for TVSU544, the gradual decrease suggests
the phase of leveling off prior to mass maturity. Subsequently,

however, beyond mass maturity (for all landraces), there is an
apparent decline in phytate content as seen in the Koro ex-
periment. Landraces also showed differences in phytate con-
tents at stages of highest seed quality and at mass maturity.
A study by Mandizvo and Odindo (2020) revealed that BN
landraces of cream seed coat had lower phytate content com-
pared to the dark-colored landraces. Another report by Dhole
and Reddy (2015) showed that mung bean genotypes of yellow
and green seed coats contained much less phytic acid content
compared to those with black seed coat. A contrasting report
by Pandey et al. (2016), however, revealed that black soybean
genotypes had lower phytate content than yellow genotypes.
In the present study, LocalBam, a dark brown speckled type,
had the highest phytate content followed by AbiBam001 (of
intermediate color), with TVSU544 (of light/cream color) hav-
ing the lowest phytate content, thus corroborating the results
of previous studies. These observations are suggestive of the
inherent genetics of the landraces with regard to phytate con-
tent, possible influence of seed coat color on phytate content

60f 11

Legume Science, 2024

85U801 SUOWWOD AIR.D 3(gedldde ayy Aq peusenob afe 9 e YO 8sn Jo sejni o} Akeid1T8uljUQ 43I UO (SUONIPUOD-PUR-SULIBYWOY™AS| 1M AfeIq 1jeulUO//SANY) SUONIPUOD pue SWie 1 8y} 88S *[9202/70/yT] Uo ARigiTauljuo A8|im ‘(ouleande ) sqnopesy Aq zzz'€691/200T 0T/10p/woo A8 im Areiqijpul|uo//sdny wouy pepeojumod ‘T ‘vZ0Z ‘T8TIEET



TABLE 5 | Kendall's rank correlation coefficients (r) among oil, protein, phytic acid, and seed quality parameters of the landraces at Ocettoke.

Landrace Parameter Oil Protein Phytic acid FGP GVI SDW Seed weight
AbiBam001 Oil 1.0

Protein 1.0%* 1.0

Phytic — — 1.0

FGP 1.0%* 1.0%* 1.0%* 1.0

GVI 0.3 0.3 —1.0** 0.3 1.0

SDW —1.0%* —1.0%* —1.0%* —1.0%* -0.3 1.0

Seed weight ~ 1.0%* 1.0%* 1.0%* 1.0%* 0.3 —1.0%* 1.0
LocalBam 0il 1.0

Protein -0.3 1.0

Phytic — — 1.0

FGP -0.3 1.0%* 1.0%* 1.0

GVI —0.3 1.0%* 1.0%* 1.0%* 1.0

SDW -0.3 -0.3 —1.0%* -0.3 -0.3 1.0

Seed weight —0.3 -0.3 —1.0%* -0.3 -0.3 1.0%* 1.0
TVSU544 0Oil 1.0

Protein 0.3 1.0

Phytic — — 1.0

FGP —1.0%* -0.3 —1.0%* 1.0

GVI —1.0%* -0.3 —1.0%* 1.0%* 1.0

SDW -0.3 —1.0%* 1.0%* 0.3 0.3 1.0

Seed weight ~ 1.0%* 0.3 1.0%* —1.0%* —1.0%* —-0.3 1.0

**Correlation is significant at the 0.01 level.

of landraces, and potential influence of phytate on the seed
quality of each landrace.

4.2 | Proximate Composition of Seeds During
Seed Maturation

The protein and oil contents of AbiBam001 continued to in-
crease with seed maturation, whereas those of LocalBam and
TVSU544 leveled off or decreased as the seeds matured. Dry
matter accumulation in orthodox seeds of many cultivated
species including legumes such as BN follows a distinct pat-
tern after embryogenesis, with variations to a lesser or greater
extent between species, cultivars, and maternal environment
(Bewley and Nonogaki 2017; Bewley et al., 2013). An initial
gradual phase is typically followed by a rapid phase, in which
there is a heightened rate of cell expansion and reserve depo-
sition, and a final phase characterized by diminished reserve
deposition and maturation drying (Bewley and Nonogaki 2017;
Bewley et al., 2013). A study of seed development and matu-
ration in soybean revealed that substantial lipid accumulation
occurred early in seed development whereas protein accu-
mulated mostly in the later stages (Xu et al. 2016). Warsame
et al. (2022) demonstrated that storage protein accumula-
tion in faba bean began later in seed development (at about
45days after pollination), compared to other functional pro-
teins that were abundant in the earlier stages. In the model
legume Medicago truncatula, it has been shown that the
onset of oil accumulation, evidenced by oil body biogenesis,
is overlapped by embryo maturation (Kurdyukov et al. 2014).

