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ABSTRACT

The present study investigated the response of vegetable soybean seed-coat properties to foliar application of ferrous sulfate
(FeSO4) and zinc sulfate (ZnSO4). The experiment was conducted during Kharif 2023 at the University of Agricultural
Sciences, GKVK, Bengaluru, using vegetable soybean (Glycine max (L.) Merr.) cv. Karune (KBVS-1). Nine treatments
were evaluated in a randomized block design with three replications. Among the treatments, 0.2% ZnSOa consistently
recorded the highest values for the principal measured physical and biochemical attributes, including seed-coat thickness
(0.83 mm), rupture force (69.59 N), total phenolics (0.39 mg g!), flavonoids (0.64 mg g!), proanthocyanidins (0.35 mg
g') and tannins (0.41 mg g'). Peroxidase-assay absorbance at 450 nm also reached its maximum under this treatment
(2.77). Scanning electron microscopy showed comparatively greater apparent continuity among seed-coat tissue regions,
while energy-dispersive X-ray spectroscopy revealed localized variation in the reported elemental composition.
Collectively, the findings establish 0.2% ZnSO. as the most promising treatment among those tested for modifying
vegetable soybean seed-coat properties.
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1. INTRODUCTION

Soybean (Glycine max (L.) Merr.) is a globally important legume and oilseed crop, valued for its substantial contribution
to dietary protein, edible oil and industrial raw materials. The seeds typically contain approximately 40% protein and 20%
oil, making soybean an important component of human nutrition and livestock feed. Soybean is broadly classified into
grain-type and vegetable-type forms based on harvest maturity and intended use. Vegetable soybean, harvested at the green,
full-seed stage, is gaining popularity because of its bold seeds, desirable flavour and nutritional composition
(Shanmugasundaram ef al., 2015). Karune (KBVS-1) is a vegetable soybean variety characterized by bold seeds, a reported
protein content of approximately 14%, and a relatively thin seed coat. Although nutritionally valuable, its delicate seed coat
may increase susceptibility to cracking and mechanical injury, potentially affecting seed quality and storability.

The seed coat protects the embryo and cotyledons while regulating water exchange and interactions with the external
environment (Souza and Marcos-Filho, 2001). Its protective efficiency depends on thickness, anatomical integrity and
biochemical composition (Black and Halmer, 2006). In soybean, cracking may disrupt the palisade and hourglass cell layers,
exposing underlying parenchymatous tissues and weakening the protective barrier (Wolf and Baker, 1972; Wolf et al.,
1981). Therefore, maintaining seed-coat integrity is important for preserving seed quality.

Seed-coat physical properties are closely associated with biochemical constituents, including phenolics, flavonoids, tannins
and proanthocyanidins. These secondary metabolites contribute to plant defence and influence pigmentation, permeability
and other seed-coat characteristics (Debeaujon et al., 2001, 2003). Associations between proanthocyanidin accumulation,
sclereid composition and seed-coat hardness have also been reported in Rubus species (Sugae et al., 2011). Furthermore,
peroxidase activity provides insights into biochemical processes associated with plant defence and oxidative metabolism.
Iron and zinc are essential micronutrients involved in enzymatic reactions, metabolic pathways and cellular protection
(Cakmak, 2000; Broadley et al., 2007). Previous studies have associated foliar zinc application with changes in phenolic
and flavonoid accumulation, while iron application has been linked to alterations in flavonoid and procyanidin biosynthesis
(Song et al., 2015; Shi et al., 2018; Ying et al., 2021). These findings suggest that micronutrient nutrition may influence
seed-coat development and biochemical composition.

However, the integrated effects of foliar iron and zinc application on vegetable soybean seed-coat characteristics remain
insufficiently understood. Accordingly, this study evaluated different concentrations of ferrous sulfate and zinc sulfate for
their effects on seed-coat thickness, hardness, phenolics, flavonoids, proanthocyanidins, tannins and peroxidase activity in
vegetable soybean cv. Karune. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were
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employed to characterize seed-coat ultrastructure and elemental composition, respectively, to identify an effective
micronutrient treatment for improving seed-coat quality.

