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ABSTRACT. The storage of soybean seeds is a critical aspect of the production process, making it essential
for genotypes to show tolerance during this phase to maintain seed quality. This study aimed to examine
and correlate lignin content in the seed coat, enzyme activity expression, and morphoanatomical
characteristics of soybean cultivars with the preservation of physiological quality and storage tolerance.
Eight soybean cultivars were selected, produced, and harvested under uniform edaphoclimatic conditions.
Physiological quality assessments were conducted at six storage intervals: 0, 60, 120, 180, 240, and 360
days. Evaluations included tests for germination, emergence, accelerated aging, electrical conductivity, and
lignin content in the seed coat. Additionally, biochemical and enzymatic analyses of antioxidant
metabolism and morphoanatomical examinations were performed using light microscopy on seeds stored
for 0 and 360 days. The experiment used an 8 x 6 factorial arrangement, encompassing eight cultivars and
six storage periods. For the enzymatic and morphoanatomical analyses, a 4 x 2 factorial design was
employed, involving four cultivars and two storage durations. The results showed that genotype
significantly influenced the tolerance of soybean seeds to extended storage periods. Seeds proving high
physiological quality and storage resilience exhibited reduced hydrogen peroxide accumulation and
diminished lipid peroxidation. Furthermore, morphoanatomical analyses provide a promising method for
selecting genotypes with enhanced physiological quality and storage tolerance.
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Introduction

Seed storage is a critical stage in the seed production process, during which maintaining seed quality prior
to sowing is essential.

Despite the various technologies available on the market, seed quality can deteriorate during storage due
to several external factors, including initial lot quality, seed moisture content, relative humidity and storage
air temperature (Thirusendura-Selvi & Saraswathy, 2018).

In addition to these factors, genetic variations among genotypes can significantly affect seed storability
(Carvalho et al., 2016; Ruppin et al., 2019). Therefore, understanding the behaviour of seeds during storage
in relation to these several factors is essential for decision making in seed quality management (Smaniotto et
al., 2014).

Some soybean cultivars, despite their high productivity, show different responses to quality variations
during storage. Studies by Rosa et al. (2017) and Mathias et al. (2019) have seen variations in storage tolerance
among soybean cultivars contingent upon their genotypic characteristics. Schons et al. (2019) also found that
soybean cultivars respond differently depending on storage location and seed treatment, which reinforces the
relevance of the genotype factor.

Seed quality and chemical composition are intertwined with genetic attributes and can be subject to
environmental influences (Batista et al., 2022). The genetic traits and environmental circumstances
prevailing during the stages of production and post harvesting are pivotal factors determining the viability
period of seeds, directly affecting their quality (Batista et al., 2022; Gris et al., 2010).
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In soybean breeding programs, efforts have been made to select genotypes with desirable characteristics
for disease and pest resistance, and for higher oil, protein, and lignin contents (Carvalho et al., 2015). Superior
levels of lignin in soybean seed coats have been associated with greater tolerance to seed deterioration (Rao
et al., 2023). The use of this trait alone in breeding programs may be insufficient to obtain superior genotypes
in terms of physiological quality and storage tolerance. Thus, studies at the molecular level and
morphoanatomical analyses of seeds may contribute to these efforts. Pinheiro et al. (2021) examined the
morphoanatomical characteristics of soybean seeds, and Madureira et al. (2023) evaluated seed quality
following preharvest deterioration, finding a correlation between lignin content and anatomical changes
related to reduced seed quality. Carvalho et al. (2014a) saw differences in isoenzymatic expression and storage
tolerance in seeds of soybean cultivars.

Currently, there are increasing reports of problems with cultivars that show marked deterioration in
quality during prolonged storage, so studies in this context are important and needed. Studies are still needed
to clarify the causes and factors that affect this trait to guide breeding programs. We hypothesize that lignin
content, enzymatic activity expression, and morphoanatomical characteristics of soybean cultivars are
related to the maintenance of physiological quality and storage tolerance.