A similar report showed a prominent increase in seed oil con-
tent of Pongamia (Millettia pinnata) from the embryogenesis
phase to the early seed-filling phase, which steadied towards a
maximum at maturation (Huang et al. 2018). Taken together,
these reports strongly suggest that accumulation of lipids/oils
in legumes occurs early in seed development whereas proteins
accumulate mostly in the later stages. In the present study, the
decreasing or leveling off of the mineral, protein, and oil con-
tents for LocalBam and TVSU544 implies that the seeds of the
two landraces are at a stage beyond mass maturity (113 DAS
for both) (Oballim et al. 2023) when dry matter and seed min-
eral reserves’ accumulation are in decline. For AbiBam001,
however, the increasing trend can be explained by the fact that
its mass maturity stage is approximately 130 DAS (Oballim
et al. 2023); hence, it is plausible that minerals and dry matter
accumulation still show an increasing trend. At mass matu-
rity, landraces had significantly different levels of both pro-
teins and oils. BN landraces have been shown to have varying
contents of starch, proteins, oils, and minerals (Amarteifio,
Karikari, and Modise 2002; Donkor et al. 2022; Hlanga, Modi,
and Mathew 2021; Tan et al. 2020; Yao et al. 2015). According
to Donkor et al. (2022), light-colored BN accessions had higher
protein and oil, but less minerals compared to dark-colored
accessions. Similarly, BN landraces of cream and white (light)
colors were found to have higher protein content than the
dark-colored (red, brown, and black) ones (Hlanga, Modi, and
Mathew 2021). The report by Hlanga, Modi, and Mathew (2021)
did not, however, find any clear relationship between BN
seed coat color and oil content. The light-colored landrace
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TABLE 6 | Kendall's rank correlation coefficients (r) among oil, protein, phytic acid, and seed quality parameters of the landraces at Koro.

Landrace Parameter 0il Protein Phytic acid FGP GVI SDW Seed weight
AbiBam001  Oil 1.0

Protein 0.3 1.0

Phytic acid —1.0%* -0.3 1.0

FGP —1.0%* —0.3 1.0%* 1.0

GVI —1.0%* —-0.3 1.0%* 1.0%* 1.0

SDW 1.0%* 0.3 —1.0%* —1.0%* —1.0%* 1.0

Seed weight 1.0%* 0.3 —1.0%* —1.0%* —1.0** 1.0%* 1.0
LocalBam Oil 1.0

Protein —1.0%* 1.0

Phytic acid -0.3 0.3 1.0

FGP 0.0 0.0 0.8 1.0

GVI -0.3 0.3 1.0%* 0.8 1.0

SDW —0.3 0.3 -0.3 —0.8 -0.3 1.0

Seed weight -0.3 0.3 -0.3 —-0.8 -0.3 1.0%* 1.0
TVSU544 0Oil 1.0

Protein -0.3 1.0

Phytic acid -0.3 1.0%* 1.0

FGP —0.3 -0.3 -0.3 1.0

GVI -0.3 -0.3 -0.3 1.0%* 1.0

SDW -0.3 -0.3 -0.3 1.0%* 1.0%* 1.0

Seed weight -0.3 1.0%* 1.0%* —-0.3 —-0.3 —-0.3 1.0

**Correlation is significant at the 0.01 level.

TVSUS544 in the present study had higher oil and lower min-
eral content than the darker colored landraces (LocalBam and
AbiBamO001), as elucidated in previous studies. However, its
protein content was comparable to that of LocalBam, though
higher than that of AbiBamo001. Differences in storage reserve
and phytochemical composition of legumes including BN are
known to be genetically controlled (Kanmaz and Ova 2015;
Karmakar et al. 2020; Silva et al. 2021) and are related to their
adaptation to biotic and abiotic stresses in their environments
(Arockianathan, Rajalakshmi, and Nagappan 2019; Sparvoli
and Cominelli 2015). Seed coat color in BN and other legumes
is largely determined by the polyphenolic content of the seed
coat, mostly the tannins and flavonoids (Mabhaudhi and
Modi 2013; Ren, Liu, and Wang 2012; Taahir, Jideani, and
Hill 2018; P. Zhao et al. 2022). The darker seeded BN landra-
ces have been shown to have higher tannins and flavonoids
than the lighter seeded types (Mabhaudhi and Modi 2013;
Taahir, Jideani, and Hill 2018).