2. MATERIALS AND METHODS

2.1 Experimental site, soil properties and plant material

The experiment was conducted during Kharif 2023 at the AICRP on Soybean, Zonal Agricultural Research Station,
University of Agricultural Sciences, GKVK, Bengaluru, Karnataka, India (13°08’' N, 77°57" E). The reported elevation was
954 m above mean sea level. The soil contained 30.02% coarse sand, 26.23% fine sand, 7.35% silt and 36.59% clay. Soil
pH, electrical conductivity and organic carbon content were 6.95, 0.17 dS m™ and 0.54%, respectively. Available N, P-Os
and K>O were 280.15, 16.67 and 200.12 kg ha™!, respectively, while exchangeable Ca and Mg were reported as 31.50 and
13.50 meq 100 g'. Soil analyses were conducted following Piper (1966) and Jackson (1973). Seeds of vegetable soybean
(Glycine max (L.) Merr.) cv. Karune (KBVS-1) were obtained from the same research station.

2.2 Experimental design and foliar treatments

Nine treatments, comprising an unsprayed control and four concentrations each of ferrous sulfate and zinc sulfate, were
evaluated using a randomized block design with three replications. The gross plot measured 1.43 x 4.50 m, whereas the net
plot measured 0.83 x 4.30 m. All plots received a basal fertilizer application of 30:80:37.5 kg ha™ of NP-OsK-0. Sowing
was performed on 10 July 2023 at 30 x 10 cm spacing and approximately 3 cm depth.

The experiment comprised nine treatments: C;, untreated control; C,, 0.1% ferrous sulfate; Cs, 0.2% ferrous sulfate; Cj,
0.3% ferrous sulfate; Cs, 0.4% ferrous sulfate; Ce, 0.1% zinc sulfate; C7, 0.2% zinc sulfate; Cs, 0.3% zinc sulfate; and Co,
0.4% zinc sulfate. All micronutrient concentrations were expressed as weight per volume (w/v). Foliar application was
performed at bud initiation, flowering and pod formation; the control received no micronutrient spray.

2.3 Harvesting and laboratory evaluations

The crop was harvested when more than 95% of pods had turned brown, and most leaves had abscised. Harvested material
was segregated by treatment, sun-dried on a clean surface and threshed after adequate drying. Treatment-wise, seed samples
were collected for laboratory assessment of seed-coat thickness, hardness, total phenolic content, total flavonoid content,
proanthocyanidins, tannins and peroxidase activity. SEM was used to examine seed-coat microstructure, while EDS was
employed to characterize elemental composition. These assessments enabled comparison of the physical, biochemical and
structural characteristics of seed coats following foliar micronutrient application.

2.4 Measurement of seed-coat thickness

Seed-coat thickness was determined using a digital caliper and expressed in millimetres (mm). For each treatment within
each of the three replications, 25 seed coats were evaluated. Each seed coat was positioned between the external measuring
jaws of the caliper, with the jaws oriented perpendicular to the seed-coat surface. The jaws were gently closed until they
made light contact with the sample, thereby minimizing compression during measurement. Individual readings were
recorded in millimetres, and the mean value was calculated for each treatment in each replication for subsequent statistical
analysis.

2.5 Measurement of seed hardness

Seed hardness was evaluated using a Stable Micro Systems TA-HD plus texture analyser equipped with an aluminium P/2N
needle probe (Figure 1). Twenty-five seeds from each treatment in each of the three replications were tested. Individual
seeds were positioned on the instrument platform, and the probe was advanced until contact with the seed surface was
detected. Compression was continued until rupture of the seed coat, and the maximum force recorded at rupture was
considered the seed-coat rupture force and expressed in newtons (N). The analyser was operated in compression mode with
pre-test, test and post-test speeds of 2, 0.5 and 10 mm s7!, respectively. The test distance was set at 8 mm from the top of
the probe, with automatic force triggering. The return distance, return speed and contact force were set at 10 mm, 20 mm
s'and 15 g, respectively. The resulting measurements were used to compare seed mechanical resistance among treatments.
2.6 Preparation of methanolic seed-coat extracts

Seed coats were manually separated from seeds collected from each treatment, ground into a fine powder using a pestle and
mortar, and stored under refrigerated conditions until extraction. For methanolic extraction, 0.5 g of powdered seed-coat
material from each experimental replicate was transferred into a centrifuge tube containing 25 mL of HPLC-grade methanol.
The suspension was agitated using an orbital shaker for 3 h and subsequently incubated in darkness overnight to facilitate
the extraction of soluble constituents. The resulting mixture was centrifuged at 4000 rpm for 10 min at 4°C. The supernatant
was collected and filtered through Whatman No. 1 filter paper. The clarified extracts were stored under refrigerated
conditions until further biochemical analyses.
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Figure 1. Measurement of soybean seed-coat hardness using a Stable Micro Systems TA-HD plus texture
analyser equipped with an aluminium P/2N needle probe. (A) Texture analyser setup; (B) close-up of the probe
positioned above the soybean seed; and (C) compression of the seed until seed-coat rupture.

