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Abstract

Different regions have different environmental conditions, which may be unfavorable for the
preservation of the quality of stored soybean seeds over time. Thus, it is necessary to adopt
specific technologies to control the storage environment conditions. Big raffia bags are
widely used for the storage of soybean seeds, however these consist of a porous, perme-
able material that allows the exchange of gases between the packaging and the storage
environment. In an effort to find a solution to this problem, in this study we evaluated low
cost big bag coating alternatives, in order to minimize the effects of temperature and inter-
granular humidity on stored seeds. Thus, the aim of this work was to evaluate the quality of
soybean cultivars subjected to different temperature and storage duration conditions and
stored in raffia bags with or without internal coating. We used a completely randomized,
three-factor (10 x 6 x 5) experimental design. We assessed 10 soybean cultivars, six stor-
age environments, and five evaluation periods. Our results showed that seeds of the M-
SOY 8866, M7110 IPRO, CD 2737 RR, and BMX DESAFIO 8473 RSF soybean cultivars
preserved their physiological quality better in different storage environments. The storage
duration had a cumulative effect on the negative factors that favor the deterioration of the
quality of the stored seeds. The storage temperature was the main factor that affected the
physiological quality of the stored seeds. The use of coated packaging was beneficial in pre-
serving the physiological quality of stored soybean seeds; however, its effect was greater at
ambient temperature than in a cold environment. The best storage environment for the pres-
ervation of the quality of the seeds was characterized by 10°C temperature conditions and
the use of coated packaging, while the worst storage environment was characterized by
ambient temperature conditions without the use of coated packaging. Thus, it was con-
cluded that the use of coatings in raffia big bags can be an alternative for maintaining the
quality of seeds of different soybean cultivars during storage in seed processing units.
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1. Introduction

The expansion of soybean cultivation in the world necessitates the improvement of agricultural
production processes with the use of precision technologies, which are associated with genetic
improvements and seed conservation, thereby creating the need for the production of seeds
with better physiological and sanitary qualities [1]. Among other factors, the physiological
quality of the seeds depends on production management and the conduct of post-harvest oper-
ations [2].

Storage is an important post-harvest stage, the main objective of which is to conserve seed
quality by reducing the speed and intensity of the deterioration process as much as possible
[2-5]. When storage conditions are not adequate, soybean seeds suffer viability losses owing to
the increased metabolic activity that promotes a reduction in their physiological quality [6,7].
According to Zuchi et al. [8], some soy producing areas are located in regions with tropical cli-
mate and high average temperatures, which are considered unfavorable for the preservation of
the physiological quality of soybean seeds. Under these conditions, cooling the seeds can con-
tribute to the preservation of stored seed quality.

Artificial cooling is a technique efficient in reducing metabolic activity and, consequently,
preserving seed quality in storage [9,10]. This process can take place either during bagging or
during the storage period [11]. Mbofung et al. [12] verified the negative effects of ambient tem-
perature on seed deterioration during storage compared to refrigerated environments.

Another factor that interferes with physiological quality is the packaging material used for
seed storage. On a commercial scale, soybean seeds are stored and transported from the pro-
cessing units to rural producers in big, semi-permeable raffia bags. According to Santos et al.
[13], the storage of seeds in permeable packaging without water content control facilitates the
exchange of humidity with the environment. In turn, this causes an increase in the water con-
tent owing to the alteration of the hygroscopic balance of the seeds during storage, which dete-
riorate more and have reduced vigor and batch viability.

The storage duration of the seeds can intensify their deterioration; one of the techniques
employed to minimize this problem is the artificial cooling of the seed mass [14]. Zuchi et al.
[8] observed that artificially cooled stored seed lots preserved their physiological quality com-
pared to uncooled stored seeds. According to Ferreira et al. [15], storing seeds at low tempera-
tures reduces their metabolism and the chances of attack by pathogenic microorganisms,
thereby preserving the vigor and viability of seed germination.

In view of the unfavorable climatic diversities that occur when it comes to storing soybean
seeds in different producing regions, this work aimed to evaluate the effect of temperature and
storage duration on the quality and physical and physiological characteristics of different soy-
bean seed cultivars. To this end, we used raffia packaging, which was either coated or not
coated with polyethylene material.

2. Material and methods
2.1 Characterization of the experiments

The research work was carried out at the Seed Laboratory of the Federal University of Mato
Grosso do Sul (UEMS), Chapadao do Sul Campus (CPCS), in partnership with the Post-Har-
vest Laboratory (LAPOS) of the Federal University of Santa Maria (UFSM).

We used a completely randomized, three-factor (10 x 6 x 5) experiment experimental
design. We assessed 10 soybean cultivars: (CD 2737 RR, BMX FLECHA 6266 RSF, NS 7209
IPRO, BMX FOCO 74177 RSF IPRO, DM 75176 RSF IPRO, ST 797 IPRO, BMX CHALLENGE
8473 RSF, BMX BONUS 8579 RSF IPRO, M7110 IPRO, and M-SOY 8866) and six storage
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environments (ambient temperature in the raffia bag, ambient temperature in the polyethylene
coated raffia bag, cooled to 15°C in the raffia bag, cooled to 15°C in the polyethylene coated
raffia bag, cooled to 10°C in the raffia bag, and cooled to 10°C in the polyethylene coated raffia
bag) at five evaluation time points (0, 3, 6, 9, and 12 months). Every three months, three pack-
ages (i.e., three repetitions) of each treatment were sampled to make quality assessments. After
this procedure, the packaging was discarded.

The raffia bags were made of 20 cm (wide) x 30 cm (height) x 0.25 cm polypropylene mate-
rial. The polyethylene coating used to store the seeds in the raffia bags had dimensions of 20
cm (wide) x 30 cm (height) x 0.1 cm (thick of high density) being produced by the company
specialized in food packaging (Videplast Company). The polyethylene packages were consti-
tuted by partially crystalline and flexible thermoplastic resin material obtained through the
ethylene polymerization, having low density, high tenacity, good impact resistance, flexibility,
easy processability, electrical properties and stability, and low permeability to water. It is
formed by polar organic compounds and can be changed by temperature environment.

To assess the effects of the storage environments on the physical and physiological quality
of the soybean seeds, the three conditions (packaging, temperatures conditions, and storage
time) were grouped to define the storage environments (Table 1).

The agronomic characteristics of the soybean cultivars are shown in Table 2.

2.2 Sampling and quality analysis of soybean seeds

The soybean seeds were obtained from the production fields of a rural property in the munici-
pality of Chapadao do Céu-GO and were cleaned to remove impurities and foreign matter (LC
160 machine, Kepler Weber). Then, they were dried in drying silos with radial airflow (Rome
Silos Company). The dryer is built in modulated wooden panels (2.11 m x 0.60 m) with treated
boards interspersed with aluminum shutters, fixed by galvanized wire and structured with
laminated angle arches, mounted overlapping on a self-draining metallic background. Radial
ventilation through central tube and centrifugal fan. The temperature of the seed drying air,
up to 12% (w.b.) of water content, was 40°C. Then, the seeds were processed using spiral
equipment (brand Rota, model Rota II) and a dissymmetric table (brand Silomax, model SDS-
80), in order to standardize their size and weight. The seed lots were stored in raffia bags (poly-
propylene) in air-conditioned warehouses with temperature control. Nine-kilogram seed sam-
ples were collected from the bags containing each cultivar, with the aid of a manual presser
(EAGRI Equipments), in order to be stored experimentally in different storage environments.

During the storage period, the temperature of the seed mass was monitored weekly with the
aid of a digital thermohygrometer (Novus™, model Logbox-RHT-LCD), and every three
months, the seed samples were collected for quality assessment. The water content of the seeds
was determined in a forced air circulation oven (220 L, Tecnal Company) at 105°C + 1°C, for
24 h, with four repetitions. Then, the samples were removed and placed in a desiccator for
cooling (5 L, Tecnal Company) and subsequent weighing (Shimadzu, model B13200H),
according to the recommendations of the Rule for Seed Analysis [16]. The water content was
determined by the mass difference of the initial and the final sample, and the results were
expressed as a percentage (w.b.). The apparent specific mass of the seeds was determined with
the aid of a 150 mL beaker and a precision scale, using the mass/volume ratio, with four repeti-
tions [16].

The electrical conductivity evaluation was carried out with four sub-samples, each contain-
ing 25 seeds per experimental unit, weighed on a precision scale of 0.001 g, and placed in plas-
tic cups with 75 mL of distilled water, and was undertaken in a incubator at 25°C, for 24 h.
After imbibition, the electrical conductivity of the immersion solution was obtained with the
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Table 1. Experimental design and grouping of storage environments.

Packaging Temperature Storage (°C) Storage time (months) Environments
With coating Ambient (range 20 to 30°C) 0 El
With coating Ambient (range 20 to 30°C) 3 E2
With coating Ambient (range 20 to 30°C) 6 E3
With coating Ambient (range 20 to 30°C) 9 E4
With coating Ambient (range 20 to 30°C) 12 E5
With coating 15 0 E6
With coating 15 3 E7
With coating 15 6 E8
With coating 15 9 E9
With coating 15 12 E10
With coating 10 0 Ell
With coating 10 3 E12
With coating 10 6 E13
With coating 10 9 El4
With coating 10 12 E15

Uncoating Ambient (range 20 to 30°C) 0 El6

Uncoating Ambient (range 20 to 30°C) 3 E17

Uncoating Ambient (range 20 to 30°C) 6 E18

Uncoating Ambient (range 20 to 30°C) 9 E19

Uncoating Ambient (range 20 to 30°C) 12 E20

Uncoating 15 0 E21

Uncoating 15 3 E22

Uncoating 15 6 E23

Uncoating 15 9 E24

Uncoating 15 12 E25

Uncoating 10 0 E26

Uncoating 10 3 E27

Uncoating 10 6 E28

Uncoating 10 9 E29

Uncoating 10 12 E30

https://doi.org/10.1371/journal.pone.0242522.t1001

Table 2. Cultivars and their main characteristics.

Cultivars Cycle (days) Maturity group Productivity (bags/hectare)

CD2737RR (1) 127-132 7.3 69.5

BMX FLECHA 6266 RSF IPRO (2) 100-112 6.6 106.3

NS 7209 IPRO (3) 105-115 7.3 81.8
BMX FOCO 74177 RSF IPRO (4) 108-114 7.2 88

DM 75176 RSE IPRO (5) 100-113 7.5 90.5

ST 797 IPRO (6) 118-120 7.9 58.3

BMX CHALLENGE 8473 RSF (7) 105-114 7.4 94.7
BMX BONUS 8579 RSF IPRO (8) 118-120 7.9 93
M7110 IPRO (9) 102-112 6.2 77
M-SOY 8866 (10) 125-130 8.8 76

https:/doi.org/10.1371/journal.pone.0242522.t002
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aid of a digital conductivity meter (Digimed CD-21) and the results were expressed in pS cm™
g"! according to the methodology proposed by Brasil [16].

For the germination test, four sub-samples of 50 seeds from each experimental unit were
used, distributed in paper towel rolls (Germitest), and moistened with distilled water in an
amount that was 2.5 times the dry paper mass. Then, the rolls with the seeds were placed in a
germinator (Mangesdorf), set at a temperature of 25°C + 2°C. The evaluations were carried
out on the fifth and eighth days after the test was installed, by counting normal and abnormal
seedlings as well as dead seeds, according to the criteria established in the Rules for Seed Anal-
ysis [16].

In the tetrazolium test, four sub-samples of 50 seeds from each experimental unit were
used. These were pre-moistened on Germitest paper for 16 h at 25°C and then immersed in a
0.075% tetrazolium solution, in which they were kept for 3 h at 35°C in the dark. After this
period, the seeds were washed in running water and their vigor, viability, and moisture damage
[6-8] were evaluated according to the methodology established by Fran¢a-Neto [17].

2.3 Statistical analysis

We used analysis of variance, and the treatments and significant interactions were analyzed by
the Scott-Knott average test at 5% probability with SK.nest package of R software. Subse-
quently, data values (storage time and cultivars) were pooled out and compare for each pack-
aging and temperature storage environments for linear regression analysis. We built two
heatmap using an average Euclidean distance. The first to demonstrate the differences between
storage environments and the second to demonstrate the differences between soybean culti-
vars. Principal component analysis was also performed to verify the similarity between storage
environments and soybean cultivars with ellipses with confidence interval for groups. These
analyzes were performed with R software.

3. Results
3.1 Temperature of stored seed mass

Under ambient conditions, we observed that the temperature of the stored soybean mass
increased, and had greater variation than that of the soybean seed mass stored at 10°C and
15°C (Fig 1). For soybean seeds stored at ambient temperature, the average temperature was
26.7°C, the maximum and minimum temperatures were 32°C and 22°C, respectively, and the
thermal range was 10°C. In the 15°C storage conditions, the average temperature was 15.25°C,
the maximum and minimum temperatures were 17°C and 14°C, respectively, and the thermal
range was 3°C. In the 10°C storage conditions, the average temperature was 9.98°C, the maxi-
mum and minimum temperatures were 11°C and 9°C, respectively, and the thermal range was
2°C.

In the analysis of variance (Table 3), it was found that the treatments and interactions were
significant at 5% probability, for all seed quality tests.

The results of the linear regression analyses (Table 4) of the seed and soybean quality tests
showed that the determination coefficients ranged from 60.13% to 98.98%, while the lines
behaved similarly and this was indicative of the seed quality throughout the storage period.

Fig 2 shows the results of the quality analysis of soybean seeds over the storage period.