Material and methods

The soybean cultivars were grown under identical edaphoclimatic conditions, so that environmental
factors were mitigated. Eight soybean cultivars were used: M6410 IPRO, Brasmax Desafio (8473RSF RR), UFLA
6301 RR, Brasmax Foco (74177RSF IPRO), Syn 15640 IPRO, M7739 IPRO, Brasmax Bonus (8579RSF IPRO), and
P96R70 IPRO.

Soil sampling was performed (0-20 cm depth), and with the results of soil analysis, fertilization was carried
out in accordance with the recommendations of the 5th approach described by Ribeiro et al. (1999) for
soybean. The sowing furrows were prepared with mechanized traction at a spacing of 0.50 m, and fertilizer
was applied. When sowing, the seeds were inoculated with Bradyrhizobium japonicum, and cobalt (Co),
molybdenum (Mo), and the commercial product CoMo Plus® were added. Sowing was performed manually,
and thinning was performed after 15 days of emergence to maintain the stand of plants per hectare
recommended for each soybean cultivar.

The data on precipitation and mean air temperature, shown in Figure 1, were collected from the
meteorological station located in Lavras, Minas Gerais State, Brazil, ESAL-UFLA, 10 km from the production
field. Between the two harvests that were performed according to the cycles of the cultivars used, an
accumulation of 20 mm of rainfall was observed (Figure 1).
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Figure 1. Meteorological data of rainfall and average daily temperatures of the Lavras, Minas Gerais State, Brazil, and ESAL-UFLA
stations during the soybean crop cycle.

The plants were harvested manually when the water content of seeds reached 15%. The harvest was
performed on two occasions due to the difference in the cultivars in group maturation (GM): the first group
was harvested at the end of March, including cultivars M6410 (GM 6.4), UFLA6310 (GM 6.3), Syn15640 (GM
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6.9), and P96R70 (GM 6.7), and the second group was harvested in early April, including cultivars Desafio (GM
7.4), Foco (GM 7.2), M7739 (GM 7.7), and Bonus (GM 7.9).

After harvest, threshing was performed using a stationary electric threshing machine, the seeds were
precleaning using sieves followed by drying to 12% water content, and then the seeds were conditioning. After
drying and processing, the seeds of each genotype were sampled in portions necessary for each evaluation
time throughout storage, with subsequent selection and identification. Starting in May, the seeds were placed
in kraft paper bags and stored in a chamber with a constant temperature of 20°C.

Physiological quality evaluations were conducted after 6 storage periods: 0, 60, 120, 180, 240, and 360
days. For enzymatic analyses, samples were collected at each evaluation period and stored at -18°C until
analysis. The physiological analyses were performed using the following tests, with four replicates consisting
of fifty seeds.

Germination between paper: Sowing was performed with four replicates of 50 seeds on rolled paper towel
substrate (2 sheets) in rolls damped with distilled water in an amount 2.5 times the weight of the paper, and
the paper was maintained in a Mangelsdorf germinator at 25 + 2°C. Normal seedlings were counted 8 days
after sowing (International Seed Testing Association [[STA], 2024).

Seedling emergence: Sand substrate + soil (ratio 2:1) in plastic trays were irrigated at 60% of field capacity
at sowing and as needed thereafter. The trays were maintained in a greenhouse at 25 = 2°C (Krzyzanowski et
al., 2020). Four replicates of 50 seeds each were used for this methodology. The emergence count was
performed 8 days after sowing.

Accelerated aging: Plastic boxes fitted with suspended aluminum screens were used. A layer of seeds was
added over the entire screen, followed by the addition of water of 40 milliliters. Subsequently, they were
placed in a chamber at 41 + 1°C for 48h. After this period, sowing was conducted following the procedure
outlined in the germination test, with four replicates of 50 seeds each. The assessment of normal seedlings
was conducted 5 days after sowing, and the outcomes were presented as percentages (Marcos-Filho, 2020).

Electrical conductivity: 75 mL of deionized water was added to the seeds, and they were placed in a
chamber at 25 + 2°C for 24 hours. Following this period, the electrical conductivity of the solution was
assessed using a conductivity meter (Digimed, model CD-21). The findings were reported as uS cm g! (Vieira
& Marcos-Filho, 2020).