2.7 Determination of proanthocyanidins

Proanthocyanidin content in the methanolic seed-coat extracts was determined using a modified vanillin colorimetric assay,
following Zhang et al. (2016). Briefly, 1 mL of methanolic extract was mixed with 2.5 mL of 1% (w/v) vanillin solution
prepared in methanol and 2.5 mL of 20% (v/v) sulfuric acid in methanol. The reaction mixture was incubated at 30°C for
15 min to facilitate colour development. Absorbance was subsequently measured at 500 nm using methanol as the blank.
Catechin was used to construct the calibration curve, and proanthocyanidin content was calculated from the resulting
standard curve and expressed as milligrams of catechin equivalents per gram of sample (mg CE g™).

2.8 Determination of total flavonoid content

Total flavonoid content in the methanolic seed-coat extracts was determined using the sodium nitrite—aluminium chloride
(NaNO:—-AICls) colorimetric assay. Briefly, 1 mL of diluted extract was mixed with 4 mL of distilled water and 0.3 mL of
5% (w/v) sodium nitrite solution. After 5 min of incubation, 0.3 mL of 10% (w/v) aluminium chloride solution was added,
followed by a further incubation period of 6 min. Subsequently, 2 mL of 1 M sodium hydroxide was added, and the reaction
mixture was made up to a final volume of 10 mL with distilled water. The absorbance was measured at 510 nm using a
spectrophotometer. Rutin was used as the reference standard for calibration, and total flavonoid content was calculated from
the standard curve and expressed as milligrams of rutin equivalents per gram of sample (mg RE g!).

2.9 Determination of total phenolic content

Total phenolic content in the seed-coat extract was determined using the Folin—Ciocalteu colorimetric method. Briefly, 0.5
mL of the extract was mixed with 2 mL of Folin—Ciocalteu reagent diluted 1:10 (v/v) with distilled water. After 5 min, 4
mL of 7.5% (w/v) sodium carbonate solution was added, and the reaction mixture was thoroughly homogenized and
incubated at room temperature for 30 min. The absorbance was then measured at 765 nm using a spectrophotometer. Gallic
acid was used as the reference standard to construct a calibration curve, and the total phenolic content was calculated and
expressed as milligrams of gallic acid equivalents per gram of sample (mg GAE g™!).

2.10 Determination of peroxidase activity

Peroxidase activity in seed-coat extracts was determined following the method described by Sadasivam and Manickam
(2008). Enzyme extraction was performed by homogenizing 1 g of seed-coat powder in 1 mL of 0.1 M phosphate buffer
(pH 7.0). The homogenate was maintained at 4°C for 4 h and subsequently centrifuged at 10,000 rpm for 15 min at 4°C.
The resulting supernatant was collected and kept chilled until analysis. For the enzyme assay, the reaction mixture consisted
of 2 mL of 0.1 M phosphate buffer (pH 7.0), 200 pL of guaiacol and 200 pL of 12.3 mM hydrogen peroxide (H20:). The
mixture was equilibrated at 25°C, and the reaction was initiated by adding 100 pL of enzyme extract. Absorbance was
monitored at 450 nm at 30-s intervals for 3 min using a spectrophotometer, with water used as the blank. In accordance
with the original reporting convention, peroxidase activity was expressed as absorbance at 450 nm (Aaso).

2.11 Determination of tannin content

Tannin content in the seed-coat extracts was determined using the vanillin—-HCI colorimetric method described by Price et
al., 1978. The methanolic extracts and reagents were equilibrated at 30°C before analysis. Briefly, | mL of methanolic
extract was mixed with 5 mL of vanillin reagent containing 0.5% (w/v) vanillin and 8% HCI in methanol. The reaction
mixture was incubated at 30°C for 20 min, and absorbance was measured at 500 nm using a spectrophotometer. Catechin
was used as the reference standard to construct a calibration curve, and tannin content was expressed as milligrams of
catechin equivalents per gram of sample (mg CE g™).