3.2 Water content of stored soybean seeds

According to the results shown in Table 5, the average water contents of the seeds varied
depending on the different conditions and storage durations. During the storage period, the
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Fig 1. Temperature of seed mass in storage environments.

https://doi.org/10.1371/journal.pone.0242522.9001

water contents of the cultivars ranged from 7% (w.b.) to 13% (w.b.). Our results showed that
during storage, the relative humidity influenced the water contents of the hygroscopic materi-
als of the seeds stored in the permeable packaging, which allowed greater water vapor
exchanges with the environment. The use of coated packaging preserved a greater balance in
terms of the exchange of humidity between the seeds and the storage environment.

Table 3. Analysis of variance (Mean Squares) of soybean cultivars in storage environments.

FV TA ME 1:CG G
A 72.22* 4991.0* 12755.37* 7856.17*
C 1.3 4153.67* 18609.09* 13677.49*
AxC 0.52* 438.45* 341.87* 274.64*
RES 0.09 363.16 32.44 17.69
CV (%) 2.96 2.78 7.44 4.76
Average 10.36 684.36 76.56 88.41
FV CE VGTZ VBTZ DUTZ
A 36710.43* 9391.36" 4808.68" 5269.43"
C 85227.55* 9717.86* 1685.65" 692.26"
AxC 596.25* 344.23* 157.09* 161.99*
RES 127.63 16.96 7.45 2.61
CV (%) 10.46 5.46 3.02 32.72
Average 108.05 75.43 90.44 4.94

FV—source of variation. A—environments. C—cultivars. RES—residue. CV (%)—coefficient of variation. TA—water content. ME—apparent specific mass. 1st CG—
first germination count. G—germination. CE—electrical conductivity. VG TZ—tetrazolium vigor. VB TZ—tetrazolium viability. DU TZ—tetrazolium moisture

damage.

*Significant at 5% probability by the F test.

https://doi.org/10.1371/journal.pone.0242522.t1003
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Table 4. Regression equations and coefficients of determination.

Analyzes Coatings Environments Equations R?
Water content wC Ambient (range 20 to 30°C) y=-0.3171x + 11.617 88.15
wC 15°C y=-0.8189x + 12.69 92.12
wC 10°C y=-0.557x + 12.252 92.15
UC Ambient (range 20 to 30°C) y=0.041x + 10.532 78.13
UC 15°C y=-1.1029x + 12.486 85.15
uUC 10°C y=-0.4704x + 12.261 78.13
Apparent specific mass wC Ambient (range 20 to 30°C) y=-1.061x + 672.73 60.13
wC 15°C y=-5.4076x + 701.2 69.14
wC 10°C y =-6.0881x + 702.52 71.13
UuC Ambient (range 20 to 30°C) y=-7.084x + 707.62 78.16
ucC 15°C y=-4.8283x + 697.84 72.68
ucC 10°C y=-6.096x + 702.12 75.43
Germination wC Ambient (range 20 to 30°C) y=-9.03x + 108.7 83.32
wC 15°C y=-0.71x + 94.16 86.73
wC 10°C y=0.03x + 93.85 98.13
UC Ambient (range 20 to 30°C) y=-11.205x + 113.88 82.14
uC 15°C y=-0.08x +90.41 76.20
uC 10°C y=0.3x+93.34 84.54
Electric conductivity wC Ambient (range 20 to 30°C) y=20.215x + 61.378 90.21
wC 15°C y=6.1505x + 81.874 78.92
wC 10°C y=2.8927x + 84.083 88.76
ucC Ambient (range 20 to 30°C) y =31.346x + 38.801 79.54
ucC 15°C y=10.52x + 73.576 88.68
ucC 10°C y=12.6684x + 85.218 92.58
Vigor WC Ambient (range 20 to 30°C) y = -14.065x + 108.37 83.76
wC 15°C y=-1515x + 85.415 88.74
wC 10°C y=-0.395x + 85.855 91.45
uC Ambient (average at 24°C) y=-16.61x + 114.68 79.42
uC 15°C y=-6.27x+95.6 88.93
uC 10°C y=-041x+87.2 92.14
Mechanical damage wC Ambient (range 20 to 30°C) y=0.942x - 0.494 96.45
wC 15°C y=0.84x-0.38 93.65
wC 10°C y=0.64x + 0.18 97.89
UC Ambient (range 20 to 30°C) y=0.83x-0.07 91.78
ucC 15°C y=15l1x-1.63 94.56
ucC 10°C y=0.55x + 0.03 95.67
Damage mechanical vigor test WC Ambient (range 20 to 30°C) y=-9.4x +95.98 92.35
WwC 15°C y=0.04x + 81.2 93.21
wC 10°C y=2.04x + 75.36 96.78
ucC Ambient (range 20 to 30°C) y=-14.23x + 105.85 97.89
UC 15°C y=-0.96x + 81.86 98.98
uC 10°C y=2.56x+71 94.61
(Continued)
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Table 4. (Continued)

Analyzes Coatings Environments Equations R?
Mechanical damage viability test WC Ambient (range 20 to 30°C) y=-6.27x +104.13 96.54
WC 15°C y=-0.05x + 92.95 96.79
WC 10°C y=0.35x +90.87 97.32
ucC Ambient (range 20 to 30°C) y=-9.63x + 111.93 98.69
uC 15°C y = 0.46x + 89.06 95.71
UC 10°C y=0.11x + 93.63 97.48

WC-With coating, UC-Uncoating.

https://doi.org/10.1371/journal.pone.0242522.t1004
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Fig 2. Water content (A), Apparent specific mass (B), Germination (C), Electrical conductivity (D), Vigor (E),
Mechanical damage (F), Vigor test-tetrazolium (G), Viability test-tetrazolium (H) of soybean seeds stored in different
environments over time. WC-With Coating, UC-Uncoated.

https://doi.org/10.1371/journal.pone.0242522.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0242522 November 19, 2020

8/28


https://doi.org/10.1371/journal.pone.0242522.t004
https://doi.org/10.1371/journal.pone.0242522.g002
https://doi.org/10.1371/journal.pone.0242522

PLOS ONE

Coating of packages for storage of soybean cultivars

Table 5. Breakdown of the interaction between storage environments and soybean cultivars for water content (%).

E/Cultivars 1 2 3 4 5 6 7 8 9 10

El 12.152A 11.75aB 12.10 aA 12.53 A 11.93 aA 11.77 aB 12.132A 12.16 aA 11.04 cC 11.61aC
E2 10.40 eB 10.79 cA 11.14 cA 10.49 dB 9.85 eC 10.15dC 10.40 cB 9.76 eC 10.56 cB 10.04 cC
E3 10.61 dA 10.28 cA 9.50 eB 10.60 dA 10.75 cA 10.60 cA 10.61 cA 10.86 cA 10.84 cA 10.32 bA
E4 9.70 fB 10.12 cA 10.05 dB 9.96 B 10.23 dA 10.63 cA 10.45 cA 10.25 dA 9.68 eB 9.84 cB

E5 10.61 dA 10.32 cB 10.15 dB 10.51 dA 10.57 cA 10.30 dB 10.17 dB 10.56 dA 10.75 cA 10.71 bA
E6 12.15 aA 11.75 aB 12.10 aA 12.53 aA 11.93 aA 11.77 aB 12.13aA 12.16 aA 11.04 cC 11.61 aB
E7 11.13 cA 11.47 bA 11.30 bA 11.43 bA 10.51 cB 11.48 bA 10.19 dC 11.56 bA 11.07 cA 10.82 bB
E8 10.53 dB 10.48 cB 10.59 dB 8.53 hC 11.25bA 10.66 cB 10.39 cB 10.47 dB 10.73 cB 10.11 cB
E9 8.84 gA 8.81 eA 8.63 bA 8.97 gA 8.92 fA 8.70 fA 8.79 fA 8.67 fA 9.07 fA 8.79 eA
E10 8.91 gB 9.10 eA 8.83 bB 9.26 fA 8.82 fB 9.11 fA 8.76 fB 8.72 fB 8.90 fB 9.20 dA
Ell 12.152A 11.75 aB 12.10 aA 12.53 A 11.93 aA 11.77 aB 12.132A 12.16 aA 11.04 cC 11.61aB
E12 10.76 dB 11.10 bA 11.16 cA 10.51 dB 11.37 bA 11.48 bA 11.26 bA 11.41 bA 10.73 cB 10.64 bB
El3 10.27 eC 10.57 cB 10.24 dC 11.04 cA 10.49 cB 10.78 cA 10.47 cB 11.31 bA 10.06 dC 10.67 bB
El4 9.41 fA 9.49 dA 9.48 eA 9.70 eA 9.54 eA 9.49 eA 9.37 eA 9.67 eA 8.45 gB 9.42 dA
El5 10.16 eA 9.84 dB 10.26 dA 9.98 eA 9.81 ¢B 10.18 dA 9.61 ¢B 10.03 dA 9.83 ¢B 9.82 B

El6 12.152A 11.75aB 12.10 aA 12.53 A 11.93 aA 11.77 aB 12.13aA 12.16 aA 11.04 cC 11.61aB
E17 8.82 gA 9.06 eA 7.70 gD 8.09 hC 8.16 gC 8.06 gC 7.33 hD 8.12¢gC 8.51 gB 8.16 fC

E18 10.26 eC 11.43 Bb 10.93 cB 11.47 bB 11.22 bB 11.30bB 10.24 dC 11.84bA 11.43bB 11.71 aA
E19 10.77 dD 11.48 bC 11.72 bB 11.55 bB 11.59 bB 12.112A 11.89 aA 11.56 bB 11.05 cD 11.31aC
E20 10.64 dA 10.63 cA 10.24 dB 10.45 dA 10.58 cA 10.05 dB 9.97 dB 10.57 dA 10.92 cA 10.66 bA
E21 12.15aA 11.75aB 12.10 aA 12.53 A 11.93 aA 11.77 aB 12.132A 12.16 aA 11.04 cC 11.61aB
E22 10.06 B 10.53 cA 10.49 dB 10.15 dB 10.11 dB 10.74 cA 10.23 dB 10.33 dB 10.26 dB 10.38 bB
E23 8.04 hB 8.63 eA 8.85 bA 8.41 hA 8.02 gB 8.88 fA 7.87 gB 8.25 gB 8.46 gA 8.19 fB

E24 7.00 jB 7.40 gB 7.53 gB 7.39iB 7.32 hB 7.92 gA 8.00 gA 7.26 hB 7.37 hB 7.12 gB

E25 7.49 iA 7.93 fA 7.53 gA 7.50 iA 7.00 hB 7.49 hA 7.09 hB 7.19 hB 7.33 hB 11.61 A
E26 12.152A 11.75aB 12.10 aA 12.53 A 11.93 aA 11.77 aB 12.132A 12.16 aA 11.04 cC 7.47 gB

E27 11.42bB 12.05 aA 12.00 aA 12.24 aA 11.73 aB 11.65 aB 11.45bB 11.09 cC 12.02 aA 11.94 aA
E28 11.06 cB 11.50 bA 11.03 cB 11.59 bA 11.54bA 10.79 cB 10.73 cB 11.34bA 11.49 bA 10.67 bB
E29 9.57 fA 9.81dA 9.56 eA 9.45 fA 9.65 eA 9.53 eA 9.29 eA 9.54 eA 9.74 eA 9.55 dA
E30 10.32 eA 10.51 cA 10.06 dA 10.26 dA 10.29 dA 10.23 dA 9.92 dA 10.32 dA 10.23 dA 10.32 bA

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t005

The increase in the storage duration reduced the water content of the seeds, regardless of
packaging or storage temperatures (Fig 2A). The results obtained indicated that coated packag-
ing had a beneficial effect on seed quality, as it allowed for better conservation of the water

contents and low heat and mass transfers between the atmospheric air and the seeds in the
storage environments. After nine months of storage, the soybean seeds stored at 10°C reached
a hygroscopic balance with water levels similar to those of the initial storage conditions. The
same pattern was observed in 15°C storage environments. However, in ambient temperature
environments, the seeds reached a hygroscopic balance with water contents lower than those
achieved in the 15°C and 10°C environment. The air-conditioned environment stabilized the
water content of the seeds during storage.
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Table 6. Breakdown of the interaction between storage environments and soybean cultivars for the apparent specific mass (kg m™).