4.3 | Relationship Between Phytate Content
and Seed Quality of Landraces

Seed quality characteristics of landraces showed both positive
and negative relationships with phytate content with varying
patterns for any landrace. The relationship between phytate
content of legume seeds and their respective seed quality pa-
rameters such as germinability, rate of germination, and seed-
ling vigor has generally been shown to be positive (for example,
Pramitha et al. 2020; Soares et al. 2014; Zhou et al. 2018).

This is because the hydrolysis of phytates releases inorganic
phosphate that is used in the growth of the embryonic axis
and later in seedling growth upon completion of germination
(Dong and Saneoka 2020; Lazali et al. 2014). Phytate is further
reported to be involved in the synthesis of abscisic acid and
gibberellins, the hormones that regulate seed germination and
dormancy (Silva et al. 2021). Moreover, [pa mutants have been
suggested to result in negative gene pleiotropy, which may un-
dermine seed viability and germination (Colombo et al. 2020;
Meis, Fehr, and Schnebly 2003; Pilu et al. 2005). This may in
part explain the negative relationships observed between the
phytate contents of the landraces and some seed quality pa-
rameters. Nevertheless, a more comprehensive study covering
a wider range of developmental and maturation stages would
shed more light on the relation of the phytate content and seed
quality of BN landraces.

4.4 | Relationship Between the Oil and Protein
Contents and Seed Quality of Landraces

The oil content of all landraces had mostly negative relation-
ships with seed quality characteristics in both experiments.
There were, however, both positive and negative relationships
between protein content and seed quality characteristics in
both experiments, with no clear pattern among landraces or
seed quality characteristics. Nevertheless, SDW mostly had
negative relationships with both protein and oil contents
of all landraces in both experiments. It is suggested that in
certain species, the most abundant reserve is the first or the
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main reserve to be mobilized (M. Zhao et al. 2018) and that
different reserves play different roles during seed germina-
tion and seedling growth (Bewley and Nonogaki 2017; Soriano
et al. 2011; M. Zhao et al. 2018). In general, proteins provide a
source of amino acids and nitrogen necessary for the growth
and development of the germinating seed (Kermode 2011). On
the other hand, carbohydrates (starch, soluble sugars, and low
molecular weight oligosaccharides) and lipids provide a source
of energy for the various metabolic processes (Bewley and
Nonogaki 2017; Kermode 2011; M. Zhao et al. 2018). According
to M. Zhao et al. (2018), the germination rate of wild grass spe-
cies had a positive relationship with both soluble sugar and
soluble protein contents at different stages of germination. In
dry seeds, however, there was no relationship of protein and
fat reserves with the rate and extent of germination (M. Zhao
et al. 2018). Another study on seeds of tree species in a trop-
ical deciduous forest showed that the germination rate had a
positive association with nitrogen and lipid concentrations of
seeds (Soriano et al. 2011). Furthermore, no relationship was
found between the fat content and germination percentage of
flax seeds (Kanmaz and Ova 2015). It is apparent, therefore,
that the influence of seed reserves on germination depends
on the type and amount of reserve and the plant species in
question (Kanmaz and Ova 2015; Soriano et al. 2011; M. Zhao
et al. 2018). Unsurprisingly, the relationships of protein and oil
contents with seed quality characteristics of landraces seem to
be in agreement with most reports. However, there is a need
for further in-depth investigation to better understand the re-
lationship of stored reserves with seed quality and their me-
tabolism during germination of BN landraces.

5 | Conclusions

Accumulation of phytate, oil, and proteins in the seeds of land-
races appears to follow the normal trend of dry matter accumu-
lation in legume seeds, evidenced by diminished trends towards
maturation and decreasing or leveled off trends at and after
maturation. The apparent color-related seed contents of phytic
acid, proteins, and oils at maturity suggest that seed coat color
may influence the phytate, protein, and oil contents of BN land-
races. The reciprocal relationship of phytate content with seed
quality aspects implies that phytic acid content may positively
affect seed germinability in BN landraces with high phytate
content but negatively affect it in low-phytate landraces. The
negative correlation of oil contents with seed quality aspects of
landraces may mean that BN oils are either not priority reserves
or play a minimal role in germination and seedling growth. A
more extensive investigation is, however, required to better un-
derstand the relationship of phytate content and stored reserves
with seed quality and their metabolism during germination of
BN landraces.
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