Genetics and Molecular Research 25 (21s): 2026 3



2.12 SEM-EDS analysis of seed-coat structure and elemental composition

Cracked and uncracked seed-coat tissues were sectioned using a Thermo Scientific HM 550 OVP-D cryostat. The samples
were embedded in cryostat matrix gel, mounted on specimen holders, and sectioned at a thickness of 6 um using the
motorized sectioning system and anti-roll plate. The sections were maintained under cool, dry conditions until further
analysis. For scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM—-EDS), the sections were
mounted on SEM stubs using conductive carbon tape and coated with a thin layer of gold by sputter coating. Microscopic
examination was performed at the Indian Institute of Science, Bengaluru, using an Ultra55 field-emission scanning electron
microscope (FE-SEM; Carl Zeiss) equipped with an Oxford 10-mm silicon drift detector. SEM was used to examine seed-
coat microstructure and anatomical features, whereas EDS was employed to characterize the elemental composition, with
particular emphasis on potassium (K), calcium (Ca), and magnesium (Mg). Anatomical features were interpreted with
reference to established descriptions of soybean seed-coat structure by Wolf and Baker (1972) and Wolf et al. (1981).
2.13 Statistical analysis

The field experiment was conducted using a randomized block design (RBD) with nine treatments and three replications.
The experimental data were subjected to analysis of variance (ANOVA) appropriate for the design, following the procedures
described by Gomez and Gomez (1984). Statistical significance was assessed at the 5% probability level (P < 0.05). When
the treatment effect was significant, treatment means were compared using the critical difference (CD) at the 5%
significance level. The standard error of the mean (SEm +) and coefficient of variation (CV, %) were reported to indicate
the precision and variability of the experimental results.

3. RESULTS
3.1. Seed-coat characteristics
Foliar nutrient management substantially differentiated the seed-coat characteristics of soybean, with significant effects on
both thickness and rupture force (Table 1). The highest values for these traits were associated with C7, in which 0.2% ZnSO4
application resulted in a seed-coat thickness of 0.83 mm and a rupture force of 69.59 N. The next-best response was recorded
under Cs (0.2% FeSO0.), yielding corresponding values of 0.80 mm and 68.11 N. In contrast, seeds from untreated plants
exhibited the lowest thickness (0.63 mm) and rupture force (58.60 N). Relative to the untreated control, the ZnSO4 treatment
increased seed-coat thickness by approximately one-third (31.75%) and rupture force by 18.75%. The other treatments
occupied intermediate positions, reflecting differences in the magnitude of response to the applied nutrients. The observed
treatment pattern establishes C; as the leading treatment for both evaluated traits and indicates that foliar application of
0.2% ZnSOs4 was associated with greater seed-coat thickness and higher resistance to rupture under the conditions of the
study.

Table 1. Effect of foliar FeSO4 and ZnSO4 on seed-coat properties of vegetable soybean

Treatment Seed-coat  thickness Rupture force (N)
(mm)

Ci 0.63 58.60
C 0.75 65.31
GCs 0.80 68.11
Cs 0.68 61.05
Cs 0.73 62.96
Cs 0.71 62.51
Cy 0.83 69.59
Cs 0.76 66.04
Co 0.78 67.37
Mean 0.74 64.61
SEm + 0.02 1.48
CD (P =0.05) 0.05 4.40
CV (%) 3.74 3.97

3.2. Biochemical components of the seed coat

Foliar nutrient treatments altered the biochemical composition of soybean seed coats, with the most pronounced responses
generally observed following application of 0.2% ZnSOa (C7) (Tables 2). This treatment produced the highest total phenolic
concentration (0.39 mg g!), exceeding the values recorded under 0.2% FeSOa (C3; 0.37 mg g!) and the untreated control
(C1; 0.19 mg g') by 5.41% and 105.26%, respectively, when calculated relative to the respective comparison treatments.
The response was more pronounced for flavonoids, which reached 0.64 mg g™! under C; compared with 0.41 mg g™' under
C; and 0.10 mg g! under C,. C; also recorded the highest proanthocyanidin and tannin concentrations, at 0.35 and 0.41 mg
g !, respectively, representing increases of 250% and 272.73% over the control. In comparison, the corresponding minimum
concentrations were observed in Cy, at 0.10 mg g* for proanthocyanidins and 0.11 mg g™* for tannins. The peroxidase-assay
response exhibited a similar overall treatment pattern but differed in the intermediate ranking: C; recorded the maximum
Aaso0 (2.77), followed by Co (2.43) and Cs (2.33), whereas C; had the minimum value (0.73). The C7 absorbance was 279.45%
greater than that of the control. Taken together, these findings establish C; as the treatment associated with the highest
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values across all evaluated biochemical parameters. The results also indicate that the magnitude of the response varied
among biochemical constituents, with flavonoids showing the largest proportional increase over the untreated control.