E/Cultivars 1 2 3 4 5 6 7 8 9 10
E1l 698.2 aA 701.4 aA 703.9 aA 685.2 aA 710.3 aA 703.6 aA 704.8 aA 704.9 aA 701.3 aA 724.9 aA
E2 692.5 aA 678.4 bB 689.3 aB 685.0 aB 682.6 bB 676.1 bB 668.0 bB 700.8 aA 704.0 aA 713.0 aA
E3 676.7 aA 676.7 bA 682.3 bA 673.4 aA 674.1 bA 677.8 bA 684.0 bA 682.0 bA 687.7 aA 703.4 bA
E4 690.9 aA 535.6 cB 677.8 bA 671.3 aA 674.5 bA 687.0 bA 687.2 bA 682.8 bA 683.9 aA 689.3 bA
E5 681.8 aA 672.7 bA 662.1 bA 669.2 aA 666.2 bA 670.1 bA 672.2 bA 680.1 bA 688.6 aA 680.7 bA
E6 698.2 aA 701.4 aA 703.9 aA 685.2 aA 710.3 aA 703.6 aA 704.8 aA 704.9 aA 701.3 aA 724.9 aA
E7 683.4 aA 668.9 bA 674.7 bA 664.9 aA 680.6 bA 678.6 bA 671.9 bA 689.5 aA 686.2 aA 694.9 bA
E8 689.4 aA 683.0 bA 676.8 bA 674.4 aA 672.2bA 664.7 bA 684.2 bA 690.0 aA 703.0 aA 702.0 bA
E9 676.1 aA 682.9 bA 675.0 bA 678.7 aA 675.1 bA 684.2 bA 681.6 bA 684.1 bA 689.3 aA 696.3 bA
E10 674.7 aA 679.0 bA 677.7 bA 669.2 aA 675.8 bA 670.7 bA 671.2 bA 678.1 bA 677.4 aA 679.8 bA
E11 698.2 aA 701.4 aA 703.9 aA 685.2 aA 710.3 aA 703.6 aA 704.8 aA 704.9 aA 701.3 aA 724.9 aA
E12 682.7 aA 672.6 bA 674.6 bA 670.4 aA 684.0 bA 680.6 bA 688.6 bA 672.2 bA 680.8 aA 687.9 bA
E13 692.9 aA 680.0 bA 677.8 bA 679.8 aA 678.7 bA 682.0 bA 670.6 bA 699.2 aA 694.8 aA 701.1 bA
E14 678.0 aA 672.4bA 674.9 bA 669.6 aA 670.0 bA 684.2 bA 686.7 bA 679.3 bA 678.4 aA 690.1 bA
E15 674.2 aA 670.1 bA 670.8 bA 671.4 aA 671.8 bA 668.9 bA 674.6 bA 677.5bA 677.7 aA 682.7 bA
El6 698.2 aA 701.4 aA 703.9 aA 685.2 aA 710.3 aA 703.6 aA 704.8 aA 704.9 aA 701.3 aA 724.9 aA
E17 692.4 aA 696.1 aA 688.8 aA 683.4 aA 685.6 bA 685.5 bA 683.5 bA 679.5 bA 687.6 aA 699.6 bA
E18 693.7 aA 686.5 aA 679.1 bA 674.1 aA 683.1 bA 666.8 bA 678.9 bA 693.8 aA 694.8 aA 680.9 bA
E19 681.7 aA 691.8 aA 693.2 aA 684.2 aA 679.7 bA 688.2 bA 684.2 bA 694.4 aA 683.5aA 700.3 bA
E20 674.4 aA 664.6 bA 662.9 bA 656.4 aA 655.4 bA 670.4 bA 670.8 bA 672.6 bA 680.4 aA 677.0 bA
E21 698.2 aA 701.4 aA 703.9 aA 685.2 aA 710.3 aA 703.6 aA 704.8 aA 704.9 aA 701.3 aA 724.9 aA
E22 685.5 aA 672.6 bA 672.0 bA 666.3 aA 675.8 bA 668.4 bA 671.0 bA 671.4bA 679.9 aA 677.3 bA
E23 676.9 aA 689.7 aA 681.0 bA 668.7 aA 678.0 bA 677.4bA 681.6 bA 691.5 aA 685.6 aA 693.2 bA
E24 674.5 aA 687.9 aA 673.9 bA 683.7 aA 678.9 bA 679.7 bA 675.5 bA 677.9 bA 680.1 aA 684.1 bA
E25 680.7 aA 680.4 bA 673.7 bA 671.7 aA 672.9 bA 673.3 bA 672.3 bA 677.1 bA 680.7 aA 686.6 bA
E26 698.2 aA 701.4 aA 703.9 aA 685.2 aA 710.3 aA 703.6 aA 704.8 aA 704.9 aA 701.3 aA 724.9 aA
E27 687.1 aA 669.8 bA 667.7 bA 672.2 aA 668.8 bA 675.5 bA 679.1 bA 688.9 aA 686.1 aA 690.9 bA
E28 690.5 aA 688.8 aA 686.1 bA 673.7 aA 693.5aA 686.9 bA 689.2 bA 667.7 bA 684.4 aA 693.1 bA
E29 675.4 aA 686.6 aA 672.4bA 676.3 aA 675.0 bA 678.5 bA 674.6 bA 678.5 bA 675.6 aA 679.4 bA
E30 677.8 aA 673.7 bA 670.9 bA 667.7 aA 669.5 bA 672.1 bA 674.7 bA 674.3 bA 675.8 aA 684.2 bA

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t006

3.3 Apparent specific mass of stored soybean seeds

A reduction was observed in the apparent specific mass of the seeds (Table 6), regardless of the
storage environment. However, there was no significant difference among the different storage
environments in terms of the apparent specific mass (kg m™) of the cultivars. Seeds stored in
coated packaging and at ambient temperature had the lowest apparent density values, which
remained constant over time (Fig 2B).

3.4 Germination of stored soybean seeds

As is shown in Table 7, the germination percentages of seeds stored in uncoated packaging
were reduced, mainly at ambient temperature storage conditions. Similar results were obtained
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Table 7. Breakdown of the interaction between storage environments and soybean cultivars for germination (%).

E/Cultivars 1 2 3 4 5 6 7 8 9 10
E1 100 aA 99 aA 64 cC 90 bB 94 aB 99 aA 99 aA 92 bB 99 aA 96 aA
E2 99 aA 96 aA 80 aB 94 aA 94 aA 100 aA 95 aA 98 aA 97 aA 97 aA
E3 93 aA 91 aA 41 fC 86 bB 81 bB 93 bA 98 aA 85 cB 96 aA 92 bA
E4 97 aA 86 bB 38 fE 86 bB 76 bC 99 aA 98 aA 78 dC 66 bD 75dC
E5 69 bB 34dD 20 hE 66 dB 50 dC 92 bA 92 aA 67 eB 17 cE 49 fC
E6 100 aA 99 aA 64 cC 90 bB 94 aB 99 aA 99 aA 92 bB 99 aA 96 aA
E7 99 aA 100 aA 61 cC 90 bB 87 aB 99 aA 96 aA 99 aA 97 aA 93 aB
E8 100 aA 99 aA 75bD 98 aA 98 aA 87 bC 100 aA 93 bB 98 aA 93 aB
E9 99 aA 98 aA 57dC 93 aB 93 aB 98 aA 100 aA 96 aA 99 aA 91 bB
E10 99 aA 96 aA 48 eD 95aA 89 aB 100 aA 98 aA 91 bB 97 aA 82 cC
Ell 100 aA 99 aA 64 cC 90 bB 94 aB 99 aA 99 aA 92 bB 99 aA 96 aA
E12 97 aA 99 aA 83 aB 92 bA 91 aA 95 bA 97 aA 96 aA 97 aA 94 aA
E13 99 aA 100 aA 78 bB 96 aA 99 aA 99 aA 100 aA 98 aA 99 aA 97 aA
E14 99 aA 97 aA 56 dB 97 aA 97 aA 100 aA 100 aA 98 aA 99 aA 96 aA
E15 94 aB 96 aA 73 bC 88 bB 93 aB 99 aA 98 aA 98 aA 100 aA 96 aA
El6 100 aA 99 aA 64 cC 90 bB 94 aB 99 aA 99 aA 92 bB 99 aA 96 aA
E17 99 aA 99 aA 60 cB 97 aA 96 aA 100 aA 98 aA 98 aA 95aA 98 aA
E18 99 aA 96 aB 69 cC 93 aB 92 aB 99 aA 99 aA 99 aA 95 aB 99 aA
E19 93 aA 75 cC 29 gG 49 eF 69 cD 93 bA 97 aA 83 cB 61 bE 95aA
E20 69 bB 7 eE 0if 10 fE 13 eE 37 cD 77 bA 4 fF 1dF 62 eC
E21 100 aA 99 aA 64 cC 90 bB 94 aB 99 aA 99 aA 92 bB 99 aA 96 aA
E22 98 aA 97 aA 81aC 90 bB 93 aB 100 aA 94 aB 99 aA 99 aA 95 aB
E23 97 aA 98 aA 62 cC 95 aA 89 aB 100 aA 99 aA 95 aA 95aA 96 aA
E24 98 aA 95 aA 60 cB 97 aA 93 aA 99 aA 99 aA 94 bA 95 aA 91 bA
E25 97 aA 95 aA 53dC 88 bB 92 aB 98 aA 99 aA 92 bB 90 aB 87 cB
E26 100 aA 99 aA 64 cC 90 bB 94 aB 99 aA 99 aA 92 bB 99 aA 96 aA
E27 100 aA 100 aA 87 aB 79 cC 93 aA 100 aA 97 aA 97 aA 94 aA 96 aA
E28 100 aA 99 aA 73 bC 99 aA 97 aA 99 aA 100 aA 99 aA 97 aA 99 aA
E29 99 aA 96 aA 62 cB 99 aA 95 aA 99 aA 99 aA 94 bA 99 aA 97 aA
E30 98 aA 98 aA 75bB 95aA 93 aA 99 aA 100 aA 96 aA 98 aA 98 aA

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t007

for seeds stored at 10°C and 15°C temperatures, for up to six months. After the six-month
period, the seeds stored at 10°C, both in coated and uncoated packaging, had better germina-
tion quality than the seeds stored at 15°C. The worst seed germination results were obtained

after nine months of storage (Fig 2C). Coated packaging was efficient in preserving the quality
of the stored seeds, as it reduced the effects of temperature and humidity variations. Among
the cultivars, NS 7209 IPRO had the lowest germination percentage over the storage period.

3.5 Electrical conductivity test on stored soybean seeds

The electrical conductivity results are shown in Table 8. Higher electrical conductivity values
and, consequently, greater deterioration were obtained in soybean seeds stored in ambient
temperature environments, when compared to the 10°C and 15°C environments (Table 7).
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Table 8. Breakdown of the interaction between storage environments and soybean cultivars for electrical conductivity (uS cm™ of sample).

E/Cultivars 1 2 3 4 5 6 7 8 9 10

E1 82.5dC 81.2eC 145.5 gA 79.0 eC 90.6 fC 87.3dC 73.2cC 83.6 fC 89.1 fC 107.7 dB
E2 76.9 dC 84.3eC 153.6 gA 83.5eC 89.6 fC 76.2 dC 75.9 cC 112.5dB 120.8 eB 114.6 cB
E3 84.8dD 98.1dC 189.3 eA 96.1 eC 105.3 eC 91.6 dD 80.9 cD 104.8 dC 128.5dB 104.8 dC
E4 97.4 cD 131.2cC 238.5cA 127.2cC 152.2 cB 106.8 cD 98.5 bD 131.2cC 161.7 cB 125.4 cC
E5 116.4 bF 184.2 bC 281.4bA 182.4bC 191.9bC 134.2 bE 111.6 bF 172.7bC 207.9 bB 156.8 bD
E6 82.5dC 81.2eC 145.5 gA 79.0 eC 90.6 fC 87.3dC 73.2cC 83.6 fC 89.1 fC 107.7 dB
E7 72.0dC 74.7 eC 136.9 hA 77.6 eC 79.6 fC 76.8 dC 65.5cC 81.5 fC 92.3 fB 95.4 dB

E8 87.9dC 99.6 dC 167.3 fA 92.4eC 108.6 eB 93.7dC 83.9cC 934 ¢eC 115.6 eB 121.6 cB
E9 81.4dC 99.3dC 164.1 fA 99.8 eC 105.7 eC 86.9 dD 80.9 cD 97.8eC 116.4 eB 1224 cB
E10 80.6 dC 100.5 dD 190.2 eA 110.2 dC 109.1 eC 94.7 dD 87.1cD 106.6 dC 129.9 dB 117.1 cC
El1 82.5dC 81.2eC 145.5 gA 79.0 eC 90.6 fC 87.3dC 73.2cC 83.6 fC 89.1 fC 107.7 dB
E12 63.8dC 71.2eC 132.5hA 76.8 eC 89.4 fB 69.4dC 72.7 cC 74.7 fC 94.8 fB 88.9dB

E13 86.8 dC 88.3eC 167.7 fA 90.8 eC 100.6 eB 86.3dC 79.1 cC 94.8 eC 108.4 eB 106.7 dB
E14 76.8 dC 87.2eC 160.0 fA 85.4eC 103.3 eB 82.9dC 76.5 cC 93.9eC 106.5 eB 112.1dB
E15 79.6 dC 89.7 eC 166.9 fA 86.4 eC 101.3 eB 87.5dC 80.3 cC 88.7 eC 101.8 fB 107.1 dB
El6 82.5dC 81.2eC 145.5 gA 79.0 eC 90.6 fC 87.3dC 73.2cC 83.6 fC 89.1 fC 107.7 dB
E17 81.5dC 91.1eC 182.1eA 92.9eC 102.7 eB 77.3dC 82.1cC 103.9dB 118.3 eB 107.7 dB
E18 78.2dC 79.9 eC 178.3 eA 82.4eC 105.9 eB 82.3dC 75.5cC 93.1eC 114.3 eB 102.1 db
E19 97.1cD 105.2 dD 239.7 cA 123.2cC 139.1dC 119.0 bC 95.5 bD 130.5 cC 193.4bB 125.3 cC
E20 193.0aD 258.6 aB 313.5aA 220.7 aC 246.3 aB 223.4aC 160.2 aE 214.0 aC 303.5aA 189.5aD
E21 82.5dC 81.2¢eC 145.5 gA 79.0 eC 90.6 fC 87.3dC 73.2cC 83.6 fC 89.1 fC 107.7 dB
E22 72.3dC 78.8 eC 148.6 gA 77.7 eC 81.6 fC 82.2dC 68.6 cC 73.4 fC 95.6 fB 104.3 dB
E23 74.2dC 88.9eC 157.3 gA 89.6 eC 104.9 eB 85.7dC 82.6 cC 90.8 eC 100.5 fB 112.0 dB
E24 88.6 dE 93.5dE 190.8 eA 105.1 dD 113.2eD 94.1dE 87.6 cE 106.5 dD 155.6 cB 125.6 cC
E25 100.5 cD 105.1 dD 215.9dA 126.3 cC 131.2dC 102.9 cD 99.5bD 123.9 cC 151.6 cB 150.1 bB
E26 82.5dC 81.2eC 145.5 gA 79.0 eC 90.6 fC 87.3dC 73.2cC 83.6 fC 89.1 fC 107.7 dB
E27 69.4 dD 72.0 eD 126.6 hA 78.0 eC 83.9 fC 70.1 dD 66.7 cD 72.3 D 88.5 fC 97.9 dB

E28 72.9dC 79.8 eC 155.0 gA 82.7 eC 106.9 eB 82.9dC 80.9 cC 79.6 fC 109.9 eB 117.6 cB
E29 75.8dC 79.0 eC 164.4 fA 85.8eC 86.8 fC 80.1dC 75.8 cC 88.5eC 118.6 eB 109.2 dB
E30 74.6 dC 81.0eC 163.6 fA 87.9eC 104.0 eB 89.9dC 81.5¢cC 91.5eC 94.5 fC 1152 cB

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t1008

Refrigerated environments reduced the deterioration of soybean seeds during the storage
period (Fig 2D). Soybean seeds stored in uncoated packaging had the highest electrical con-
ductivity values compared to seeds belonging to the same cultivar and stored under the same
temperature in coated packaging and duration, thereby demonstrating the benefit of the latter
packaging type in preserving seed quality. The 10°C environment helped preserve soybean
seed quality better, and resulted in a solute leaching increase only after six months of storage,
with emphasis on the NS 7209 IPRO and M-SOY 8866 cultivars.

