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Abstract

The development of procedures enabling agility and effectiveness to the analyses of seed vigor are great
advances for the seed research field. The aim of this paper was to evaluate the efficiency of the Seedling
Analysis System (SAPL") to seedling phenotyping and determining the physiological potential of soybean seeds,
in comparison with the information provided by traditional vigor tests recommended for this species. The
characterizing of physiological potential of the seed lots was carried out based on germination tests, first
germination count, seedling emergence, cold test, and electrical conductivity. The results of these tests were
compared with the data obtained using image analysis with the software SAPL®, which was used to evaluate the
development seven- day old seedlings. It was obtained the length of shoot, primary root and entire seedling,
growth rates, uniformity, vigor index and corrected vigor index, based on different variations of the
growth/uniformity ratio, namely 80:20, 70:30, 60:40, in the vigor index calculation. Analysis of images of the
seven-day old seedlings using SAPL" enables phenotyping of soybean seedlings and is a consistent and
promising alternative for identifying differences in vigor between soybean seed lots, equivalent to that found
with traditional vigor tests.
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1. Introduction

The soybean [Glycine max (L.) Merrill] is one of the most important agricultural commodities in Brazil, mainly
due to the volume produced and exported (Bornhofen et al., 2015). Thus, the demand for seeds exceeds 1 million
tons per year (FAO, 2014).

Seed quality has direct implication on the establishment of the crop in the field and can have consequences for
production. Thus, the use of seeds with high physiological quality is essential to ensuring proper performance of
the plants, contributing to the final crop yield and the product quality (Marcos Filho, 2015).

Conventionally, evaluating the physiological quality of soybean seeds involves manual methods, such as
counting germinated seed, visual tissue analysis in the tetrazolium test and measurement of the length of seedling
structures. Although efficient, these methods are laborious, subjective, and prone to human error, and are often
unsuitable for large-scale testing.

In recent years, research in seed technology has prioritized high-throughput seedling phenotyping to evaluate
seed vigor in order to minimize these limitations in the analyses. Robust semi-automated phenotyping systems
capable of generating reliable data have been shown to be efficient for evaluating squash (Silva et al., 2017),
onion (Gongalves et al., 2017), carrot (Marchi & Cicero, 2017), crambe (Leao-Araujo et al., 2017), corn (Castan
et al., 2018; Medeiros et al., 2018), soybean seedlings (Medeiros & Pereira, 2018; Wendt et al., 2017; Yagushi et
al., 2014), among others.
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Among the options available for this purpose is the Seedling Analysis System (SAPL"). SAPL" is digital
seedling imaging software that analyzes and measures the individual length of shoot, root and total seedling in a
fully automated way (Medeiros & Pereira 2018). With these phenotypic parameters, the software generates
uniformity, growth and vigor indexes for each evaluated seed lot. Images can be acquired from cameras or
smartphones, and needs a simple, practical and low-cost image acquisition structure.

The quality indexes generated by SAPL" are based on the formulas described by Sako et al. (2001). The growth
index (generated from the hypocotyl and root length sample means) and the uniformity index (based on the
standard deviation of the seedling length and that of its parts, as well as on the relation between them) are used to
calculate the vigor index, based on a previously established proportion between them. The most consistent
results in other software were obtained using the proportions of 70:30 (growth:uniformity) for sweet corn
(Gomes Junior et al., 2009), 60:40 to 80:20 for cucumber (Chiquito et al., 2012), 30:70 to 70:30 for beans
(Gomes Junior et al., 2014).

Previous studies have used SAPL" to analyze soybean seedlings four and six days after the test start (Medeiros
& Pereira, 2018), however, there are no studies that prove the efficiency of any software for reading soybean
seedlings after six-day old. Evaluation of seven-day old soybean seedlings may be valid in studies desiring
information on the growth of seedlings in more advanced stages. Moreover, there are no papers with SAPL"
evaluating different types of proportion of uniformity and growth contributions for the vigor index.

In this context, this work aimed to evaluate the efficiency of the Seedling Analysis System (SAPL®) in
phenotyping of seven-day old soybean seedling and in determining the physiological quality of soybean seed lots,
in comparison with the information provided by the traditional vigor tests recommended for this species.

2. Material and Methods

The research was conducted with four soybean seed lots from the region of Unai, State of Minas Gerais,
characterized by the laboratory tests described below.

Degree of moisture: determined by the oven method at 10543 °C for 24 hours, using two replicates of 50 g of
seeds for each lot (Brasil, 2009), with results was expressed as percentage.

Germination test: conducted with four replicates of 50 seeds per lot, on rolls of paper towels moistened with
water equivalent to 2.5 times the dry paper mass and kept in a germinator at a constant temperature of 25 °C. The
final count was done on the eighth day after sowing (Brasil, 2009) and the results were expressed as the mean
percentage of normal seedlings.

First germination count. conducted in conjunction with the germination test. Consisted in counting the
percentage of normal seedlings on the fifth day after sowing (Brasil, 2009).

Seedling emergence: carried out with four replicates of 50 seeds in polystyrene trays of multiple cells, one seed
per cell being filled with washed sand, irrigated daily and kept in a greenhouse. Final evaluation of the
emergence was performed 14 days after sowing, when the total emergence of the seedlings occurred, expressing
the result in percentage of emerged seedlings.