Table 2. Effect of foliar FeSO+ and ZnSO4 on biochemical constituents of vegetable soybean

Treatment Phenolics Flavonoids Proanthocyanidins Tannin assay | Peroxidase absorbance
(mgg™) (mgg™) (mgg™) (mgg™) at 450 nm (Asso)

Ci 0.19 0.10 0.10 0.11 0.73

G 0.28 0.22 0.18 0.25 1.21

G 0.37 0.41 0.27 0.37 2.33

Cy 0.20 0.15 0.12 0.15 1.01

Cs 0.25 0.18 0.15 0.22 1.35

Cs 0.23 0.16 0.13 0.18 1.17

G, 0.39 0.64 0.35 0.41 2.77

Cs 0.30 0.28 0.21 0.29 1.68

Co 0.31 0.37 0.24 0.34 243

Mean 0.28 0.28 0.19 0.26 1.63

SEm + 0.01 0.01 0.01 0.01 0.03

cCb (P = 0.02 0.02 0.10

0.05) 0.02 0.02

CV (%) 4.43 4.70 4.77 4.64 3.71

3.3. Seed-coat anatomy and elemental composition: SEM-EDS analysis

The SEM and EDS observations provided complementary information on the microstructural features and localized
elemental composition of soybean seed coats under different foliar nutrient treatments. SEM examination identified the
characteristic tissue arrangement of the seed coat, comprising the cuticle, palisade layer, hourglass-cell region and
underlying parenchymatous tissue (Figure 2). Cryostat sectioning produced specimens approximately 6 pm thick for
microscopic analysis.

= Cuticle

Palisade layer

Hourglass cells

. }Parenchyma

Fig. 2a. Cross sectional view of the separation of the epidermal (palisade cells) and hypodermal (hourglass cells) tissues
from parenchyma. 2b. Week hourglass cells

Palisade layer

Hourglass cells

e
N, L

Parenchyma

—

C;: 0.2 % zinc sulfate v 500X

Fig. 2c. Intact epidermal (palisade cells) and hypodermal (hourglass cells) tissues from parenchyma. 2d. Strong hourglass
cells
Figure. 1: SEM imaging for seed coat cracking in soybean cv. Karune. In Ci there is a separation of the epidermal
(palisade cells) and hypodermal (hourglass cells) tissues from parenchyma compared to C; which has an intact
epidermal (palisade cells) and hypodermal (hourglass cells) tissues from parenchyma.
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The untreated control (C;) showed discernible separation among the major tissue regions, particularly at the interfaces
between the palisade layer, hourglass-cell region and underlying parenchyma (Figure 2). In contrast, C; (0.2% ZnSOx)
displayed comparatively greater apparent continuity and fewer visible discontinuities. These observations suggest
differences in the structural appearance of the sampled seed coats, although objective image analysis would be necessary
to quantify such differences. The corresponding EDS profiles revealed variation in KO-, CaO- and MgO-equivalent
proportions between cracked and uncracked tissues (Table 3). In C1, K.O was higher in cracked tissue (1.78%) than in
uncracked tissue (1.11%), whereas CaO showed little variation, at 0.12 and 0.14%, respectively. MgO was not detected in
either control sample. Under C5, the uncracked tissue exhibited 3.12% K-0, 0.35% CaO and 0.26% MgO, compared with
2.74,0.27 and 0.18%, respectively, in cracked tissue. These values were higher than those of the corresponding uncracked
control for all three reported components. Nevertheless, treatment-specific maxima varied by tissue condition: Cs (0.2%
FeSOs) recorded the highest K20 proportion in cracked tissue (2.75%) and the highest CaO proportion in uncracked tissue
(0.36%). MgO was detected in multiple treated samples but remained below the detection limit in the control. Taken
together, the observations indicate treatment-associated differences in the visual continuity and localized elemental
composition of the seed coat. However, confirmation of a relationship between these features and mechanical performance
requires quantitative image analysis, appropriate replication and direct measurements of seed-coat mechanical properties.

Table 3. EDS-reported oxide-equivalent composition of cracked and uncracked seed-coat tissues of soybean cv.