3.6 First germination count (vigor) of stored soybean seeds

The first germination count of soybean seeds was better in the 15°C and 10°C storage environ-
ments than in the ambient temperature environments. These results were similar to those
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Table 9. Breakdown of the interaction between storage environments and soybean cultivars for the 1st germination count (%).

E/Cultivars 1 2 3 4 5 6 7 8 9 10
E1 99 aA 95 aA 50 cC 84 bB 87 aB 94 aA 97 aA 84 bB 93 aA 95 aA
E2 97 aA 89 bB 76 aC 93 aB 83aC 98 aA 88 bB 97aA 90 aB 95 aA
E3 72 cB 56 dC 18 fE 45 fD 49 dD 67 cB 88 bA 43 eD 48 dD 66 cB
E4 97 aA 85bB 38 dE 86 bB 56 cC 99 aA 97 aA 47 eD 53dC 56 dC
E5 47 dB 14 eD 11 fD 23 gC 18 eC 50 dB 58 dA 12 fD 10 fD 26 fC
E6 99 aA 95 aA 50 cC 84bB 87 aB 94 aA 97 aA 84bB 93 aA 95 aA
E7 96 aA 98 aA 48 cF 63 dE 62 cE 99 aA 72 cD 88 aB 82bC 77 bC
E8 95aA 69 cC 44 cD 78 cB 88aA 73 cC 94 aA 69 cC 79 bB 77 bB
E9 98 aA 97 aA 50 cC 86 bB 82 aB 97 aA 97 aA 91 aB 86 aB 85bB
E10 95aA 83 bB 39dE 73 cC 67 bD 90 aA 82bB 78 cC 86 aB 66 cD
Ell 99 aA 95aA 50 cC 84 bB 87 aB 94 aA 97 aA 84 bB 93 aA 95 aA
E12 89 bA 97 aA 73 aC 86 bB 51dD 85bB 93 aA 83 bB 88 aA 94 aA
E13 92 aA 88 bA 56 cC 80 bB 84 aB 84 bB 89 bA 79 bB 76 bB 83 bB
E14 99 aA 94 aB 48 cC 91 aB 90 aB 99 aA 93 aB 91 aB 90 aB 89 aB
E15 87 bB 88 bB 58 cD 69 dC 82aB 97 aA 86 bB 92 aA 85aB 91 aA
El6 99 aA 95 aA 50 cC 84 bB 87 aB 94 aA 97 aA 84 bB 93 aA 95 aA
E17 98 aA 95 aA 44 cC 96 aA 90 aA 96 aA 95aA 92 aA 81 bB 93 aA
E18 79 cB 71 cB 38dD 58 eC 61 cC 71 cB 86 bA 73 cB 57 cC 90 aA
E19 85bA 63 dC 28 eF 40 fE 60 cC 83 bA 88 bA 74 cB 49 dD 87 bA
E20 30eC 0fD 0gD 4hD 4fD 11eD 60 dA 1gD 0gD 47 eB
E21 99 aA 95aA 50 cC 84bB 87 aB 94 aA 97 aA 84 bB 93 aA 95 aA
E22 97 aA 91 aB 75aC 70 dC 86 aB 98 aA 90 bB 95aA 93 aB 90 aB
E23 90 bA 74 cB 32¢eE 50 eD 64 cC 85bA 88 bA 50 eD 62 cC 78 bB
E24 93 aA 83 bB 49 cC 76 cB 82 aB 95 aA 95 aA 80 bB 85 aB 82 bB
E25 55dC 57 dC 34eD 54 eC 75bB 85bA 92 aA 56 dC 29 eD 59 cC
E26 99 aA 95 aA 50 cC 84 bB 87 aB 94 aA 97 aA 84 bB 93 aA 95 aA
E27 98 aA 100 aA 82aB 64 dC 87 aB 97 aA 90 bB 93 aA 89 aB 96 aA
E28 90 bA 85DbA 49 cD 68 dC 80 aB 90 aA 88 bA 76 cB 74 bB 82 bB
E29 98 aA 95aA 54 cB 95aA 89 aA 97 aA 96 aA 90 aA 91 aA 94 aA
E30 89 bA 84bB 63 bC 82bB 88aA 97 aA 94 aA 79 bB 90 aA 91 aA

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t009

obtained from the electrical conductivity and germination assessments, which were favorable
in the 15°C and 10°C storage environments and with the use of coated packaging (Table 9).
Opver the storage period, we observed reductions in the percentage of the first count of germi-

nated seeds, with greater emphasis on storage at ambient temperature (Fig 2E).

3.7 Mechanical damage from moisture in stored soybean seeds

The tetrazolium test is based on the activity of the dehydrogenase enzymes, particularly malic
acid dehydrogenase, which reduces the 2,3,5 triphenyl tetrazolium chloride salt in the living
tissue of the seed, where hydrogen ions are transferred to the said salt. When the seed is
immersed in the tetrazolium solution, it diffuses through the tissues, occurring in the living
cells, the reduction reaction, resulting in the formation of a red, non-diffusible compound,
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known as triphenylformazan, indicating that there is respiratory activity in the mitochondria
and, consequently, that the tissue is viable (alive). Dead tissues (not viable) do not react with
the solution preserving its natural color.
Moisture damage caused by the tetrazolium test was related to the death of soybean seeds

and the consequent loss of viability, which were greater at nine months of storage at ambient
temperature compared to the other storage duration and packaging conditions applied to the
same cultivar. During the storage period, the moisture damage percentage of the soybean culti-
vars increased (Table 10). Storage at ambient temperature and in uncoated packaging resulted
in the greatest moisture and heat exchange between the seed mass and the intergranular stor-

age air over time, thereby intensifying seed deterioration.

The package coating contributed to the reduction of the moisture damage percentage of
soybean seeds after nine months in ambient temperature and 15°C storage conditions,

Table 10. Breakdown of the interaction between storage environments and soybean cultivars on moisture damage (%) obtained by analyzing the tetrazolium test.

E/Cultivars 1 2 3 4 5 6 7 8 9 10
El 3 cA 3eA 5gH 0 hB 2dB 1eB 2¢B 1eB 2eB 0dB
E2 2 cA 0 fA 0hA 0hA 0eA 0eA 0dA leA 0 fA 0dA
E3 0dA 2eA 1hA 0hA 0eA 0eA 2cA 0eA 0fA 0dA
E4 12bB 15cA 7 fC 0hD 0eD 0eD 0dD 2eD 7cC 1dD
E5 10 bG 35bC 56 bB 65aA 35bC 18 bE 15 bF 54 bB 34bC 24 aD
E6 3cA 3eA 5gA 0hB 2dB 1eB 2cB 1eB 2eB 0dB
E7 0dA 0fA 1hA 1 hA 2dA leA 0dA leA 0fA 1dA
E8 0dB 1B 4gA 1hB 1eB 2eA 0dB 2eA 0B 1dB
E9 0dB 0fB 5gA 0hB 2dB 0eB 0dB 1eB 0B 1dB
E10 3cD 6dC 9eB 14 dA 0eE 6cC 2cD 12 cA 4dC 4cC
Ell 3cA 3eA 5gA 0hB 2dB 1eB 2¢B 1eB 2eB 0dB
E12 0dB 0B 4 gA 1hB 1eB 0eB 0dB 0eB 0B 0dB
E13 1dB 0B 1hB 3 gA 1eB 0eB 0dB 3eA 0B 5cA
E14 0dC 1fC 14 dA 4 gB 1eC 1eC 1cC 2eC 0fC 0dC
E15 1dE 0fE 19 cA 8eB 5dC 3dC 0dE 2eD 1eE 3ch
El6 3cA 3eA 5gA 0 hB 2dB 1eB 2¢B 1eB 2eB 0dB
E17 0dB 0fB 0hB 5fA 0eB 0eB 0dB 5dA leB 0dB
E18 0dB 11B 5gA 2gB 0eB leB 0dB 3eA 2eB 1dB
E19 3cB 3eB 8 fA 0hC 2dB 0eC 0dC 1eC 1eC 2cB
E20 30 aG 85aA 87 aA 40 bE 76 aB 33 aF 49 aD 77 aB 72aC 11 bH
E21 3cA 3eA 5gA 0hB 2dB 1eB 2¢cB 1eB 2eB 0dB
E22 0dB 0fB 5gA 0hB 2db 0eB 0dB 0eB 0B 0dB
E23 0dA 1fA 4 gA 1 hA leA 2eA 1cA 1eA 2eA 1dA
E24 0dB 2eB 5gA 1hB 3dA 0eB 0dB 1eB 1eB 1dB
E25 0dE 16 cB 11eC 35cA 10 cC 3dD 1cE 5dD 0f{E 10 bC
E26 3 cA 3eA 5gA 0 hB 2dB 1eB 2¢B 1eB 2eB 0dB
E27 0dA 1fA 0hA 2gA 0eA 0eA 0dA 0eA 0 fA 0dA
E28 0dA 0fA 1hB 0hA 0eA 0eA 0dA 1eA 2eA 2cA
E29 0dB 0B 2hB 6 fA 2dB 0eB 0dB 5dA 0B 1dB
E30 0dE 2eD 13dA 4gD 10 cB 0eE 0dE 7dC 1eE 3cD

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The

averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t1010
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compared to the same cultivar, with the same storage duration, and the use of uncoated pack-
aging. However, the best storage conditions were at 10°C, as these resulted in reduced mois-
ture damage. The water content and temperature influenced the respiratory activity of the
stored seeds and their effects on the deterioration process, an effect that became more evident
with the storage duration increase (Fig 2F).

The desorption or sorption of water depending on the storage conditions caused a variation
in the seeds water content reaching different humidity levels of hygroscopic balance between
the seeds and the storage environment. This variation of the moisture led a disruption of cellu-
lar tissues causing physical damage and deterioration of the seeds. The damage caused by the
variation of humidity interfered in the physiological quality of the seeds during the storage
time. The tetrazolium test characterized the damage caused by moisture. The seed genotypes
influenced the sorption and desorption of water content and, consequently, physical damage.

3.8 Tetrazolium vigor test on stored soybean seeds

The best results in terms of preserving vigor during storage were obtained at the 10°C storage
environment; similar results were obtained at the 15°C storage environment (Table 11). The
worst results were obtained under ambient temperature storage conditions, regardless of the
use of package coating. Package coating helped slow down the deterioration progress and pre-
serve seed vigor in the 15°C and 10°C storage environments, for the same cultivar and storage
duration. The cold storage contributed to the preservation of the physiological quality of soy-
bean seeds, with the difference between this and the ambient temperature storage being clearer
after six months of storage (Fig 2G).

3.9 Viability test with tetrazolium in stored soybean seeds

The tetrazolium test performed to evaluate the viability percentage of the seeds produced simi-
lar results in all treatments, over the storage period (Table 12). The best results regarding the
viability of the seeds were obtained from the 10°C and 15°C seed storage conditions up to
twelve months (Fig 2H). The package coating contributed to the preservation of the viability
percentage of the seeds.

3.10 Cluster and principal component analysis of the environments,
storage time, and soybean cultivars

In the cluster analysis, values close to red and blue indicated higher and lower means, respec-
tively, for the germination, water content, and specific mass in the environment (Fig 3) or in
the cultivar variables (Fig 4).

As is shown in Fig 3, the group formed by the E5 and E20 environments had the lowest ger-
mination values and intermediate water content and specific mass values. These results were
confirmed by the principal component analysis (Fig 5), in which the environments were
arranged in cluster 3.

Greater deterioration was observed in seeds stored at ambient temperature than in cooled
environments, with all the other variables remaining the same (same cultivar, package coating,
and storage duration). The E5 (ambient temperature, with the use of package coating, and
twelve months of storage) and E20 (ambient temperature, without the use of package coating,
and twelve months of storage) environments stood out as the worst in terms of the physiologi-
cal quality results obtained (Fig 3).

