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ABSTRACT: The quality of soybean seeds is essential for the success of the crop, with the
seed coat being a vital element in protecting the embryo. The objective of this study was to
understand the chemical causes and dynamics of the formation of cracks in soybean seed
coat. The seed coats of five lots, with and without cracks, were used, and chemical analyses
were conducted to evaluate the contents of silicon, nitrogen, phosphorus, potassium,
calcium, and magnesium. Anatomical analysis was also performed; for this, the seed coats
were cut and observed under a microscope to identify the cell layers and the presence of
cracks. The results showed that seeds with cracks had higher phosphorus and magnesium
contents and lower calcium content. Seed coat thickness ranged from 47 to 230 micrometers,
and the cracks occurred preferentially in the thicker regions. The crack initiates between the
palisade cells and can extend, creating air pockets that accumulate water and chemicals.
Thus, cracks in soybean seed coat are related to the contents of phosphorus, calcium, and
magnesium, and variations in seed coat thickness contribute to their occurrence. Cracks
affect permeability and can reduce the quality of the seeds.

Index terms: calcium, cell wall, microscopy, nutritional composition, physiological rupture.

RESUMO: A qualidade das sementes de soja é essencial para o sucesso da lavoura, sendo o
tegumento, um elemento vital na prote¢ao do embrido. O objetivo do estudo foi entender
as causas quimicas e a dinamica de formacdo do rasgo no tegumento das sementes de
soja. Foram utilizados os tegumentos das sementes de cinco lotes de trés cultivares de soja,
com e sem rasgo, e realizadas analises quimicas avaliando contetdos de silicio, nitrogénio,
fosforo, potassio, calcio e magnésio. E andlise anatdmica, para isso os tegumentos foram
cortados e observados ao microscopio para identificar as camadas celulares e a presenga de
rasgo. Os resultados mostraram que as sementes com rasgo apresentaram maior contetdo
de fésforo e magnésio, e menor de calcio. A espessura do tegumento variou entre 47 e 230
micrOmetros e o rasgo ocorreu preferencialmente nas regides mais espessas. O rasgo inicia-
se entre as células palicadicas e pode se estender, criando bolsGes de ar que acumulam agua
e produtos quimicos. Logo, o rasgo no tegumento das sementes de soja esta relacionado
aos conteudos de fésforo, calcio e magnésio, com variagdes na espessura do tegumento
contribuindo para a sua ocorréncia. O rasgo afeta a permeabilidade e pode reduzir a
qualidade das sementes.

Termos para indexagdo: calcio, parede celular, microscopia, composigdo nutricional, ruptura
fisioldgica.
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INTRODUCTION

Among plants, the Fabaceae, or legumes as it is alternatively called, is the third largest family among the angiosperms
in number of species (Azani et al., 2017). Focusing on the agroeconomic context, it has a relevant movement in
world exports, for instance with soybean (Glycine max (L.) Merril), which reached 421.9 million tons produced in the
2023/2024 harvest in the world, in an area of 143.4 million hectares (USDA, 2024).

For the success of the crop, which is proportional to the development of healthy and vigorous plants with superior
performance in the field, the use of high-quality seeds is undoubtedly one of the most important factors, often
guaranteed by the vitality of seeds according to the integrity of their external cover, represented in Fabaceae species
by the seed coat (Franca-Neto et al., 2016; Lee et al., 2017; Abati et al., 2022).

This seed protection structure varies greatly between species, and even within the species itself, as is the case with
soybean, being responsible not only for absorbing impacts during harvesting, transport, drying and processing, but also
for the gas exchange of the embryo with the external environment (Zimmer, 2006). Most of the seed coat develops
from the integuments of the fertilized ovule, hence constituted by maternal tissue, reflecting the genotype of the
mother plant, with drastic changes related to functions along the development and maturation of the seed. In the early
stages after fertilization, the seed coat makes up most of the seed mass, acting as a source of nutrients, undergoing
rapid expansion and reduction in size in the final stages of maturation, becoming a dry and rigid covering of cells that
encapsulate and protect the embryo (Qutob et al., 2008).

From this formation of the integument during embryogenesis, the internal integument (secundine) may disappear,
whereas the external integument (primine) is divided into several layers, with the cuticle being the most important,
followed by epidermis and then hypodermis, parenchymal cells, each with its structural and physiological functions
(Peske and Pereira, 1983; Souza and Marcos-Filho, 2001; Moise et al., 2005).