Karune.
Treatment K:0 K:O0 cracked | CaO CaO cracked | MgO MgO cracked
uncracked (%) uncracked (%) uncracked (%)
(%) (%) (%)
Ci 1.11 1.78 0.14 0.12 - -
C 2.01 2.38 0.15 0.16 - —
GCs 2.67 2.75 0.36 0.25 0.19 0.14
Cy 1.89 2.44 0.27 0.13 0.20 0.15
Cs 1.08 1.91 0.23 0.11 0.15 0.11
Cs 2.04 2.68 0.29 0.19 0.17 0.13
G, 3.12 2.74 0.35 0.27 0.26 0.18
Cs 1.87 2.11 0.25 0.23 0.14 0.12
Co 1.96 2.19 0.29 0.22 0.21 0.16

4. DISCUSSION

4.1. Seed-coat characteristics

4.1.1. Seed-coat thickness and mechanical resistance

Seed-coat thickness and rupture force are important physical characteristics associated with the protective function of the
testa. The present study showed that foliar application of 0.2% ZnSO4 (C-) resulted in the greatest seed-coat thickness (0.83
mm) and rupture force (69.59 N), whereas the untreated control recorded the lowest values for both traits. The corresponding
increases of 31.75% in thickness and 18.75% in rupture force suggest that the C; treatment was associated with a seed coat
that was both thicker and more resistant to rupture under the test conditions.

The parallel response of these two characteristics is noteworthy because thickness alone does not necessarily determine
mechanical resistance. The arrangement, compactness and continuity of the seed-coat tissues, together with their chemical
composition, may also contribute to resistance against mechanical damage. The seed coat forms a protective interface
between the embryo and the external environment and plays an important role in seed integrity and protection (Souza and
Marcos-Filho, 2001; Black and Halmer, 2006). In soybean, the structural organization of the palisade and hourglass-cell
regions is relevant to the physical behaviour of the seed coat and its susceptibility to cracking (Wolf and Baker, 1972; Wolf
etal., 1981).

The higher rupture force observed under C;, accompanied by greater thickness, is consistent with improved mechanical
resistance. However, the present measurements do not establish whether the increase in rupture force resulted directly from
greater thickness, altered tissue organization, changes in biochemical composition, or a combination of these factors. The
SEM observations and biochemical measurements provide complementary evidence for interpreting this response, but
additional quantitative anatomical and mechanical analyses would be needed to establish the underlying relationships.
4.1.2. Seed-coat anatomy and structural integrity

SEM examination revealed apparent differences in the continuity of seed-coat tissues between the control and C7 treatment.
The control showed visible separation between the outer palisade region, the hourglass-cell region and the underlying
parenchyma, whereas the C; sample appeared comparatively continuous. These qualitative observations provide anatomical
context for the higher thickness and rupture-force measurements recorded under Cs.

The soybean seed coat consists of differentiated tissue layers whose organization contributes to its protective and
mechanical functions. The palisade layer provides an outer structural component, while the underlying hourglass cells and
parenchymatous tissues contribute to the organization of the seed coat. Previous work on soybean seed-coat structure has
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examined the relationship between tissue organization, cracking and physical integrity (Wolf and Baker, 1972; Wolf ef al.,
1981). Differences in tissue continuity may therefore be relevant to the mechanical response observed in the present study.
The SEM images suggest that the C; treatment was associated with fewer visible separations in the examined sections.
Nevertheless, SEM images from selected sections cannot independently demonstrate that tissue cohesion improved
throughout the seed population or that cracking incidence declined significantly. Such conclusions require replicated image
analysis, quantitative measurements of tissue separation and cracking frequency, and statistical comparison among
treatments. Accordingly, the present anatomical observations support—but do not independently prove—the interpretation
that C; was associated with better seed-coat structural integrity.