The use of coated packaging was beneficial in preserving the physiological quality of stored
soybean seeds, however, its effect was significant only in ambient temperature environments
for the same cultivar, type of package coating, and storage duration (Fig 3). Among the storage
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Table 11. Breakdown of the interaction between storage environments and soybean cultivars on the vigor test (%) obtained by analyzing the tetrazolium test.

E/Cultivars 1 2 3 4 5 6 7 8 9 10
El 89 cA 83 cA 75 bB 63 fC 85bA 81 cB 87bA 58 eC 77 cB 85cA
E2 91cA 70 eC 29 gb 86 cB 70 cC 92 aA 83 cB 76 cC 73 dC 86 cB
E3 92bA 90 bA 57 dD 86 cB 64 dC 90 bA 95aA 81bB 84 bB 87 cB
E4 68 fB 55 fD 29 gE 84 cA 61dC 85cA 82 cA 50 D 66 eB 86 cA
E5 52 gC 20 gE 16 hE 34 gD 33eD 71 eA 61 eB 5gF 31 gD 35hD
E6 89 cA 83 cA 75bB 63 fC 85bA 81cB 87bA 58 eC 77 cB 85cA
E7 94 bA 91 bA 62 cC 87 cA 92 aA 92 aA 90 bA 61dC 69 dB 95aA
E8 86 cB 95aA 55dD 86 cB 93 aA 94 aA 93aA 91 aA 64 eC 90 bA
E9 86 cA 86 cA 56 dD 92bA 86 bA 84 cA 89 bA 64 dC 74 dB 86 cA
E10 91cB 80 cC 74 bC 72 eD 96 aA 75dC 78 dC 66 dE 79 cC 89 bB
Ell 89 cA 83 cA 75bB 63 fC 85bA 81¢cB 87 bA 58 eC 77 cB 85cA
E12 83 dA 76 dB 52 dD 90 bA 68 cC 87 bA 73 dB 54 fD 64 eC 88 cA
E13 98 aA 83 cC 74 bD 97 aA 86 bC 93 aB 99 aA 96 aA 84bC 91 bB
E14 82dC 98 aA 59 dE 74 eD 85bC 90 bB 84 cC 74 cD 82bC 77 dD
E15 98 aA 88 cB 58 dD 79 dC 86 bB 88 bB 82 cC 91aA 86 bB 94 aA
El6 89 cA 83 cA 75 bB 63 fC 85bA 81 cB 87bA 58 eC 77 cB 85 cA
E17 93bA 87 cB 44 fF 78 dC 73 cD 88 bB 83 cC 54 fE 74 dD 97 aA
E18 86 cC 85cC 42 fE 98 aA 74 cD 84 cC 75dD 82bC 90 aB 96 aA
E19 74 eB 68 eC 43 fE 84 cA 75cB 76 dB 76 dB 60 eD 42 fE 72 eB
E20 28 hB 0hD 1iD 13 hC 1fD 13 fC 13 fC 0gD 0hD 53 gA
E21 89 cA 83 cA 75bB 63 fC 85bA 81¢cB 87 bA 58 eC 77 cB 85cA
E22 77 dC 69 eD 76 bC 81dB 81 bB 88 bA 88 bA 82bB 74 cC 87 cA
E23 92bA 88 cA 87 aA 91 bA 89 aA 96 aA 79 dB 73 cC 62 eD 89 bA
E24 80 dB 81 cB 49 eE 91 bA 74 cC 83 cB 80 dB 67 dD 76 cC 80 dB
E25 93 bA 74 dC 64 cD 63 fD 70 cC 84 cB 86 bB 75cC 80 cB 67 fD
E26 89 cA 83 cA 75 bB 63 fC 85bA 81 cB 87bA 58 eC 77 cB 85 cA
E27 85cB 67 eC 40 fE 62 fD 71cC 66 eC 92 aA 62 dD 65eD 94 aA
E28 98 aA 97 aA 75bC 97 aA 92 aB 94 aB 96 aA 80 bC 90 aB 93aB
E29 87 cA 87 cA 58 dD 76 eB 80 bB 81 cB 83 cB 71cC 73dC 81 dB
E30 92bA 85cB 59dC 86 cB 63 dC 89 bA 88 bA 80 bB 83bB 91 bA

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.t011

environments allocated in group 2 (Fig 3), E1, E6, E11, E16, E21, and E26 stood out for result-
ing in the highest germination, water content, and specific mass averages. These environments
were also allocated to group 2 of the principal component analysis (Fig 6), thereby confirming

their similarity in terms of resulting in the highest averages for soybean cultivars for the initial

storage conditions (time point 0).

There was agreement regarding the formation of groups in the cluster (Fig 4) and main
component (Fig 6) analyses applied to soybean cultivars. The M-SOY8866, M7110IPRO, CD
2737 RR, and BMX DESAFIO 8473 RSF cultivars were allocated to the group and stood out
for resulting in the highest apparent specific mass and germination values as well as in the

lower water content values. The other cultivars were allocated to group 2. In the storage envi-
ronment grouping in the assessment of the physiological quality of soybean seed cultivars, the
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Table 12. Breakdown of the interaction between storage environments and soybean cultivars on the viability test (%) obtained by analyzing the tetrazolium test.

E/Cultivars 1 2 3 4 5 6 7 8 9 10
El 93 bA 95 bA 85cB 91 bA 94 bA 93 bA 93 bA 91 cA 88 cB 91 bA
E2 95 bB 93 bB 87 cC 98 aA 96 aB 100 aA 95 bB 90 cC 83 dD 94 aB
E3 97 aB 94 bB 94 aB 99 aA 96 aB 100 aA 95 bB 99 aA 86 cC 96 aB
E4 85¢cB 85dB 87 cB 97 aA 95 bA 99 aA 94 bA 98 aA 82dB 96 aA
E5 84 cA 64 fC 40 fF 34 {G 62 eC 81 cA 75 eB 46 dE 63 eC 58 cD
E6 93 bA 95 bA 85¢cB 91 bA 94 bA 93 bA 93 bA 91 cA 88 cB 91 bA
E7 99 aA 94 bA 85¢B 96 aA 93 bA 96 bA 95 bA 95 bA 81dC 95 aA
E8 96 bA 99 aA 79 dC 97 aA 97 aA 97 aA 96 bA 98 aA 86 cB 100 aA
E9 98 aA 99 aA 89bC 99 aA 95bB 98 aA 96 bB 94 bB 89 cC 95 aB
E10 97 aA 89 cC 88 bC 81 cE 100 aA 91 bC 85dD 88 cC 87 cC 94 aB
Ell 93 bA 95 bA 85¢B 91 bA 94 bA 93 bA 93 bA 91 cA 88 ¢cB 91 bA
E12 98 aA 97 aA 90 bB 97 aA 95 bA 95 bA 94 bA 87 ¢cB 94 bA 95 aA
E13 99 aA 97 aA 94 aB 97 aA 96 aA 100 aA 99 aA 97 aA 91 bB 91 bB
E14 98 aA 100 aA 86 cC 96 aA 95bA 98 aA 93 bB 97 aA 92 bB 96 aA
E15 99 aA 100 aA 76 eD 89bC 94 bB 95 bB 91 cC 98 aA 89 cC 96 aB
El6 93 bA 95 bA 85cB 91 bA 94 bA 93 bA 93 bA 91 cA 88 cB 91 bA
E17 96 bA 96 bA 82dD 94 aA 96 aA 95 bA 91 cB 90 cB 86 cC 99 aA
E18 98 aA 96 bA 88 bC 98 aA 97 aA 99 aA 91 cB 94 bB 93 bB 96 aA
E19 96 bA 92 bB 87 cC 95 aB 96 aA 99 aA 86 dC 98 aA 93 bB 94 aB
E20 66 dB 15 gG 13 gG 58 eC 24 fF 64 dB 50 fD 23 eF 28 fE 86 bA
E21 93 bA 95 bA 85¢B 91 bA 94 bA 93 bA 93 bA 91 cA 88 ¢B 91 bA
E22 96 bA 95 bA 86 cB 96 aA 92 bA 93 bA 100 aA 96 bA 83 dB 96 aA
E23 99 aA 97 aA 94 aA 97 aA 95 bA 98 aA 89 cB 97 aA 90 bB 95 aA
E24 96 bA 94 bA 86 cB 96 aA 94 bA 99 aA 93 bA 96 bA 88 cB 96 aA
E25 99 aA 79 eD 88 bC 64 dE 87 cC 95 bB 91 cC 95 bB 98 aA 89bC
E26 93 bA 95 bA 85cB 91 bA 94 bA 93 bA 93 bA 91 cA 88 cB 91 bA
E27 94 bB 93 bB 88 bC 94 aB 95 bA 98 aA 96 bA 99 aA 92 bB 97 aA
E28 99 aA 98 aA 91 bB 98 aA 99 aA 100 aA 99 aA 97 aA 94 bB 97 aA
E29 99 aA 99 aA 91 bB 93 bB 93 bB 99 aA 93 bB 94 bB 90 bB 96 aA
E30 100 aA 95 bB 81dD 95 aB 80 dD 97 aA 94 bB 93 ¢cB 89 cC 95aB

Environments (E) according to the schema proposed by Table 1. Cultivars: CD 2737 RR (1), BMX FLECHA 6266 RSF (2), NS 7209 IPRO (3), BMX FOCO 74177 RSF
IPRO (4), DM 75176 RSF IPRO (5), ST 797 IPRO (6), BMX CHALLENGE 8473 RSF (7), BMX BONUS 8579 RSF IPRO (8), M7110 IPRO (9) and M-SOY 8866 (10). The
averages followed by the same lower case letters in the column and upper case letters in the row did not differ statistically at 5% probability by the Scott Knott test. The

averages followed by the different lowercase letters in the column and uppercase letters in the row differed statistically at 5% probability by the Scott Knott test.

https://doi.org/10.1371/journal.pone.0242522.1012

best results were obtained from environments E1, E6, E11, E16, E21, and E26 that represented
time point 0 of storage (Fig 5).
The worst storage environment results were obtained from E5 and E20, which represented

twelve months of storage in ambient temperature with and without the use of coating, respec-
tively, thereby indicating that the longest storage duration and the ambient temperature were the
factors that affected the physiological quality of soybean seeds in the most negative manner (Fig
5). The performance of stored soybean cultivars may differ under some conditions owing to
genetic diversity; however, storage conditions can preserve the physiological quality of seeds (Fig
5). The thermal stability of seeds in the 10°C and 15°C storage environments was similar (Fig 5).

Different results were obtained depending on the storage conditions of soybean seed lots.
However, depending on the cultivar, this difference was more evident in terms of the storage
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Fig 3. Cluster analysis of storage environments on the effects of physical and physiological quality of soybean
seeds.

https://doi.org/10.1371/journal.pone.0242522.9003

duration. The cultivars were subjected to different temperature and packaging conditions dur-
ing twelve months of storage and, despite responding similarly to unfavorable conditions,
owing to their specific characteristics, the soybean seeds of the M-SOY 8866, M7110 IPRO,
CD 2737 RR, and BMX CHALLENGE 8473 RSF cultivars had the best performances in the
physiological quality tests, which were performed in different storage environments (Fig 6).

The identification of the behavioral patterns of different cultivars in different storage envi-
ronments facilitated our understanding of which of these environments were the most appro-
priate for storage (Fig 6). Our results allowed us to observe that the genetic characteristics of
the cultivars and the environmental effects during the different storage stages, influenced seed
viability (Fig 6).

4. Discussion
4.1 Water content of stored soybean seeds

In a study by Hartmann Filho et al. [18], the storage of soybeans in an uncontrolled environ-
ment resulted in an increase in their water content at 45 days and six months; however, a
water content reduction was observed between three and five months [8]. Smaniotto et al. [19]
observed a reduction in the water content of soybean seeds stored for six months at an average
temperature of 27°C. Zuffo et al. [20] found a reduction in the water content of soybean seeds
stored for eight months in a non-conditioned environment.
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Fig 4. Cluster analysis of soybean cultivars on the effects of physical and physiological seed quality.
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Fig 5. Principal component analysis of soybean seed storage environments.

https://doi.org/10.1371/journal.pone.0242522.9005

PLOS ONE | https://doi.org/10.1371/journal.pone.0242522 November 19, 2020

19/28


https://doi.org/10.1371/journal.pone.0242522.g004
https://doi.org/10.1371/journal.pone.0242522.g005
https://doi.org/10.1371/journal.pone.0242522

PLOS ONE

Coating of packages for storage of soybean cultivars

A \\
7209IPRO\

cluster
\ ‘ (A2

PC2 (30.6%)

\ 75176RSFIPRO

\8579RSFIPRO

7417T7RSFIPROA

A /
6266RSFIPRQ/

4 \\\A
-1 797IPRS
) -1 0 1 2
PC1 (58.3%)

Fig 6. Principal component analysis of soybean cultivars in storage environments.

https://doi.org/10.1371/journal.pone.0242522.9006

According to Conceigao et al. [21], the water content of soybean seeds stored in a non-con-
ditioned environment decreases from 11.1% (w.b.) to 10.0% (w.b.). A similar behavior has
been observed in crambe seeds stored for nine months, during which period it was possible to
contain water within the metallic packaging, while this was not possible with braided polypro-
pylene, polyethylene terephthalate (PET), bottle, and styrofoam box packaging [22]. Another
study showed that within three months of storage in an air-conditioned environment, big bag
packaging allowed greater water and temperature conservation in soybean seeds, compared to
Kraft paper packaging [23].