These different regions vary in thickness and, consequently, speed of gas exchange with the environment (Zhang
et al., 2023). This results in the different types of resistance that this seed coat may have, such as the greater tolerance
to mechanical damage, mainly related to the higher lignin content in soybean seeds, while the barrier to deterioration
in the field may be related to the degree of porosity and permeability of the seed coat (Chachalis and Smith, 2001;
Krzyzanowski et al., 2023).

The properties of the soybean seed coat have already been the subject of studies conducted by numerous
researchers, with findings that soybean seeds with permeable seed coats have a higher level of mechanical damage
when compared to seeds with semi-permeable seed coats (Franga-Neto and Potts, 1979). Soybean genotypes with
black seed coats have greater seed coat thickness when compared to those with yellow seed coats, and such greater
thickness gives the seed less permeability and greater resistance to deterioration (Horlings et al., 1991; Mertz et al.,
2009; Naflath and Ravikumar, 2023).

As seed quality is closely related to seed coat integrity, immature seeds with seed coat damage have greater water
permeability, as well as lower physiological potential, a characteristic that is aggravated if this seed coat has cracks,
fissures or scars (Kuchlan et al., 2010; Kuchlan et al., 2018).

There is evidence already studied and reported in the literature proving the existence of variability in soybean
genotypes regarding the structure and permeability of the seed coat (Qutob et al., 2008; Mertz et al., 2009; Jang
et al., 2015), but in addition to the ruptures related to the cycles of absorption and loss of water that tears this
tissue, and those that occur from the hilum, caused by microorganisms, there is the crack that occurs in some
cultivars due to a genetic factor, which is dependent on the environmental conditions in the grain filling stage. It
is possible to observe in this crack, also known as physiological rupture, the permanence of a very thin layer still
conferring little protection to the embryo; however, there is no elucidation as to which layers of the seed coat
are affected by this rupture, nor even the chemical causes of the greater susceptibility of some genotypes to the
occurrence of this phenomenon.
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Given the above, the objective of this study was to understand the chemical causes of the occurrence of cracks in
the seed coat of soybean seeds, as well as their characteristics and formation dynamics.

MATERIAL AND METHODS

The experiment was conducted using soybean seeds of three cultivars, two of which were represented by two lots
whose history shows the presence of cracks in the seed coat, and one reference cultivar, for which there are no reports
of crack occurrence (Table 1). The lots of cultivars with incidence of crack in the seed coat were fractionated into seeds
with intact seed coat and seeds with presence of crack in the seed coat. Afterwards, the seed coats were carefully
separated from the seeds with the aid of a scalpel, to obtain 3 g of seed coats for each lot. Subsequently, the seed coats
were sent for chemical and anatomical analysis.

Determination of chemical composition

The seed coats were placed in an incubator at 65 °C, kept until they reached constant weight, and then they were
crushed in a mill to perform the following analyses:

Macronutrients: approximately 200 mg of dry mass of seed coats were weighed on an analytical scale for further
sulfuric digestion of the macronutrients (Tedesco et al., 1985). From the digested material, the following readings were
performed: Nitrogen (N) - Kjeldahl method (nitrogen distiller TE-0364); Phosphorus (P) - UV spectrophotometer at 660
nm; Potassium (K) - Flame Photometer (Micronal B462); Calcium (Ca) and Magnesium (Mg) - Flame Atomic Absorption
Spectrophotometer (Model AA 990F - PG Instruments). The analyses described were carried out at the Plant Nutrition
Laboratory and the Chemistry Laboratory, belonging to the Graduate Program in Soil and Water Management and
Conservation (MACSA - UFPel).

Silicon (Si): obtained by the Yellow Method (Korndorfer et al., 2004), from 100 mg of dry mass of the seed coats.
Reading was carried out in a spectrophotometer at 410 nm, at the Plant Biochemistry Laboratory, belonging to the
Graduate Program in Plant Physiology (UFPel).

Table 1. Scheme of treatments used in the study.

Occurrence of cracks Cultivar Lot Origin Seed Coat
IScv
A MT
csc¥
8473RSF
ISC
B GO
CsC
ISC
Yes M7110IPRO - MT
CsC
ISC
A MT
Csc
NS7209IPRO
ISC
B RS
CscC
No FPS1867IPRO - RS ISC

YISC = intact seed coat; ¥CSC = cracked seed coat.

Journal of Seed Science, v.46, €202446034, 2024



4 S.B. Teixeira et al.

Figure 1. Direction of anatomical cuts made in the soybean seed coat, perpendicular to hilum (A) and parallel to
hilum (B).