The lignin content in the seed coat was also quantified using 4 replicates of 100 seeds each. The seed coat
was extracted and dried in an oven at 105 * 2°C for 24 hours. Following this, 300 mg of the seed coat was
weighed and subjected to centrifugation with various solutions to isolate the cell wall. After drying, the
samples were macerated to obtain protein-free material. Lignin quantification was conducted using the acetyl
bromide method (Moreira-Vilar et al., 2014), and the results were reported in mg g!.

Based on the outcomes of the physiological assessments, the four cultivars with the most contrast in
quality were selected to be evaluated in the enzymatic analyses, two of high quality and two of low quality,
with storage periods of 0 and 360 days.

For enzymatic biochemical analyses of antioxidant metabolism, the seeds were macerated with liquid nitrogen,
and insoluble polyvinylpolypyrrolidone (PVPP), stored at -18°C and subjected to the following analyses.

Catalase activity: 200 mg samples of the macerated material were mixed thoroughly in 1.5 mL of extraction
buffer containing 100 mM potassium phosphate (pH 7.0), 0.1 mM EDTA, 10 mM ascorbic acid, and water. The
mixture was then centrifuged at 13,000 x g for 20 minutes at 4°C, and the resulting supernatant was collected.
Catalase (CAT) activity was assessed following the protocol outlined by Azevedo et al. (1998).

Quantification of hydrogen peroxide and lipid peroxidation: 200 mg samples of macerated material were
homogenized with 1500 uL of 0.1% trichloroacetic acid (TCA) and then centrifuged at 12,000 x g for 15
minutes at 4°C. The hydrogen peroxide (H,0;) content was determined following the method described by
Velikova et al. (2000). Lipid peroxidation was assessed by quantifying thiobarbituric acid-reactive species, as
outlined by Buege and Aust (1978), with the extraction conducted according to Velikova et al. (2000). Aliquots
of the supernatant were mixed with a reaction medium containing 0.5% thiobarbituric acid (TBA) and 10%
trichloroacetic acid (TCA), and the absorbance readings were taken at 535 and 600 nm using a
spectrophotometer.

A morphoanatomical analysis was performed for soybean seeds of the same cultivars selected for
enzymatic analysis. The analyses were performed at the beginning of storage and after 360 days. The
morphoanatomical analysis was performed by light microscopy, with samples of 10 seeds of each genotype.
The seeds were placed in Falcon tubes and immersed in a solution of FAA50 (formaldehyde, acetic acid, and
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50% ethyl alcohol, at a proportion of 1:1:18, v: v: v) under low pressure for a period of 48 hours. Then placed
in an increasing ethyl alcohol series of 70, 85, and 95% ethyl alcohol. Next, the samples were immersed in
Leica methacrylate resin. Subsequently, the samples were embedded in the resin and sectioned at 5 pym. After
preparation, histological slides were mounted, five for each sample. They were stained with toluidine blue
and sodium acetate (pH 4.7), mounted, and photographed in an Olympus AX70 photomicroscope. Five fields
were photographed per slide containing 10 histological sections from both the regions of the seed coat and
the embryonic axis. The images were analyzed to evaluate morphological and anatomical changes.

The physiological analyses were subjected to a randomized design, ensuring unbiased distribution, with 4
replicates in an 8 X 6 two-way involving 8 soybean seed cultivars and 6 evaluation times during storage. For
the enzymatic analysis, a 2 x 4 factorial design was used, with two storage periods and four soybean cultivars.
The conducted statistical analyses utilizing analysis of variance through R® software (R Core Team, 2022),
with a significance level of 5% employing the F test (p < 0.05). Mean comparisons were conducted employing
the Scott-Knott test at a significance level of 5% or through polynomial regression analyses.

Results and discussion

In the germination test, cultivars Foco and M7739 exhibited lower initial germination rates than the other
cultivars (Table 1). As the storage period progressed, the seeds of cultivar M7739 had lower germination
averages (Table 1). In contrast, cultivars UFLA6310 and Bonus had the highest germination averages
compared to the other cultivars in all evaluated periods.

Table 1. Percentage germination of stored soybean seeds of different cultivars.