The storage of soybean seeds with a water content of 11% allowed for better preservation of
their physiological quality, however the best results were obtained at lower temperatures.
According to Alencar et al. [24], the association of higher temperatures and water content may
increase the deterioration rate of soybeans. Zuffo et al. [20] found a reduction in the water con-
tent of soybean seeds stored for eight months in a non-climatized environment. In the work
carried out by Juvino et al. [25], the soybean seeds that were stored for nine months showed
greater amplitude in terms of their water content variation in the non-climatized environment
than in the ambient environment (18°C) owing to the greater influence of the temperature
and relative humidity changes. Zucarelli et al. [26] found higher water contents in bean seeds
stored for 18 months in a non-climatized than in a climatized environment.

4.2 Changes in the apparent specific mass of stored soybean seeds

The storage environments influenced the increase in the respiration of the seeds, resulting in a
high consumption of dry matter and reducing the apparent specific mass of the seeds during
storage. Storage in natural environment conditions reduced the specific mass of soybean seeds
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in the first months, which remained below that obtained from other storage conditions and
was constant over time. Increases in the water content and seed mass temperature as well as in
the water activity and intergranular relative humidity can result in increases in the seed respi-
ration rates and, consequently, in higher CO, concentrations, thereby resulting in greater loss
of matter drought and the deterioration and reduction of the apparent specific mass of seeds
stored over time [27-31].

4.3 Storage effects on the germination of soybean seeds

According to Hartmann Filho et al. [18], the germination capacity of soybean seeds stored for
six months in a non-conditioned environment is above 80%, which is considered the mini-
mum standard for commercial soybean seeds. However, the performance of soybean cultivars
under uncontrolled conditions reduced in a germination test after three months of storage,
with greater performance reductions after six months [32].

Non-climatized environments were inefficient in preserving the quality of soybean seeds
during storage. According to Neve et al. [33], the performance of soybean seeds stored for six
months in a non-conditioned warehouse is reduced. Carvalho et al. [34] evaluated soybean
seeds stored in an uncontrolled environment for eight months and observed a reduction in
their germination performance after the fourth month of storage.

Zuffo et al. [20] discovered losses, below the 80% minimum quality standard that is required
for commercial seeds, in soybean seeds stored in a non-climatized environment for eight months.
According to Conceigdo et al. [21], soybean seeds stored in a non-conditioned environment with
a 92% germination rate, showed had 85%, 69%, and 55% germination rates after being stored for
four, six and nine months, respectively. According to Carvalho et al. [32], the germination capac-
ity of soybean seeds stored for seven months in a non-conditioned environment decreases below
the commercial standard. Storage in climatized environments at lower temperatures is a favorable
alternative for preserving seed quality. According to Zuchi et al. [8], refrigeration is beneficial for
stored soybean seeds, as it improves their germination performance. Soybean seeds stored for six
months preserve the same germination pattern when stored at 20°C; however, at 27°C, their ger-
mination rate decreases and falls below the commercial standard rate [19].

Soybean seeds with a 94% germination rate stored for seven and a half months in an air-
conditioned environment at 20°C reach a 91% germination rate, while in an non-conditioned
environment they reach an 84% germination rate [15]. Soybean seeds stored for eight months
perform superiorly in terms of their germination rate in an air-conditioned environment at
10°C than seeds that are kept at ambient temperature [32]. High storage temperatures were
detrimental to preserving the quality of soybean seeds. In a study conducted by Sarath et al.
[35] on peanut seeds, the authors verified a 96% germination rate after five months of storage
and an 83% germination rate in seeds stored in an uncontrolled environment.

Paraginski et al. [36] who studied corn seeds stored for twelve months, observed lower
decreases in the germination percentage of seeds stored at 5°C and 15°C than in that of seeds
stored at 25°C and 35°C. Bessa et al. [37] stored crambe seeds and obtained better germination
rates in PET packaging, compared to laminated and high density polyethylene packaging in an
air-conditioned environment at 10°C and in a non-conditioned environment [38]. Seed dete-
rioration is a natural process and seeds are prone to losing vigor more quickly when they are
stored in environments with elevated temperatures than in refrigerated environments. Like-
wise, Smaniotto et al. [19] reported a reduction in the quality of soybean seeds stored for six
months under a high temperature (27°C), as the germination rates decreased dramatically,
even for seeds with low water content, owing to the direct influence of storage time and
temperature.
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4.4 Changes in the electrical conductivity of stored soybean seeds

According to Neve et al. [33], the electrical conductivity of many soybean seeds that have high
vigor is below 80 pS cm™ g, while these values may vary depending on the cultivar. Thus,
Zuchi et al. [8] found that soybean seeds stored in a refrigerated environment have lower elec-
trical conductivity than seeds stored in a non-conditioned environment, thus indicating a bet-
ter organization of the cellular tissues of the former seeds. In bean seed evaluations, Zucarelli
etal. [29] detected deterioration when they obtained higher electrical conductivity values in
seeds stored in a non-refrigerated environment (58.56 uS cm™ g'') than in those stored in an
air-conditioned environment (55.90 uS cm™ g') for forty five months.

Additionally, seeds stored for six months in a refrigerated environment at 20°C had more
favorable electrical conductivity results than seeds stored at ambient temperature [19]. Storing soy-
bean seeds in environments with ambient temperatures accelerates their deterioration rate over
the storage period. Virgolino et al. [23] obtained lower electrical conductivity values for chilled
seeds stored in kraft paper packaging than for seeds stored in uncooled conditions in big bags.

Paraginski et al. [36] and Coradi et al. [39] found that corn seeds stored in a refrigerated
environment had increased electrical conductivity values; however, the electrical conductivity
values of seeds stored at ambient temperature doubled and, consequently, they suffered greater
deterioration. The longer the storage time and the higher the packaging permeability, the
greater the seed deterioration of the seeds. Carvalho et al. [34] observed that after six months
of storage, soybean seeds had higher electrical conductivity values over time. While Carvalho
et al. [32] who evaluated soybean seeds stored for seven months in a non-refrigerated environ-
ment, obtained higher electrical conductivity values and reduced seed quality at the end of the
storage time.

4.5 Influence on the first germination count (vigor) of stored soybean seeds

The seeds that were stored in artificially refrigerated environments deteriorated less; these
results verified that the temperature of the seed mass became uniform faster, thereby reducing
the water vapor exchanges and the effect of the heat sources and regulating the humidity that
resulted in a hygroscopic equilibrium condition that was favorable for storage. According to
Berbert et al. [40] and Zhang et al. [41], water content is the most significant factor that should
be controlled in order to prevent seed deterioration during storage.

Smaniotto et al. [19] found that the initial water content influenced the quality of soybean
seeds during storage, and seeds stored with a higher initial water content of 14% (w.b.) suffered
greater quality loss during storage. Smaniotto et al. [19], who studied the biochemical changes
and the physiological potential of soybean seeds, observed that storing seeds under adverse
conditions reduced their physiological potential and damaged their structure; additionally,
soybean seeds harvested at different times and with high physiological potential showed differ-
ences in their izoenzymatic patterns over the storage period.

There are no significant variations in the results of the first germination count of soybean
seeds stored at ambient temperature for three months [23]. However, Carvalho et al. [34]
observed a reduction in the germination rate and the first germination count of soybean seeds
stored for eight months differing only between the storage times. No reductions have been
observed in the first germination count of soybean seeds stored for two months in a non-cli-
matized environment [42]. However, after six months of storage, such a reduction occurred
owing to the increased deterioration of soybean seeds, especially in these stored at ambient
temperature.

Cardoso et al. [22] observed that crambe seeds stored for six months in metallic packaging
performed better in terms of the first germination count; these results were not different from
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those obtained from seeds stored in PET packaging. According to Sarath et al. [35], the first
germination count of peanut seeds stored at ambient temperature for five months decreased
from 94% to 63%. After twelve months of storage, the best first germination count results were
obtained from carioca bean seeds stored in an air-conditioned environment at 20°C [26].

4.6 Mechanical damage from moisture in stored soybean seeds

According to Afonso Junior et al. [43], the high water activity incurred by the storage environ-
ment causes an increase in the respiratory rate of seeds and an increase in their water content,
thereby leading to an increase in the metabolic rate and the temperature of the seed mass.
According to Carvalho and Nakagawa [44,45], the seed coat is the main water absorber, which,
when subjected to different temperature, time, and storage package conditions, influences the
water level variations in the respiratory process, in metabolic activities, and in seed germina-
tion, thereby increasing mechanical damage.

4.7 Soybean seed vigor based on the results of the tetrazolium test

The germination and vigor test results of Forti et al. [46] suggest that uncontrolled storage
environments cause a greater reduction in the physiological potential of soybean seeds com-
pared to the dry (50% RH and 20°C) and cold (90% RH and 10°C) chambers. According to
Neve et al. [33], soybean seeds stored for six months in a non-air-conditioned warehouse lose
their vigor and viability. On the other hand, Ferreira et al. [15] observed that soybean seeds
stored for seven and a half months in an air-conditioned environment at 20°C preserved their
vigor and viability better compared to seeds stored in a non-conditioned environment with
the use of the tetrazolium test.

Ferreira et al. [15] observed that soybean seeds kept under cold storage at 20°C had better
vigor than uncooled seeds or seeds cooled to 17°C and stored in uncooled environments for
seven and a half months. Zuchi et al. [8] found that there was no significant difference in terms
of vigor and viability, according to the tetrazolium test results, between chilled and non-chilled
soybean seed batches stored for four months.

4.8 Soybean seed viability the tetrazolium test

The use of soybean seeds with high physical, genetic, physiological, and sanitary quality stan-
dards is the main contributing factor in the successful establishment of cultures in the field
[47-50]. Mechanical damages seriously impair soybean seed quality, and they can influence
negatively the viability and vigor of the seeds during storage [47-49]. According to Cunha
etal. [51], soybean seeds lose their viability after six months of storage in tropical conditions,
but in artificial cooling conditions, they can preserve their physiological quality during twelve
months of storage.

Demito and Afonso [11] found that seeds cooled artificially from 15°C to 12°C preserve
their germinative power during five months of storage. However, owing to the morphological
arrangement of soybean seeds that provides little protection to the embryonic axis, as this is
surrounded by a thin coat [52,53], the seeds become more susceptible to mechanical damage
which is considered an important cause of decreased seed quality.

4.9 Cluster and main component analyses of the environments, storage
time, and soybean cultivars

According to Zuffo et al. [20], the longer the storage time, the lower the seed quality. The store-
keeper can mitigate the process of seed deterioration only by controlling the biotic and abiotic
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factors. The soybean seeds that were stored in a non-conditioned environment for eight
months, had reduced water content, germination, total dry mass, electrical conductivity, vigor,
and tetrazolium viability. Virgolino et al. [23] observed that artificial cooling, ambient temper-
ature, and different types of packaging had similar effects on the physiological quality of seeds.
However, “big bag packaging” being the raffia bag with a capacity of one ton of seeds is more
efficient in preserving the water content of chilled seeds, while the authors did not observe any
direct effects of cooling on the germination and the vigor of soybean seeds.

Filho [54] stated that ambient temperature and relative humidity are the main factors that
preserve seed quality during storage. Seeds stored in high temperatures and with high water
content have high respiratory rates, which accelerate their deterioration by speeding up the con-
sumption of their reserves, generating physiological wear, and decreasing their germination
rates and their vigor [55,56]. Rosa et al. [57] observed that the physiological quality of seeds was
superior in cold storage compared to storage under ambient conditions; additionally, the lots of
cultivars FPS Jupiter, FPS Urano, FPS Antares, FPS Neptune, and CD 250 showed high twin-
ning and vigor, with variations in their germination results, germination speed index, first
count of the germination test, and electrical conductivity. Demito and Afonso [11] observed
that the physiological quality of artificially cooled soybean seeds was preserved over five months
of storage and they had a higher germination percentage than uncooled seeds.

According to Villela and Menezes [9] the main objectives of storage are to preserve the via-
bility and vigor of the seeds. According to the authors, the associations between temperature
and humidity influence seed longevity during storage and every 5.5°C temperature decrease
during this stage may double seed longevity, while also allowing a reduction in the consump-
tion of seed reserves by pathogens or by your own breathing process. Carvalho et al. [32]
reported that the aim of current research is to facilitate the selection of soybean genotypes
whose seeds have greater storage capacity; however, there are currently few studies that exam-
ine the effect of genetic diversity on the physiological quality of soybean seeds in the post-har-
vest period.

Mengarda et al. [58] who tested parental genotypes, identified some with higher perfor-
mance in terms of seed quality. Gris et al. [59] also found dissimilarities in relation to the phys-
iological quality of seeds. According to VanUtrecht et al. [60], seeds subjected to unfavorable
conditions suffer physiological damages that impair the performance and quality of the seed
lot, at different intensity levels, owing to the genetic and intrinsic factors of each cultivar.

5. Conclusions

The seeds of the M-SOY 8866, M7110 IPRO, CD 2737 RR, and BMX DESAFIO 8473 RSF soy-
bean cultivars performed better in the physiological quality tests conducted in different storage
environments.

The storage duration had a cumulative effect on the negative factors that favor the deterio-
ration of the quality of the stored seeds.

The storage temperature was the main factor that affected the physiological quality of the
stored seeds. Seed storage at ambient temperature resulted in the worst physiological quality of
the seeds, especially in the last month of storage.

The use of coated packaging was beneficial in preserving the physiological quality of stored
soybean seeds; however, its effect was greater in ambient temperature conditions than in cold
environments.