Seed coat anatomy

Analysis of the anatomy of the seed coats was carried out at the Plant Anatomy Laboratory of the Institute of Biology
(UFPel). To verify the occurrence of crack at the level of cell layers in the profile of the seed coat, seed coats with
and without cracks of each cultivar were collected and fixed in Karnovsky solution (Karnovsky, 1965; modified with
phosphate buffer pH 7.2), dehydrated in an ascending series of ethanol and embedded in plastic resin (Leica Historesin®,
Leica Microsystems NuBBloch GmbH, Heidelberg, Germany) according to the manufacturer’s instructions. Six seed coats
were used per cultivar, three with and three without the presence of crack. The samples were cut in a manual rotating
microtome (ANCAP) with disposable blade (Feather Safety Razor Co., Ltd., Osaka, Japan). 40 cuts were made for each
seed coat, totaling 240 cuts per cultivar; the cuts were made perpendicular to the hilum and in one of the replications
parallel to the hilum (Figure 1). The seven-micrometer-thick sections were then stained with 0.05% toluidine blue (Sakai,
1973) in phosphate and citrate buffer, pH 4.5, and mounted on synthetic Entellan resin (Merck Millipore, Billerica, MA,
USA). The stained slides were documented with imaging software using a Leica DC 300F camera coupled to a Leica DM
LB microscope (Leica Microsystems GmbH, Wetzlar, Germany), which allowed observing the formation of the crack in the
different cultivars and identifying the different layers of the seed coat and their thicknesses.

For chemical analyses, a completely randomized experimental design was carried out in a 5x2 + 1 factorial scheme,
with 5 lots (8473RSF (A), 8473RSF (B), M7110IPRO, NS7209IPRO (A) and NS7209IPRO (B)), 2 seed coat conditions (intact
and cracked) and 1 additional treatment (control cultivar FPS1867IPRO) (Table 1), with three replications. The data were
subjected to analysis of variance and the means were compared by Tukey test (p<0.05) or t-test (p<0.05), according
to the greatest adequacy, with the help of R software (R Core Team, 2024). Anatomical analysis was performed in an
exploratory manner, so the data were not subjected to statistics.

RESULTS AND DISCUSSION

On average, the cultivars that showed incidence of crack in the seed coat had higher phosphorus (P) content and
lower calcium (Ca) content in the seed coat, compared to the lot of the reference cultivar (SPF 1867 IPRO), which was
not susceptible to the occurrence of crack (Table 2). For the other nutrients, on average, there were no differences
between the cultivars susceptible and not susceptible to cracks (Table 2).

This difference in nutrient content was also observed within the same cultivar, as seed coats with cracks had higher
phosphorus (P) content than intact seed coats and as well as lower calcium (Ca) content (Table 2). Calcium ions (Ca?*)
are used in the synthesis of new cell walls, providing soybean seeds, for instance, with the formation of a better seed
coat (Peske and Barros, 2006; Hepler and Winship, 2010). Plants have developed mechanisms that restrict calcium
transport, maintaining low concentrations of this nutrient in some places, including seed coats (Mix and Marschner,
1976; Fink, 1991), which may explain the greater susceptibility of some cultivars to cracks in the seed coat, with the
crack itself being a consequence of the low concentration of Ca and not the other way around.
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Magnesium content (Mg), on average, was higher in the seed coats with the presence of crack; however, when
comparing the materials susceptible to the occurrence of crack with the control cultivar (FPS1867IPRO), there was
no difference for this nutrient (Table 2). Magnesium (Mg) is part of the composition of the Ca and Mg salt of the
inositol phosphoric acid (phytin) that accumulates in the seeds (Medic et al., 2014); both are bivalent cations and play
a similar role in the constitution of the middle lamella and stabilization of the cell wall, and, therefore, there may be a
substitution of calcium for magnesium in cultivars susceptible to cracks and in seed coats with the presence of crack,
with a lower efficiency in the linkage of cell wall components, allowing this rupture to occur.

Table 2. Contents of the nutrients silicon (Si), nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium
(Mg) in the seed coat of the cultivars susceptible to cracks (8473RSF A and B, M7110IPRO and NS7209IPRO
A and B), with intact seed coat (ISC) and cracked seed coat (CSC), and in the cultivar not susceptible to cracks
(FPS1867IPRO). FAEM/UFPel, Capdo do Ledo/RS, 2020.