. Storage (days)

Cultivars 0 60 120 180 240 360
M6410 97 a 94b 89b 94 b 96 a 92b
Desafio 99 a 98 a 91b 92b 9 a 94 a

UFLA6310 98 a 99 a 98 a 98 a 97 a 94 a

Foco 93b 98 a 97 a 96 a 98 a 92b

Syn15640 98 a 95b 91b 93b 95a 90b
M7739 87c 82¢ 75¢ 75c¢ 73Db 74 c
Bonus 98 a 99 a 99 a 97 a 98 a 97 a
P96R70 96 a 96 b 96 a 94b 92 a 92b

Means that shared a common lowercase letter within the column were not statistically distinguishable from one another, as determined by the Scott-Knott

test (p < 0.05).

In addition to genetic variability, the storage capacity of a seed batch may be influenced by the degree of
deterioration occurring from field maturation to the end of the storage period. This suggests that both seed
longevity and germination are also affected by the initial physiological quality of the seeds (Pirredda et al.,
2023).

The importance of initial seed quality for storage tolerance was evident in the germination test, where
seeds with high initial quality exhibited lower reductions in germination rates during storage, maintaining
higher germination levels. However, for seeds of cultivar M7739, which demonstrated an initial germination
rate of 87%, significant losses in quality were observed after the initial storage period (Table 1 and Figure 2).

For seedling emergence, the results were consistent with those obtained in the germination tests. Seeds
from cultivar M7739 exhibited a lower initial percentage and, consequently, maintained lower quality
throughout all evaluation periods (Table 2). As storage progressed, greater differences were observed in
physiological quality between cultivars. After 60 days of storage, cultivar Syn15640 exhibited lower
emergence percentages, a trend that continued in subsequent evaluation periods. Conversely, cultivars
M6410 and UFLA6310 demonstrated the highest emergence averages across all storage durations, achieving
notable values of 97 and 98%, respectively, after 360 days of storage (Table 2).

At the conclusion of the storage period, only the seeds of cultivars Syn15640 and M7739 exhibited seedling
emergence rates below 90%, with differences of 14 and 38 percentage points, respectively, compared to
cultivar UFLA6310. Cultivar M7739 demonstrated a significant decline in emergence starting from the initial
storage period, attributable to its low initial quality coupled with reduced storage tolerance. Conversely, seeds
of cultivar Syn15640, despite exhibiting high initial quality, experienced a rapid decline in quality during the
early storage periods, which may indicate low storage tolerance (Table 2 and Figure 3).
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Figure 2. Normal seedlings in germination (%) of soybean of different cultivars seeds throughout the storage period.

Table 2. Percentage seedling emergence of stored soybean seeds of different cultivars.

Storage (days)

Cultivars
0 60 120 180 240 360
M6410 99a 94 a 99a 99 a 97 a 97 a
Desafio 99 a 95a 99a 99 a 99a 94 b
UFLA6310 99 a 95a 97 a 97 a 98 a 98 a
Foco 98 a 97 a 95a 97 a 97 a 94 b
Syn15640 98 a 89b 88b 90b 90b 84c
M7739 81b 77 ¢ 61c 62 ¢ 63 ¢ 60d
Bonus 99a 97 a 97 a 99 a 96 a 90b
P96R70 96 a 95 a 95a 93 b 95a 93 b
Means that shared a common lowercase letter within the column were not statistically distinguishable from one another, as determined by the Scott-Knott
test (p < 0.05).
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Figure 3. Seedling emergence (%) in soybean seeds of different cultivars throughout the storage period.

Varying levels of storage tolerance exist among different soybean cultivars, with seeds exhibiting higher
water absorption demonstrating reduced tolerance and increased susceptibility to deterioration under
uncontrolled conditions (Abati et al., 2021b). Based on the results of the accelerated aging test, significant
differences in vigor were evident among the cultivars at the beginning of storage. Seeds from cultivars
Syn15640, M7739, and P96R70 exhibited the lowest vigor values, which remained lower compared to the other
cultivars throughout the storage period, especially after 120 days. By the conclusion of the storage period, aside
from these three cultivars, cultivar M6410 exhibited diminished vigor in its seeds. (Table 3 and Figure 4).
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Table 3. Percentage normal seedlings after accelerated aging (%) in stored soybean seeds of different cultivars.