The best storage environment for preserving the physiological quality of the seeds was at
10°C with the use of coated packaging, while the worst was at ambient temperature without
the use of coated packaging.
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It was concluded that the use of coatings in raffia big bags can be an alternative for main-
taining the quality of seeds of different soybean cultivars during storage in seed processing
units.

Supporting information

S1 Table. Data set as a supporting information.
(XLS)

Acknowledgments

The authors would like to thank Federal University of Santa Maria (UFSM), FAPERGS-RS
(Research Support Foundation of the State of Rio Grande do Sul), FUNDECT (Support Foun-
dation for the Development of Education, Science and Technology of the State of Mato Grosso
do Sul), Research Group at Postharvest Innovation: Technology, Quality and Sustainability
(UFSM) and Plant Breeding in the Cerrado Sul-Mato-Grossense (UFMS) for their collabora-
tion in the research work.

Author Contributions
Conceptualization: Paulo Carteri Coradi, Charline Zaratin Alves.

Data curation: Paulo Carteri Coradi, Roney Eloy Lima, Charline Zaratin Alves, Paulo
Eduardo Teodoro, Ana Carina da Silva Candido.

Formal analysis: Paulo Carteri Coradi, Roney Eloy Lima, Charline Zaratin Alves, Paulo
Eduardo Teodoro, Ana Carina da Silva Candido.

Investigation: Paulo Carteri Coradi, Roney Eloy Lima, Charline Zaratin Alves, Paulo Eduardo
Teodoro, Ana Carina da Silva Candido.

Methodology: Paulo Carteri Coradi, Charline Zaratin Alves, Paulo Eduardo Teodoro.
Project administration: Paulo Carteri Coradi.
Resources: Paulo Carteri Coradi.

Supervision: Paulo Carteri Coradi, Charline Zaratin Alves, Paulo Eduardo Teodoro, Ana
Carina da Silva Candido.

Validation: Paulo Carteri Coradi, Paulo Eduardo Teodoro, Ana Carina da Silva Candido.
Visualization: Paulo Carteri Coradi, Paulo Eduardo Teodoro.

Writing - original draft: Paulo Carteri Coradi, Roney Eloy Lima, Charline Zaratin Alves,
Paulo Eduardo Teodoro.

Writing - review & editing: Paulo Carteri Coradi, Paulo Eduardo Teodoro.

References

1. Rocha GC, Neto AR, Cruz SJS, Campos GWB, Castro ACO, Simon GA. Physiological quality of treated
and stored soybean seeds. Cient. Mult. Journal. 2017; 4: 50-65. https://doi.org/10.29247/2358-260X.
2017v4i1.p50-65

2. Baoua B, Amadou L, Ousmane B, Baributsa D, Murdock L.L. PICS bags for post-harvest storage of
maize grain in West Africa. J. Stored Prod. Res. 2014; 58: 20-28. https://doi.org/10.1016/j.jspr.2014.
03.001

PLOS ONE | https://doi.org/10.1371/journal.pone.0242522 November 19, 2020 25/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242522.s001
https://doi.org/10.29247/2358-260X.2017v4i1.p50-65
https://doi.org/10.29247/2358-260X.2017v4i1.p50-65
https://doi.org/10.1016/j.jspr.2014.03.001
https://doi.org/10.1016/j.jspr.2014.03.001
https://doi.org/10.1371/journal.pone.0242522

PLOS ONE

Coating of packages for storage of soybean cultivars

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Neethirajan S, Freund MS, Jayas DS, Shafai C, Thomson DJ, White NDG. Development of carbon diox-
ide (CO,) sensor for grain quality monitoring. Biosystems Engineering. 2010; 106: 395-404. https://doi.
org/10.1016/j.biosystemseng.2010.05.002

Castafio SM, Medina A, Magan N. Impact of storage environment on respiration, dry matter losses and
fumonisin B1 contamination of stored paddy and brown rice. World Mycotoxin Journal. 2017; 10: 319-
326. https://doi.org/10.3920/WMJ2017.2237

Coradi PC, Lemes AFC. Experimental prototype of silo-dryer-aerator of grains using Computational
Fluid Dynamics (CFD) system. Acta Scien. Tech. 2019a; 41: 36949. https://doi.org/10.4025/
actascitechnol.v41i1.36949

Kong F, Chang SK, Liu Z, Wilson LA. Changes of soybean quality during storage as related to soymilk
and tofu making. J. Food Scie. 2008; 73: 134—144. https://doi.org/10.1111/j.1750-3841.2007.00652.x
PMID: 18387126

Mylona K, Sulyok M, Magan N. Relationship between environmental factors, dry matter loss and myco-
toxin levels in stored wheat and maize infected with Fusarium species. Food Add. Cont. 2012; 29:
1118-1128. https://doi.org/10.1080/19440049.2012.672340 PMID: 22494580

Zuchi J, Neto JBF, Sediyama CS, Filho AFL, Reis MS. Physiological quality of dynamically cooled and
stored soybean seeds. J. Seed Scie. 2013; 35: 353-360. https://doi.org/10.1590/S2317-
15372013000300012

Villela FA, Menezes NL. The storage potential of each seed. Seed News. 2009; 13: 22-25. https://
seednews.com.br/artigos/1804-o-potencial-de-armazenamento-de-cada-semente-edicao-julho-2009

Huang H, Danao MC, Rausch KD, Singh V. Diffusion and production of carbon dioxide in bulk corn at
various temperatures and moisture contents. J. Stored Prod. Res. 2013; 55: 21-26. https://doi.org/10.
1016/j.jspr.2013.07.002

Demito A, Afonso ADL. Quality of artificially cooled soybeans seeds. Eng. Agricul. 2009; 17: 7-14.
https://agris.fao.org/agris-search/search.do?recordiID=BR2009002895

Mbofung GCY, Goggi AS, Leandro LFS, Mullen RE. Effects of storage temperature and relative humid-
ity on viability and vigor of treated soybean seeds. Crop Science. 2013; 53: 1086—1095. https://acsess.
onlinelibrary.wiley.com/doi/pdfdirect/10.2135/cropsci2012.09.0530

Santos J, Muhl FR, Moreira A, Ritter FS, Feldmann NA, Rhoden A, Balbinot M. Evaluation of the physio-
logical and sanitary quality of soybean seeds produced in the municipality of Frederico Westphalen/RS.
Rev. Cien. Agrov. Alimen. 2016b; 1: 1-14. https://doi.org/10.18011/bioeng2018v12n1p68-76

Mylona K, Magan N. Fusarium langsethiae: Storage environment influences dry matter losses and T2
and HT-2 toxin contamination of oats. J. Stored Prod. Res. 2011; 47: 321-327. https://doi.org/10.1016/
j.jspr.2011.05.002

Ferreira FC, Villela FA, Meneghello GE, Soares VN. Cooling of soybean seeds and physiological quality
during storage. J. Seed Scie. 2017; 39: 385—-392. https://doi.org/10.1590/2317-1545v39n4177535

Brasil. Ministry of Agriculture, Livestock and Supply. Rules for seed analysis. Secretariat for Agricultural
Defense. MAPA/ACS. 2009; Brasilia. https://www.seedtest.org/en/international-rules-for-seed-
testing-_content—1—1083.html

Franca Neto JB. Seed vigor: concepts and tests. Abrates. 1999; 1: 1-7. https://www.abrates.org.br/
loja/produto/vigor-de-sementes-conceitos-e-testes

Hartmann Filho CP, Goneli ALD, Masetto TE, Martins EAS, Oba GC. The effect of drying temperatures
and storage of seeds on the growth of soybean seedlings. J. Seed Scie. 2016; 38: 287-295. https://doi.
org/10.1590/2317-1545v38n4 161866

Smaniotto TAS, Resende O, Marcal KAF, Oliveira DEC, Simon GA. Physiological quality of soybean
seeds stored under different conditions. Rev. Bras. Eng. Agr. Amb. 2014; 18: 446—453. https://doi.org/
10.1590/S1415-43662014000400013.

Zuffo AM, Zambiazzi EV, Steiner F. Physiological and sanitary quality of soybean seeds harvested at
different periods and submitted to storage. Pesq. Agrop. Trop. 2017; 47: 312-320. https://doi.org/10.
1590/1983-40632016v4747576.

Conceigdo GM, Lucio AD, Mertz-Henning LM, Henning FA, Beche M, Andrade FF. Physiological and
sanitary quality of soybean seeds under different chemical treatments during storage. Rev. Bras. Eng.
Agr. Amb. 2016; 20: 1020—1024. https://doi.org/10.1590/1807-1929/agriambi.v20n11p1020-1024

Cardoso RB, Binotti FFS, Cardoso ED. Physiological potential of crambe seeds depending on packag-
ing and storage. Pesq. Agr. Trop. 2012; 42: 272-278. https://doi.org/10.1590/S1983-
40632012000300006.

Virgolino ZZ, Resende O, Gongalves DN, Marcal KAF, Sales JF. Physiological quality of soybean
seeds artificially cooled and stored in different packages. Rev. Bras. Eng. Agr. Amb. 2016; 20: 473—
480. https://doi.org/10.1590/1807-1929/agriambi.v20n5p473-480

PLOS ONE | https://doi.org/10.1371/journal.pone.0242522 November 19, 2020 26/28


https://doi.org/10.1016/j.biosystemseng.2010.05.002
https://doi.org/10.1016/j.biosystemseng.2010.05.002
https://doi.org/10.3920/WMJ2017.2237
https://doi.org/10.4025/actascitechnol.v41i1.36949
https://doi.org/10.4025/actascitechnol.v41i1.36949
https://doi.org/10.1111/j.1750-3841.2007.00652.x
http://www.ncbi.nlm.nih.gov/pubmed/18387126
https://doi.org/10.1080/19440049.2012.672340
http://www.ncbi.nlm.nih.gov/pubmed/22494580
https://doi.org/10.1590/S2317-15372013000300012
https://doi.org/10.1590/S2317-15372013000300012
https://seednews.com.br/artigos/1804-o-potencial-de-armazenamento-de-cada-semente-edicao-julho-2009
https://seednews.com.br/artigos/1804-o-potencial-de-armazenamento-de-cada-semente-edicao-julho-2009
https://doi.org/10.1016/j.jspr.2013.07.002
https://doi.org/10.1016/j.jspr.2013.07.002
https://agris.fao.org/agris-search/search.do?recordID=BR2009002895
https://acsess.onlinelibrary.wiley.com/doi/pdfdirect/10.2135/cropsci2012.09.0530
https://acsess.onlinelibrary.wiley.com/doi/pdfdirect/10.2135/cropsci2012.09.0530
https://doi.org/10.18011/bioeng2018v12n1p68-76
https://doi.org/10.1016/j.jspr.2011.05.002
https://doi.org/10.1016/j.jspr.2011.05.002
https://doi.org/10.1590/2317-1545v39n4177535
https://www.seedtest.org/en/international-rules-for-seed-testing-_content11083.html
https://www.seedtest.org/en/international-rules-for-seed-testing-_content11083.html
https://www.abrates.org.br/loja/produto/vigor-de-sementes-conceitos-e-testes
https://www.abrates.org.br/loja/produto/vigor-de-sementes-conceitos-e-testes
https://doi.org/10.1590/2317-1545v38n4161866
https://doi.org/10.1590/2317-1545v38n4161866
https://doi.org/10.1590/S1415-43662014000400013
https://doi.org/10.1590/S1415-43662014000400013
https://doi.org/10.1590/1983-40632016v4747576
https://doi.org/10.1590/1983-40632016v4747576
https://doi.org/10.1590/1807-1929/agriambi.v20n11p1020-1024
https://doi.org/10.1590/S1983-40632012000300006
https://doi.org/10.1590/S1983-40632012000300006
https://doi.org/10.1590/1807-1929/agriambi.v20n5p473-480
https://doi.org/10.1371/journal.pone.0242522

PLOS ONE

Coating of packages for storage of soybean cultivars

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Alencar ER, Farohi LRD, Lacerda Filho AF, Peternelli LA, Costa AR. Quality of soybeans stored under
different conditions. Rev. Bras. Eng. Agr. Amb. 2009; 13: 606—613. https://doi.org/10.1590/S1415-
43662009000500014

Juvino ANK, Resende O, Costa LM, Sales JF. Vigor of cultivar BMX Power RR of soybeans during pro-
cessing and storage periods. Rev. Bras. Eng. Agr. Amb. 2014; 18: 844—-850. https://doi.org/10.1590/
1807-1929/agriambi.v18n08p844-850

Zucareli C, Brzezinski CJA, Werner F, Ramos Junior EU, Nakagawa J. Physiological quality of carioca
bean seeds stored in different environments. Rev. Bras. Eng. Agr. Amb. 2015; 19: 803—-809. https://doi.
org/10.5433/1679-0359.2016v37n6p3859

Jian F, Chelladurai V, Jayas DS, Demianyk CJ, White NDG. Interstitial concentrations of carbon dioxide
and oxygen in stored canola, soybean, and wheat seeds under various conditions. J. Stored Prod. Res.
2014; 57:63-72. https://doi.org/10.1016/j.jspr.2013.12.002

Danao MC, Zandonadi RS, Gates RS. Development of a grain monitoring probe to measure tempera-
ture, relative humidity, carbon dioxide levels and logistical information during handling and transporta-
tion of soybeans. Comput. Electr. Agricul. 2015; 119: 74-82. https://doi.org/10.1016/j.compag.2015.
10.008

Chotikasatian C, Chayaprasert W, Pathaveerat S. A study on the feasibility of quantifying the population
density of stored product insects in air-tight grain storage using CO, concentration measurements. J.
Stored Prod. Res. 2017; 73: 21-29.https://doi.org/10.1016/j.jspr.2017.05.005

Garcia-Cela E, Kiaitsi E, Sulyok M, Krska R, Medina A, Damico IP, Magan N. Influence of storage envi-
ronment on maize grain: CO, production, dry matter losses and aflatoxins contamination. Food Add.
Cont. 2019; 1: 1944—0057. https://doi.org/10.1080/19440049.2018.1556403

Taher HI, Urcola HA, Cendoya MG, Bartosik RE. Predicting soybean losses using carbon dioxide moni-
toring during storage in silo bags. J. Stored Prod. Res. 2019; 82: 1-8. https://doi.org/10.1016/}.jspr.
2019.03.002

Carvalho ER, Mavaieie DPR, Oliveira JA, Carvalho MV, Vieira AR. Isoenzymatic changes in seeds of
soybean cultivars under different storage conditions. Pesq. Agr. Bras. 2014; 49: 967-976. https://doi.
org/10.1590/S0100-204X2014001200007

Neve JMG, Oliveira JA, Silva HP, Reis RGE, Zuchi J, Vieira AR. Quality of soybean seeds with high
mechanical damage index after processing and storage. Rev. Bras. Eng. Agr. Amb. 2016; 20: 1025—
1030. https://doi.org/10.1590/1807-1929/agriambi.v20n11p1025-1030

Carvalho ER, Oliveira JA, Mavaieie DPR, Silva HW, Lopes CGM. Pre-packing cooling and types of
packages in maintaining physiological quality of soybean seeds during storage. J. Seed Scie. 2016; 38:
129-139. https://doi.org/10.1590/2317-1545v38n2158956

Sarath KLL, Goneli ALD, Filho CPH, Masetto TE, Oba GC. Physiological potential of peanut seeds sub-
mitted to drying and storage. J. Seed Scie. 2016; 38: 233-240. https://doi.org/10.1590/2317-
1545v38n3165008.