Cultivar (lot) o {eke) N (gke™)

ISC CSC Mean ISC CSC Mean
8473RSF (A) 3.86 3.75 3.81bY 12.70b 12.40 bc 12.55
8473RSF (B) 5.04 431 4.68a 12.70b 12.52 bc 12.61
M7110IPRO 3.95 3.79 3.87b 13.90 a* 11.86¢ 12.88

NS7209IPRO (A) 3.77 3.69 3.73b 13.12 ab 13.30b 13.21
NS7209IPRO (B) 4.12 431 4.22 ab 13.78 a 15.76 a* 14.77
Mean 4,15 3.97 4.06 a 13.24 13.17 13.20 a
FPS1867IPRO 4.56 a 13.33 a
Cultivar (lot) Pleke?) Kleke?)

ISC CSC Mean ISC csc Mean
8473RSF (A) 0.85a 0.89b 0.87 9.32a 9.76 b 9.54
8473RSF (B) 0.61c 0.83 b* 0.72 8.06 b 8.24c 8.15
M7110IPRO 0.83a 0.88b 0.86 5.46d 7.97 c* 6.72

NS7209IPRO (A) 0.70b 1.02 a* 0.86 9.94a 10.75 a* 10.34
NS7209IPRO (B) 0.69b 0.86 b* 0.78 6.81c 6.18 d 6.50
Mean 0.74 0.90 0.82 a 7.92 8.58 8.25a
FPS1867IPRO 0.74 B 8.20 a
Cultivar (lot) Caleke’) Mg (gke™)

ISC CSC Mean ISC CsC Mean
8473RSF (A) 7.51 bc* 5.47b 6.49 291 3.32 3.12 bc
8473RSF (B) 7.32 bc* 6.17 ab 6.74 2.83 3.24 3.04c
M7110IPRO 10.05 a* 6.37 ab 8.21 3.09 3.43 3.26b

NS7209IPRO (A) 6.77 c 6.67 a 6.72 244 2.62 2.53d
NS7209IPRO (B) 8.36 b* 7.16a 7.76 3.40 3.89 3.65a
Mean 8.00 6.37 7.18B 2.93 3.30* 312a
FPS1867IPRO 8.66 a 3.02a

YMeans followed by the same lowercase letter in the column, for each nutrient, do not differ from each other by Tukey test (p<0.05) (comparing
cultivars susceptible to cracks), and means followed by the same letter of the Greek alphabet in the column do not differ from each other by
t-test (p<0.05) (comparing the mean of susceptible cultivars with the mean of the cultivar not susceptible to cracks). * and NS significant and not
significant, respectively, by t-test (p<0.05) (comparing intact seed coat and cracked seed coat).
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Regarding potassium (K) content, the cultivars varied among themselves within the aspects of intact and cracked
seed coat, with difference between them only for M7110IPRO and NS7209IPRO (A), and considering the cracked seed
coat, NS7209IPRO (B) had the lowest content of this nutrient, unlike what happened in relation to the nitrogen (N)
content, as this same cultivar, in addition to having higher N content than the others, showed difference from the
condition of intact seed coat (Table 2). N content also varied within the cultivar M7110IPRO, and its results were higher
in the intact seed coat; on average, the values of this nutrient did not vary when comparing the means of the cultivars
susceptible to cracks with the non-susceptible cultivar, as observed for the K content (Table 2). Potassium in the form of
K+ ion is quite mobile in plants, acting mainly as a charge neutralizer and as an important osmotic inorganic component,
likely functions that are being more strongly performed in seeds with cracks in the seed coat (Bagale, 2021).

Finally, silicon (Si) content varied only in the mean of the susceptible cultivars, and 8473RSF (B) had the highest
value, not differing from NS7209IPRO (B), which in turn did not differ from the others, with still no difference between
the means of the susceptible cultivars and the cultivar not susceptible to cracks in the seed coat (Table 2). Silicon (Si)
forms complexes with polyphenols, serving as an alternative to lignin in strengthening cell walls, one of the main
storage sites of this nutrient, which occurs in the form of hydrated amorphous silica (Sheng and Chen, 2020). However,
in this study, there seems to be no relationship between silicon content and the occurrence of physiological rupture in
the seed coat.

When observing the structure of the seed coat, disregarding the cuticle, which is the first layer (outermost), and
which was not evaluated in this study, it was possible to observe that seed coat thickness varies according to the
region of the seed; the closer to the hilum, the thicker, and the farther away, the thinner. So, considering the seed coat
layers, this variation in thickness is mainly due to the elongation of the osteosclereids (hourglass cells) and the lower
compression in the palisade cell layer (Figure 2).

In this study, the total thickness of the seed coat ranged from 47 to 230 micrometers. Seed coat thickness is
influenced by genotype, degree of tissue hydration and seed aging (Yaklich and Barla-Szabo, 1993; Silva et al., 2008).