4.2. Biochemical components of the seed coat

4.2.1. Total phenolics and flavonoids

The highest total phenolic and flavonoid contents were recorded under C-, followed by Cs, whereas the control exhibited
the lowest values. This pattern indicates that the response of these biochemical constituents was associated with the nutrient
source and concentration. In particular, the marked increase in flavonoid content under C; suggests that the 0.2% ZnSO4
treatment was associated with a substantial change in the accumulation of measured flavonoid compounds in the seed coat.
Phenolic compounds and flavonoids are involved in several aspects of plant defence and oxidative-stress responses. Their
accumulation can be influenced by nutrient status, developmental processes and environmental conditions. Earlier studies
have reported associations between foliar zinc application and changes in phenolic and flavonoid accumulation (Song ef
al., 2015; Lamia et al., 2017; Rana et al., 2017). Zinc also has important roles in numerous physiological processes,
including the maintenance of cellular function and protection against oxidative stress (Cakmak, 2000; Broadley et al., 2007).
The present findings are consistent with the possibility that foliar ZnSO. application influenced seed-coat secondary
metabolism. However, the measured increases do not establish that zinc directly stimulated specific phenolic biosynthetic
genes or enzymes, because gene expression and pathway-enzyme activities were not reported in the supplied results. The
biochemical response should therefore be interpreted as an association with treatment rather than proof of a specific
molecular mechanism.

The concurrent increase in phenolic and flavonoid contents and the higher rupture force observed under Cs is also relevant.
These biochemical constituents may contribute to seed-coat defence and chemical properties, but their direct contribution
to mechanical resistance cannot be established from treatment means alone. Further analyses linking individual biochemical
constituents to seed-coat mechanical properties would help clarify their functional significance.

4.2.2. Proanthocyanidins, tannins and seed-coat integrity

Proanthocyanidin and tannin contents followed a pattern similar to that of total phenolics and flavonoids, with the highest
values recorded under C; and the lowest under the control. The increased accumulation of these compounds under C;
suggests that the treatment was associated with changes in the phenolic-related biochemical profile of the seed coat.
Proanthocyanidins are flavonoid-derived compounds associated with seed-coat pigmentation and development. Their
accumulation and oxidation during seed maturation contribute to testa colour, while their distribution within seed-coat
tissues has been described in studies of seed-coat development (Debeaujon et al., 2001, 2003). Proanthocyanidins and other
phenolic compounds may also interact with proteins and other structural constituents, potentially influencing the
physicochemical properties of seed tissues. These roles provide a plausible basis for examining their relationship with seed-
coat integrity.

The higher proanthocyanidin and tannin contents recorded under C; coincided with greater seed-coat thickness and rupture
force. This correspondence suggests a possible relationship between phenolic-related constituents and the physical
characteristics of the seed coat. Nevertheless, the data do not demonstrate that increased proanthocyanidin or tannin content
directly caused the higher rupture force. Nor can the individual contributions of these compounds be separated from those
of other structural or biochemical factors. Further studies involving biochemical profiling, tissue localization and correlation
analysis would be needed to determine the strength and nature of these relationships.

4.2.3. Peroxidase-assay response and physiological interpretation

The highest peroxidase-assay absorbance at 450 nm was observed under Cs, followed by Co and Cs, while the control
recorded the lowest value. This response indicates that the assay signal differed among treatments and was greatest under
0.2% ZnSOsa.

Peroxidases are a diverse group of enzymes involved in plant redox regulation and, depending on the enzyme and substrate,
can participate in the metabolism of reactive oxygen species and the modification of cell-wall components. Zinc is an
essential micronutrient involved in multiple metabolic and protective processes, including the maintenance of enzyme
function and cellular redox balance (Cakmak, 2000; Broadley et al., 2007). These physiological roles provide context for
investigating whether zinc nutrition is associated with changes in the seed-coat peroxidase response.

However, zinc should not be described as a direct cofactor of all peroxidases, and the observed absorbance difference alone
does not demonstrate enhanced antioxidant protection or cell-wall reinforcement. Because the supplied results report optical
density rather than a calculated enzyme-activity rate, the response must be interpreted cautiously. Confirmation would
require details of the assay protocol, reaction duration, blank correction, normalization basis and calculation of enzyme
activity. Subject to these limitations, the higher Asso under C; represents a treatment-associated biochemical response that
merits further investigation.
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4.2.4. Integration of biochemical and physical responses

A notable feature of the results is the consistent ranking of C; for seed-coat thickness, rupture force, total phenolics,
flavonoids, proanthocyanidins and tannins. Cs, corresponding to 0.2% FeSOs, generally ranked second for these measured
traits. This agreement across physical and biochemical measurements suggests that the observed seed-coat response was
associated with both nutrient source and application concentration.