y (Desafio) = -0.035000x + 96.850 R*=0.9281

40 4 y(UFLA6310) =-0.000127x2 +0.023214x + 92,244 R?*=0.7801

y (Foca) = -0.000101x - 0.001190x + 94,685 R*=0.8335
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20 { y (Bonus) =-0.000071x> + 0.008214x + 95,584 R* = 0,9299

y (P96R70) = -0.000299x + 0.076667x + 84.5859 R* = 0.7715
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Desafio 96 a 97 a 92a 92a 89a 84b

UFLA6310 91b 96 a 94 a 90b 91a 85b
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Syn15640 88b 95a 94 a 90b 86b 85b
M7739 70d 73b 72c 73c 67 c 52e
Bonus 95a 97 a 95a 95a 93a 90 a
P96R70 82c 94 a 90 a 85b 86 b 74 d
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Figure 4. Germination after accelerated aging (%) in soybean seeds of different cultivars throughout the storage period.

Seeds of cultivar Bonus exhibited consistently higher mean vigor across all evaluated storage periods
during the accelerated aging test. At the conclusion of the storage period, seeds from cultivars Desafio,
UFLA6310, Foco, Syn15640, and Bonus demonstrated superior performance compared to the other cultivars
(Table 3 and Figure 4). Consistent with findings from other physiological assessments, seeds from cultivars
UFLA6310 and Bonus exhibited high quality, indicating enhanced storage tolerance.

Accelerated aging is an effective vigor test for soybean batch selection based on storage potential, as it
simulates the deterioration process (Matera et al., 2019).

The results of the electrical conductivity test were consistent with those observed in other physiological
assessments. The highest electrical conductivity values were recorded in seeds from cultivars with low
physiological quality, notably cultivars M7739 and P96R70, particularly at extended storage durations
(Table 4). However, the electrical conductivity values were strongly influenced by genotype, which in some
cases, due to morphoanatomical characteristics and cell membrane properties, tended to yield high values
even for seeds with good physiological quality, such as the seeds of cultivar Desafio, and the inverse was
observed for the seeds of cultivar Syn15640 (Table 4 and Figure 5). Therefore, a careful analysis is necessary
when this test is used for genotype comparison to ensure consistent results.

In general, there was a discernible trend of increasing electrical conductivity across all cultivars as the
storage period extended, particularly in the final third of the duration, after 240 days (Figure 5). During this
period, more significant reductions in physiological qualities, such as emergence and performance in the
accelerated aging test, were observed (Tables 2 and 3).The more pronounced the exudate release (electrolytes)
is, the greater the electrical conductivity of the solution, which corresponds to a lower vigor in the seed lot as
a function of the degree of disruption of the membranes and the metabolic state of the seeds (Marcos-Filho,
2015). The increasing release of electrolytes from seeds into imbibition water during the storage period indicates
a loss of vigor and physiological quality (Smaniotto et al., 2014). Similar findings have been reported by other
researchers examining soybeans stored under various conditions (Carvalho et al., 2016; Mavaieie et al., 2019).
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Table 4. Electrical conductivity (uS cm™ g!) of stored soybean seeds of different cultivars.

Storage (days)

Cultivars 0 60 120 180 240 360
M6410 61.35a 78.96 a 93.49 a 73.94 a 74.83 a 74.43 a
Desafio 83.91b 140.15d 136.42 ¢ 113.89b 117.96 b 129.13 ¢

UFLA6310 65.63 a 89.25b 99.78 a 81.47a 81.15a 89.55b
Foco 76.47b 94.65b 98.05 a 87.73a 84.74 a 92.92b

Syn15640 58.44 a 79.93 a 87.41a 71.18 a 77.88 a 81.68 a
M7739 88.65b 147.77d 157.55d 128.76 ¢ 137.57 ¢ 166.76 d
Bonus 64.08 a 97.17b 101.48 a 87.11a 85.84a 93.99b
P96R70 70.18 a 121.97 ¢ 116.10b 82.81a 91.38 a 103.96 b

Means that shared a common lowercase letter within the column were not statistically distinguishable from one another, as determined by the Scott-Knott
test (p < 0.05).
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Figure 5. Electrical conductivity (uS cm™ g™!) of soybean seeds of different cultivars throughout the storage period.