Figure 2. Anatomical cut of the soybean seed coat in region A (opposite to the hilum), B (near the pit) and C (near the
hilum). pal: palisade cells (epidermis); OST: osteosclereids (hourglass cells, hypodermis); par: parenchymal
cells; ale: aleurone layer. In this study, it was not possible to evaluate the cuticle, which is the first layer of
the seed coat.
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Crack in the seed coat occurs preferentially in the thicker regions, between regions C and B, and may extend from C
to A (Figure 2). The fact that the crack is located in the thickest region of the seed coat may indicate a reduction in its
elasticity, with an increase in the thickness of the hourglass cell layer, or a lower support of the palisade cell layer.

The rupture in the seed coat (crack) occurs primarily due to the disruption between the palisade cells, probably in
more fragile points, due to the presence of pores (Figure 3A), as seen in the studies conducted by Ma et al. (2004), who
considered the cracks more likely to occur where the superficial deposit was thinner or absent.

As the seed expands in size, this opening increases, causing a detachment between the hourglass cells and the
parenchymal cells (Figures 3A and 3B). According to authors, the appearance of these cracks and the orientation of the
hourglass cells indicate that the initial separation occurs along a plane perpendicular to the seed coat, and the lateral
movement occurs between the hourglass cells and the underlying cell layers (Yaklich and Barla-Szabo, 1993). Thus, the
layer of parenchymal cells follows the variation in seed size, as these cells have a thinner cell wall, being less rigid and
more elastic compared to the other layers of the seed coat.

Some studies on this characteristic of presence of cracks in the seed coat have already been conducted, and it can
be genetically classified into two types: Type | and Type Il, where basically the first was controlled by two recessive
genes, del and de2, and the second is considered to be controlled by complementary genes, de3 and de4 (Liu, 1949).
More recently, unrelated to the genetic scope, two other types of seed coat fissures were considered, Type I, with
irregular and unbranched fissures, and Type Il, with branched fissures (mesh type), both resulting from the separation
of the epidermal and hypodermal tissues of the seed coat to expose the underlying parenchymal tissue (Bahry et. al.,
2015). This detachment that occurs between the layers of the seed coat (palisade + osteosclereids detach from the
parenchymal layers) (Figure 2), creates air pockets between the layers that extend beyond the place where the crack is,
which can accumulate water and chemicals (in seed treatment, ST) (Figure 4A), causing a greater deterioration at these
points, which is easily verified in the tetrazolium and germination test (Figures 4B and 4C).

Figure 3. Anatomy of the seed coat with the presence of crack, cuts made perpendicular to the hilum (A: region where
the crack begins, with rupture of the palisade cell layer; B: beginning of detachment between hourglass
cells and parenchymal cells; and C: separation already very evident between the seed coat layers). D and
E: visual appearance of the seed with crack in the seed coat, highlighting the separation between the seed
coat layers (arrows).
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8 S.B. Teixeira et al.

Figure 4. A: accumulation of chemical product in the region of the crack in the seed coat, and B: deterioration at the
crack site visualized by the tetrazolium test (above) and germination test (below).

Burchett et al. (1985) concluded in their studies, carried out more than 30 years ago, that seed lots that had cracks
in the seed coat generally showed lower levels of germination than those that had intact seed coat, considering the
crack in the seed coat an agronomic problem, as it results in deterioration of seed appearance, with no more ideal
protection to the embryo, which is then subject to the adverse effects of the environment (Okabe, 1996).

Detailed studies have stated that the cuticle of the palisade layer is related to the permeability of the seed coat,
so it has been investigated as one of the regulators of water entry into embryos, which is why seeds with cracks in
the seed coat deteriorate faster than seeds without cracks (Ma et al., 2004; Qutob et al., 2008; Shao et al., 2007). The
palisade layer is important for the absorption of water by the seed, because, depending on its chemical constitution,
arrangement and intercellular substances, the seed can soak water or not (Peske and Pereira, 1983; Vijayan et al.,
2023). Evidence of reduced quality of soybean seeds with seed coat cracks has been increasingly evident over the
years, leading researchers to study efficient methods aimed at the detection of these seeds (Wang et al., 2021).

CONCLUSIONS

The crack in the seed coat of soybean seeds is influenced by the contents of phosphorus (P) and calcium (Ca), and
consequently of magnesium (Mg), from different metabolisms among cultivars of the same species.

The crack occurs primarily due to the rupture between the palisade cells, probably at more fragile points, due to
the presence of pores, and this opening grows as the seed expands in size.

There is variation in seed coat thickness along the seed, and the crack occurs more often in the thickest areas,
acting as a source of secondary permeability problems, which can reduce seed quality.
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