The coordinated pattern is biologically relevant because the seed coat is a complex tissue whose mechanical behaviour can
be influenced by anatomy and composition. The biochemical results provide evidence of differences in measured secondary
metabolites, while the physical measurements quantify thickness and rupture force. SEM provides qualitative information
about tissue organization, and EDS provides localized elemental-composition measurements. Considered together, these
independent types of observations offer a broader description of the treatment response than any single measurement alone.
Nevertheless, the agreement among treatment rankings should not be interpreted as proof of a causal chain in which zinc
increased phenolic accumulation, which then strengthened seed-coat tissues and raised rupture force. Establishing such a
mechanism would require statistical analysis of relationships among individual observations, alongside targeted
biochemical, anatomical and molecular measurements. The present findings support an integrated interpretation of the
response under C7 while leaving the mechanisms open for further validation.

4.3. SEM-EDS analysis and elemental composition

4.3.1. Elemental variation in cracked and uncracked seed-coat tissues

EDS revealed differences in the reported K-O, CaO and MgO proportions among treatments and between cracked and
uncracked seed-coat samples. Under C5, the uncracked tissue exhibited higher reported values of all three components than
the control. However, the elemental pattern was not uniform across all treatments: C; recorded the highest K-O value in
cracked tissue and the highest CaO value in uncracked tissue. Thus, C; did not produce the maximum value for every
measured elemental component.

These findings indicate that localized elemental composition varied with treatment and tissue condition. Calcium is
commonly associated with cell-wall structure and membrane function, while potassium and magnesium have important
roles in plant metabolism. These general physiological functions provide context for considering the measured elements,
but the EDS data do not demonstrate that the detected elements were incorporated into specific structural components of
the soybean seed coat.

EDS is a localized, generally semi-quantitative technique. Its output depends on the sampled region, specimen preparation,
instrument settings, matrix effects and the method used to express elemental composition. In particular, oxide-equivalent
percentages should not automatically be interpreted as direct measurements of the concentration of free oxides or as
evidence of whole-seed nutrient accumulation. The detection of MgO in treated samples but not in the control should also
be interpreted in relation to the instrument's detection limits and analytical conditions.

Consequently, the higher reported elemental values under C5 in uncracked tissue are descriptive evidence of compositional
differences in the analysed regions. They cannot, on their own, establish increased nutrient uptake, enhanced cell-wall
stability or reduced cracking. These interpretations would require complementary chemical analyses and quantitative
measurements of seed-coat damage.

4.3.2. Integrating SEM and EDS observations with seed-coat characteristics

The SEM and EDS observations complement the physical measurements by describing tissue morphology and localized
elemental composition. The apparent continuity of seed-coat layers in the C; sample coincided with greater measured
thickness and rupture force. The EDS results further showed differences in the reported elemental composition between the
C7 and control samples, particularly in uncracked tissue.

This convergence of observations provides a reasonable basis for identifying C; as the most promising treatment among
those evaluated for the measured seed-coat characteristics. However, SEM and EDS provide different types of evidence:
SEM describes morphology, whereas EDS characterizes elemental signals from selected regions. Neither technique alone
establishes the mechanism responsible for the observed physical response. In addition, because the EDS data are descriptive
and no inferential statistics were provided for these measurements, the differences should not be described as statistically
significant.

Future studies should combine replicated SEM imaging and quantitative crack analysis with standardized EDS
measurements, independent mineral analysis, and seed-coat mechanical testing. Such an approach would help determine
whether the observed morphological and elemental differences are reproducible and whether they are statistically associated
with mechanical resistance and seed quality.

5. CONCLUSION

This study identified foliar application of 0.2% ZnSOa (C7) as the most promising treatment for modifying the measured
physical, biochemical and anatomical characteristics of the soybean seed coat. The treatment recorded the highest seed-coat
thickness and rupture force, the greatest concentrations of the analyzed phenolic constituents, and comparatively greater
tissue continuity in SEM observations. EDS analysis revealed additional variation in localized elemental composition,
providing complementary information on the characteristics of the examined seed-coat regions. The convergence of these
observations supports further investigation of foliar zinc application as a potential strategy for managing seed-coat quality
in soybean. Its practical relevance lies in the possibility of developing seed production practices that improve resistance to
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mechanical damage and help maintain seed quality throughout harvesting, processing, storage and distribution. However,
these benefits cannot be inferred from seed-coat measurements alone. Validation should include direct mechanical damage
tests, germination and vigour assessments, storage experiments, replicated field trials and an economic analysis of treatment
costs and returns. Establishing these relationships will clarify whether the observed responses translate into measurable
improvements in commercial seed quality and support evidence-based recommendations for soybean seed production.
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