Despite variations in electrical conductivity values among soybean genotypes, baseline values have been
established for seed vigor assessment. For example, Vieira and Marcos-Filho (2020) suggests that electrical
conductivity values ought to be under 70-80 uS cm™! g'! in high vigor seeds. The electrical conductivity values
between 70-80 uS cm™ g! indicate a strong inclination in seeds towards medium vigor and, seeds with values
below these have high vigor (Carvalho et al., 2014b).

At the beginning of storage, the cultivars exhibiting the highest physiological quality coincided with those
showing the lowest conductivity values, 65.63 (cultivar UFLA6310) and 64.08 uS cm™ g! (cultivar Bonus),
confirming the hypothesis for high initial vigor. After storage, the seeds of these cultivars showed some loss
of vigor, but they still showed values close to 90 uS cm™ g! at the end of 360 days of storage.

In general, the physiological tests indicated that cultivars UFLA6310 and Bonus exhibited superior and
consistent results regarding seed physiological quality. Conversely, seeds from cultivars Syn15640 and M7739
displayed the lowest physiological quality.

In terms of lignin content within the seed coat, cultivar M7739, along with cultivars M6410 and Desafio,
exhibited some of the lowest values, with only these cultivars displaying lignin concentrations below 50 mg
g1 of cell wall. Among these cultivars, only the seeds of cultivar M7739 were characterized as having low
physiological quality and low storage tolerance. Among those with values above 50 mg lignin g*! cell wall (5%
lignin), the seeds of cultivars UFLA6310 and Bonus were characterized as having good physiological quality.
The seeds of cultivar Syn15640, despite the higher lignin content, were categorized as possessing low
physiological quality (Table 5), and for the same cultivar, were observed decreased values of electrical
conductivity (Table 4 and Figure 5).

Reduced electrical conductivity in soybean seed soaking solutions is directly linked to higher lignin
content in the seed coat (Mertz-Henning et al., 2015). According to Krzyzanowski et al. (2023), the lignin
present in the seed coat of soybean affects their storage potential. Abati et al. (2021a) reported that cultivars
characterized by higher lignin contents demonstrated enhanced storage potential. The authors concluded
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that the lignin content correlates with soybean seed resistance to mechanical damage, so higher levels of
lignin were found to reduce the occurrence of mechanical damage, consequently contributing to superior seed
quality (Krzyzanowski et al., 2023).

Table 5. Lignin content in the coat (mg g™!) of soybean seeds of different cultivars.

Cultivars Lignin (mg g™!)
M6410 44.96
Desafio 45.92

UFLA6310 51.19
Foco 51.98

Syn15640 52.68
M7739 46.69
Bonus 50.77
P96R70 50.07

Means that shared a common lowercase letter within the column were not statistically distinguishable from one another, as determined by the Scott-
Knott test (p < 0.05).

Seeds with higher lignin content were not necessarily of higher physiological quality (Castro et al., 2024).
The same result was observed in this study, where seeds of cultivars UFLA6310 and Bonus, with lignin
contents of 5.119% (51.19 mg lignin g cell wall) and 5.077% (50.77 mg lignin g cell wall), respectively
(Table 5), had better physiological quality in most of the tests. However, in seeds of some cultivars, lignin
content values above 5% were observed, but the physiological quality of seeds was unsatisfactory, such as in
cultivars Syn15640 and Bonus. This may be due to the influence of environmental factors and interactions
between factors, since physiological quality is a trait controlled by many genes and strongly influenced by the
environment (Castro et al., 2024). This suggests that reliance on this trait alone may not be sufficient to
identify genotypes with superior seed physiological quality and storage tolerance.

The presence of lignin in seeds provides not only resistance to mechanical damage but also enhances
tolerance to deterioration while preserving cell wall integrity (Rao et al., 2023). Thus, it is essential to select
genotypes with these traits in breeding programs, which, coupled with other desirable agronomic traits, may
affect the quality of soybean seeds. In addition to these traits, the physiological quality of seeds is also highly
influenced by environmental factors, and several genes engage in the expression of this attribute (Moreno et
al., 2019). Therefore, evaluations of other traits and markers related to physiological quality are relevant.