Paraginski RT, Rockenbach BA, Santos RF, Elias MC, Oliveira M. Quality of corn kernels stored at dif-
ferent temperatures. Rev. Bras. Eng. Agr. Amb. 2015; 19: 358-363. http://dx.doi.org/10.1590/1807-
1929/agriambi.v19n4p358-363

Bessa JFV, Donadon JR, Resende O, Alves RMV, Sales JF, Costa LM. Crambe storage in different
packages and environments: Part I-Physiological quality. Rev. Bras. Eng. Agr. Amb. 2015; 19: 224—
230. https://doi.org/10.1590/1807-1929/agriambi.v19n3p224-230.

Alcantara AS, Prado JP, Corréa RG, Silva RP, Voltarelli MA, Vieira RD. Quality monitoring of soybean
seed tests using Statistical Process Control. Rer. Bras. Eng. Agr. Amb. 2018; 22: 689—695. https://doi.
org/10.1590/1807-1929/agriambi.v22n10p689-695

Coradi PC, Souza AHS, Camilo LJ, Lemes AFC, Milane LV. Analysis of the physical quality of geneti-
cally modified and conventional maize grains in the drying and wetting processes. Rev. Cien. Agr.
2019b; 50: 370-377. https://doi.org/10.5935/1806-6690.20190044

Berbert PA, Silva JS, Rufato S, Afonso ADL. Grain quality indicators. In Drying and storage of agricul-
tural products. Silva JS. Ed. Aprenda Facil: 2008;. Vigosa: Brazil. https:/bdtd.ibict.br/vufind/Record/
UFMT_43a6eef7f9388660f8574b28d597e5¢ce

Zhang S, Zhai H, Huang S, Cai J. A site-directed CO, detection method for monitoring the spoilage of
stored grains by insects and fungi in Chinese horizontal warehouses. J. Stored Prod. Res. 2014; 59:
146—151. https://doi.org/10.1016/j.jspr.2014.07.002

Camilo GL, Castellanos CIS, Suiié AS, Almeida AS, Soares VN, Tunes LVM. Physiological quality of
soybean seeds during storage after coating with agrochemicals. Rev. Cien. Agr. 2017; 40: 180-189.
https://doi.org/10.1590/2317-1545v40n3185104

PLOS ONE | https://doi.org/10.1371/journal.pone.0242522 November 19, 2020 27/28


https://doi.org/10.1590/S1415-43662009000500014
https://doi.org/10.1590/S1415-43662009000500014
https://doi.org/10.1590/1807-1929/agriambi.v18n08p844-850
https://doi.org/10.1590/1807-1929/agriambi.v18n08p844-850
https://doi.org/10.5433/1679-0359.2016v37n6p3859
https://doi.org/10.5433/1679-0359.2016v37n6p3859
https://doi.org/10.1016/j.jspr.2013.12.002
https://doi.org/10.1016/j.compag.2015.10.008
https://doi.org/10.1016/j.compag.2015.10.008
https://doi.org/10.1016/j.jspr.2017.05.005
https://doi.org/10.1080/19440049.2018.1556403
https://doi.org/10.1016/j.jspr.2019.03.002
https://doi.org/10.1016/j.jspr.2019.03.002
https://doi.org/10.1590/S0100-204X2014001200007
https://doi.org/10.1590/S0100-204X2014001200007
https://doi.org/10.1590/1807-1929/agriambi.v20n11p1025-1030
https://doi.org/10.1590/2317-1545v38n2158956
https://doi.org/10.1590/2317-1545v38n3165008
https://doi.org/10.1590/2317-1545v38n3165008
http://dx.doi.org/10.1590/1807-1929/agriambi.v19n4p358-363
http://dx.doi.org/10.1590/1807-1929/agriambi.v19n4p358-363
https://doi.org/10.1590/1807-1929/agriambi.v19n3p224-230
https://doi.org/10.1590/1807-1929/agriambi.v22n10p689-695
https://doi.org/10.1590/1807-1929/agriambi.v22n10p689-695
https://doi.org/10.5935/1806-6690.20190044
https://bdtd.ibict.br/vufind/Record/UFMT_43a6eef7f9388660f8574b28d597e5ce
https://bdtd.ibict.br/vufind/Record/UFMT_43a6eef7f9388660f8574b28d597e5ce
https://doi.org/10.1016/j.jspr.2014.07.002
https://doi.org/10.1590/2317-1545v40n3185104
https://doi.org/10.1371/journal.pone.0242522

PLOS ONE

Coating of packages for storage of soybean cultivars

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Afonso Junior PC, Correa PC, Silva FS, Ribeiro DM. Water activity, microbiological growth and dry mat-
ter loss of coffee beans (Coffea arabica L.) under different storage conditions. Rev. Bras. Prod. Agroind.
2003; 5: 17-24. http://www.deag.ufcg.edu.br/rbpa/rev51/Art512.pdf

Carvalho NM, Nakagawa J. Seeds: science, technology and production. Jaboticabal: Funep, 2000;
588p. https://biblioteca.incaper.es.gov.br/busca?b=ad&id=4418&biblioteca=vazio&busca=

Souza FHD, Marcos Filho J. The seed coat as a modulator of seed-enviroment relationships in Faba-
ceae. Rev. Bras. Botan. 2001; 24: 365-375. https://doi.org/10.1590/S0100-84042001000400002

Forti VA, Cicero SM, Pinto TLF. Evaluation of the evolution of damages by “humidity” and reduced vigor
in soybean seeds, cultivar TMG113-RR, during storage, using x-ray images and physiological potential
tests. Rev. Bras. Sem. 2010; 32: 123-133. https://www.scielo.br/pdf/rbs/v32n3/v32n3a14.pdf

Silva FML, Cavalieri SD, José ARS, Ulloa SM, Velini ED. 2, 4-D residual activity on soybean emergence
in soils with different textures. Rev. Bras. Herb. 2011; 10: 29-36. https://doi.org/10.7824/rbh.v10i1.85

Depieri RA, Cantone W, Silva JJ, Silva FAC, Panizzi AR, Krzyzanowski FC. Area of damage caused by
stink bug in soybean seeds with different percentages of lignin. Informative Abrates. 2011; 1:21-23.
https://www.bdpa.cnptia.embrapa.br/consulta/busca?b=ad&id=6615648&biblioteca

Maryam D, Oskouie B. Study the effect of mechanical damage at processing on soybean seed germina-
tion and vigor. J. Agricul. Biol. Scie. 2011; 6: 60—64. https://doi.org/10.1515/plass-2016-0005

Han Z, Kul, Zhang Z, Zhang J, Guo S. QTLs for Seed Vigor-Related Traits Identified in Maize Seeds
Germinated under Artificial Aging Conditions. Plos One. 2014; 9: €92535. https://doi.org/10.1371/
journal.pone.0092535 PMID: 24651614

Cunha JPAR, Oliveira P, Santos CM, Mion RL. Quality of soybean seeds after harvest with two types of
harvester and two storage periods. Ciéncia Rural. 2009; 39: 1420-1425. https://doi.org/10.1590/
S0103-84782009005000063.

Lopes MM, Oliveira DPM, Sader R, Barbosa RM. Effects of mechanical and physiological damage on
soybean seed harvesting and processing. Bioscience Journal. 2011; 27: 230-238. http://www.seer.
ufu.br/index.php/biosciencejournal/article/view/7123

Bakhtavar MA, Afzal |, Basra SMA. Moisture adsorption isotherms and quality of seeds stored in con-
ventional packaging materials and hermetic Super Bag. Plos One. 2019; 14: e0207569. https://doi.org/
10.1371/journal.pone.0207569 PMID: 30768633

Filho JM, Novembre ADC, Chamma HMCP. Accelerated aging and controlled deterioration tests to
assess soybean seed vigor. Scientia Agricola. 2001; 58: 421-426. https://doi.org/10.1590/S0103-
90162001000200029.

Wang WQ, Cheng HY, Song SQ. Development of a threshold model to predict germination of Populus
tomentosa seeds after harvest and storage under ambient condition. Plos One. 2013; 8: e62868.
https://doi.org/10.1371/journal.pone.0062868 PMID: 23658654

Ulimann R, Resende O, Oliveira DEC, Costa LM, Chaves TH. Hygroscopicity of sweet sorghum seeds.
Agricultural engineering. 2016; 36: 515-524. https://doi.org/10.1590/1809-4430-Eng.Agric.
v36n3p515-524/2016.

Rosa DM, Nébrega LHP, Mauli MM, Lima GP, Pacheco FP. Humic substances from soil cultivated with
cover crops in rotation with corn and soybeans. Rev. Cien. Agron. 2017; 48: 221-230. https://doi.org/
10.5935/1806-6690.20170026.

Mengarda LHG, Lopes JC, Zanotti RF, Alexandre RS. Performance of papaya genotypes regarding
physical and physiological seed quality and diversity analysis. Bioscience Journal. 2015; 31: 719-729.
http://dx.doi.org/10.1590/0100-29452016358

Gris CF, Pinho EVRV, Andrade T, Baldoni A, Carvalho MLM. Physiological quality and lignin content in
the tegument of conventional and transgenic RR soybean seeds submitted to different harvest times.
Cien. Agrotec. 2010; 34: 374-381. https://doi.org/10.1590/S1413-70542010000200015.

VanUtrecht D, Bern CJ, Rukunudin IH. Soybean mechanical damage detection. Applied Engineering in
Agriculture 2000; 16: 135—-142. https:/lib.dr.iastate.edu/cgi/viewcontent.cgi?article

PLOS ONE | https://doi.org/10.1371/journal.pone.0242522 November 19, 2020 28/28


http://www.deag.ufcg.edu.br/rbpa/rev51/Art512.pdf
https://biblioteca.incaper.es.gov.br/busca?b=ad&id=4418&biblioteca=vazio&busca=
https://doi.org/10.1590/S0100-84042001000400002
https://www.scielo.br/pdf/rbs/v32n3/v32n3a14.pdf
https://doi.org/10.7824/rbh.v10i1.85
https://www.bdpa.cnptia.embrapa.br/consulta/busca?b=ad&id=661564&biblioteca
https://doi.org/10.1515/plass-2016-0005
https://doi.org/10.1371/journal.pone.0092535
https://doi.org/10.1371/journal.pone.0092535
http://www.ncbi.nlm.nih.gov/pubmed/24651614
https://doi.org/10.1590/S0103-84782009005000063
https://doi.org/10.1590/S0103-84782009005000063
http://www.seer.ufu.br/index.php/biosciencejournal/article/view/7123
http://www.seer.ufu.br/index.php/biosciencejournal/article/view/7123
https://doi.org/10.1371/journal.pone.0207569
https://doi.org/10.1371/journal.pone.0207569
http://www.ncbi.nlm.nih.gov/pubmed/30768633
https://doi.org/10.1590/S0103-90162001000200029
https://doi.org/10.1590/S0103-90162001000200029
https://doi.org/10.1371/journal.pone.0062868
http://www.ncbi.nlm.nih.gov/pubmed/23658654
https://doi.org/10.1590/1809-4430-Eng.Agric.v36n3p515-524/2016
https://doi.org/10.1590/1809-4430-Eng.Agric.v36n3p515-524/2016
https://doi.org/10.5935/1806-6690.20170026
https://doi.org/10.5935/1806-6690.20170026
http://dx.doi.org/10.1590/0100-29452016358
https://doi.org/10.1590/S1413-70542010000200015
https://lib.dr.iastate.edu/cgi/viewcontent.cgi?article=1761&context=abe_eng_pubs=1761&context=abe_eng_pubs
https://doi.org/10.1371/journal.pone.0242522