At the beginning of storage (0 days), seeds of cultivars Syn15640 and M7739 showed higher catalase (CAT)
activity, with cultivar M7739 exhibiting the highest activity. The seeds of cultivars Syn15640 and M7739 had
the lowest physiological quality, especially cultivar M7739, relative to the beginning of storage. In the seeds
of cultivars UFLA6310 and Bonus, both with high physiological quality seeds, lower amounts of this enzyme
were observed (Figure 6).

A - Catalase 45 B - Hydrogen peroxide 150 C - Lipid peroxidation
1.4 A 04
a* 4.0
* H
N 1.2 4 L35 a . 30.0
b a —}
Z a Z 30 b* N 2250 A
=) =] b a en
& E 25 a ® g 200
z 0.8 2 g
Q . S 20 1 =
= 061 b = o E 15.0
3 = L5
E 04 ¢ c E Lo 10.0 4
0.2 a* 0.5 5.0
0.0 0.0 0.0 -
0 360 0 360 0 360
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UFLA6310  mSynl5640  wmM7739  mBénus UFLA6310  mSynl5640 wmM7739  mBénus UFLAG310  mSyn15640 =mM7739  mBonus

Figure 6. Expression of the enzymes catalase (A), hydrogen peroxide (B) and lipid peroxidation (C) in soybean seeds at 0 and 360 days
of storage. Means that shared a common lowercase letter were not statistically distinguishable from each other, as determined by the
Scott-Knott test (p < 0.05). Means marked with * differed after storage for each cultivar.

Catalase and superoxide dismutase function together as a defense system in seeds. Superoxide dismutase
acts by scavenging reactive forms of oxygen, producing hydrogen peroxide. Then, catalase serves to inhibit
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the creation of additional reactive compounds by converting hydrogen peroxide into water and oxygen,
thereby transforming it into non-reactive species (Nakada et al., 2011). Carvalho et al. (2014a) also found that
there was increased activity of enzymes within the antioxidant system is related to greater stress during
storage, especially in an uncontrolled environment, which leads to the generation of free radicals and thus
causes an increase in the activity of these enzymes to combat oxidative damage. Thus, high values of catalase
may indicate that the seeds of these cultivars that are less tolerant to storage had a higher level of free radicals
due to higher degrees of stress.

After 360 days of storage, the results were like those observed at 0 days of storage, which reiterates the
greater storage tolerance of cultivars UFLA6310 and Bonus relative to cultivars Syn15640 and M7739, as
confirmed by the previous physiological results (Figure 6A).

For seeds of cultivar UFLA6310, which were classified as having high physiological quality and storage
tolerance, there was lower catalase activity at the beginning of storage, with an increase at 360 days, but the
levels remained lower than those of cultivars Syn15640 and M7739. The storage tolerance of this genotype
was due to lower stress levels and less formation and accumulation of free radicals, leading to lower CAT
antioxidant activity, especially at the beginning of storage (Figure 6A). This is directly related to the lower
accumulation of hydrogen peroxide and lower lipid peroxidation in seeds of this genotype (Figure 6). For cultivar
M7739, there was a reduction in the levels of catalase after storage. Since high values of electrical conductivity and
low physiological quality were seen for this cultivar, both indicative of deterioration, it is likely that CAT activity
decreased with storage and was insufficient in preventing oxidative damage in the seeds.

Reduced catalase activity and lower efficiency of antioxidant systems have been reported in deteriorated seeds.
As the storage duration increases, increased lipid peroxidation and a decrease in activity of peroxide-removing
enzymes such as catalase occur, with consequent deterioration (Carvalho et al., 2014a; Castro et al., 2019).

In hydrogen peroxide analysis, higher values of H,O, were seen for seeds of cultivar M7739 at the beginning of
storage (Figure 6B). Sharma et al. (2013) reported that in stored soybean seeds, this accumulation is one of the
factors that results in the loss of viability and vigor, a fact that was confirmed in this study for this cultivar based
on its low physiological quality at the beginning of storage.

At 360 days, there were no differences in the accumulation of H;O, between cultivars; however, when storage
periods were compared, there was an increase in hydrogen peroxide for cultivar UFLA6310, like that seen for
catalase. For cultivars M7739 and Bonus, there were reductions in the levels of this compound (Figure 6).

In cultivars Syn15640 and M7739, there were higher values of lipid peroxidation, showing greater oxidative
damage, resulted in diminished physiological quality in the seeds at the onset of storage. Lower lipid
peroxidation levels were seen in cultivars UFLA6310 and B6nus at the onset of storage (Figure 6C). These
cultivars showed higher physiological quality and higher storage tolerance.

Abati et al. (2022) suggested that a rise in the hydrogen peroxide concentration in the seed coat signifies
diminished physiological integrity in seeds subjected to unregulated storage conditions. Additionally, the
authors noted that the variation in soybean seed tolerance to degradation during storage correlates with the
lignin composition. Hernandez et al. (2000) reported increased lipid peroxidation as the main symptom of
oxidative damage, and it is often used as an indicator of damage to cell membranes. Sharma et al. (2013)
reported that soybean seeds stored at room temperature underwent lipid peroxidation.

The accumulation of lipid peroxidation and H,0, were the main factors that resulted in a loss of viability
in deteriorated soybean seeds (Min et al., 2017). These results corroborate the electrical conductivity and
other physiological test results in this study. For example, the seeds of cultivar M7739 had high conductivity
values, high lipid peroxidation and greater deterioration.

To evaluate the anatomy of the seeds, images of the embryonic axis and seed coat were captured (Figure
7). The results were consistent with those of the physiological tests and enzymatic analyses; specifically, seeds
from cultivars with low physiological quality and low storage tolerance (Syn15640 and M7739), showed
alterations in cellular structures and conformations after 360 days of storage. These changes included
disorganization and ruptures in the seed coat cell layers, as well as fractures in the osteosclereids (Figure 7).

For the seeds of cultivars UFLA6310 and Bonus, classified as having high physiological quality, the cell
structures remained intact even after an extended storage period of 360 days. Especially the coat cells and the
sclereids (including macrosclereids and osteosclereids), which contributed to the greater tolerance of these
materials to storage and to greater maintenance of seed quality (Figure 7).
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Figure 7. Histological sections of soybean seeds of different cultivars at 0 and 360 days of storage.

Marcos-Filho (2015) said that in seeds that exhibit changes in the composition, structure or integrity of
the coat, the process of imbibition is impaired during germination. This confirms the observations in this
study. Cultivars that had ruptures and disorders in the coat cells also had lower physiological quality after
storage. The results obtained on the integrity of the coat (Figure 7) could also be linked to the lignin content
of the seeds, especially for cultivar UFLA6310, which had high quality and high lignin content, and cultivar
M7739, which had low quality and low lignin content in the coat. A higher lignin content is usually linked
with higher seed quality. This phenomenon may be associated with the mechanical protection provided by
this compound, leading to lower seed deterioration (Castro et al., 2019; Pirredda et al., 2023).

Thus, differences in storage tolerance among soybean cultivars exist, even when seeds are produced under
identical soil and climatic conditions. The lignin content in the seed coat was a key factor that can be used as
a tool in the selection of soybean genotypes with high storage potential, along with biochemical analyses,
such as assessments of antioxidant metabolism, as well as evaluations of the morphoanatomical
characteristics of the seed coat.

Conclusion

The soybean genotype significantly influences the ability of soybean seeds to withstand prolonged storage
periods. Seeds from genotypes characterized by high physiological quality and storage resilience show
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reduced accumulation of hydrogen peroxide and diminished lipid peroxidation. Furthermore, these seeds
prove lower catalase activity, which is attributed to the decreased stress levels associated with these
genotypes. Morphoanatomical analyses may offer valuable insights for the assessment of genotypes
exhibiting both high physiological quality and storage tolerance, genotypes with these characteristics display
fewer alterations in the structure of the seed coat and osteosclereid cells.
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