Cold test: conducted with four replicates of 50 seeds, on paper towels moistened with an amount of distilled
water equivalent to 2.5 times the weight of the paper. After seeding, the rolls were placed inside plastic bags,
sealed and kept in a B.O.D type chamber at 10 °C for five days. After this period, they were removed from the
plastic bags and transferred to a germinator at 25 °C, where they remained for four days when the number of
normal seedlings was determined (Brasil, 2009).

Electrical conductivity test. four replicates of 50 seeds per lot weighing 0.001g were placed in plastic cups
containing 75 ml of distilled water in germination chambers at 25 °C for 24 hours. After this period, the
electrical conductivity of the solution was determined with the conductivity meter model TEC-4MP and the
mean values were calculated and expressed in pS cm™ g™ of seed.

Image analysis in the Seedling Analysis System (SAPL"): initially the seeds were placed to germinate, following
the methodology proposed by Nakagawa et al. (1999), aiming to grow seedlings. Four replicates of 20 seeds per
lot were used. The seeds were distributed along a line drawn on the upper third of the paper towel, longitudinally.
The rolls were packed in plastic bags, placed vertically in the germinator for a period of seven days at 25 °C. On
the seventh day the seedlings were transferred from the paper towel to a blue staining (40 X 60 cm) sheet
containing nine 5 cm wide cells, divided by white bands (Figure 1). The upper corner of the first cell on the right
was assigned to a scale, and the rest of the cells were occupied individually by each seedling.
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Figure 1. Photographical base used for image acquisition (A), individual processing of seven-day old soybean
seedlings (B) and file generated after seedling analysis

Images were acquired using a Samsung digital camera, model DV300F maintained at a fixed height and field
vision (60 cm). The images obtained were entered into the default file selected in the SAPL" software, installed
on the Dell Inspiron 5437 computer, with Windows 10 operation system. Afterwards, the specific fields were
filled out in the software, in which the proportions 80:20, 70:30, 60:40, growth index and uniformity,
respectively, were entered to calculate the vigor index. After recording the initial values, the images of the
seedlings were uploaded per repetition and lot.

SAPL® provided measurements of the length of primary root, shoot and entire seedlings, as well as uniformity,
growth, vigor and corrected vigor indexes. These indices were defined by Sako et al. (2001), except the corrected
vigor index, expressed by the following equation: IVC = (wc-C + wu-U)-germ, where, IVC = corrected vigor
index; wc = weight for growth index; C = growth index; wu = weight for uniformity index; U = uniformity
index.

Design and statistical analysis: the experiment was conducted using a completely randomized experimental
design. Data were subject to variance analysis (ANOVA). After confirming the normal distribution of errors
through the Shapiro-Wilk test, the means were compared using the Student Newman Keuls-SNK test (p < 0.05).
Subsequently, Pearson's simple correlation coefficients (r) were calculated for all combinations between the seed
quality assessment tests, where the significance of the r values was determined by the t test (p < 0.05).
Multivariate analysis of major components (PCA) was also performed. The software used in the statistical
analyses was the R (R Development Core Team, 2014).

3. Results and Discussion

In The seed moisture content varied from 7.3 to 8.4% (Figure 2A), indicating that the seed lots may have their
physiological quality compared to each other, without being compromised by this factor (Marcos-Filho, 2016).
Through the results of the germination test, differences in viability between the lots (Figure 2B) were identified,
with lot 4 responding with a lower percentage of normal seedlings, although not differing from lot 3. For all lots,
germination was observed within the standards for sale of soybean seeds, that is, greater than 80% of
germination (Brasil, 2013), indicating high viability of the seeds.
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Figure 2. Degree of moisture and percentage of normal seedlings from four soybean seed lots with different
levels of physiological quality

Note. * Significant effect by F test at 5% probability. Averages followed by the same letter do not differ from one
another by the SNK test, at 5% probability. CV: coefficient of variation; Bars: standard deviation.

The results of the vigor tests indicated significant differences between the seed lots (Figure 3), which were
expected because of the difference in viability between them (Figure 2). However, the aim of this study was to
use lots with different levels of physiological quality to verify the efficiency of vigor evaluation methods.

Based on the first germination count test (Figure 3A), it was possible to verify differences between lots, so that
lots 1 and 2 differed from lots 3 and 4, with higher and lower performance, respectively. According to Marcos
Filho (2015), higher values in this test indicate faster germination and, consequently, greater vigor.
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Figure 3. Vigor of four soybean seed lots determined by different traditional tests

Note. * Significant effect by F test at 5% probability. Means followed by the same letter do not differ from one
another by the SNK test at 5% probability. CV: coefficient of variation; Bars: standard deviation.

In the emergence test it was possible to differentiate the lots in relation to the percentage of emerged seedlings
into three levels of vigor (Figure 3B), categorizing lots 1 and 2 as high vigor, lot 3 of intermediate vigor, and lot
4 of low vigor. This test was shown in this study to be one of the most sensitive for ranking vigor. According to
Silveira et al. (2002), the emergence test can be considered the best indicative to infer the vigor of seed lots,
since there is a closer relationship with the field conditions to which the seeds will be subject at the time of

sowing.
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Through the cold test (Figure 3C) and electrical conductivity test (Figure 3D), superior performance was found
for lot 1 in relation to the others. However, the cold test was only able to separate the lots into two levels of vigor,
as with the first germination count. Electrical conductivity enabled the identification of lots of intermediate
behavior, making a categorization into three levels of vigor possible.

These results evidenced the relationship between these tests with cell membrane integrity and the deterioration
process, since in the cold test the seeds are exposed to low temperatures, generating thermal stress and
difficulties in the reorganization of the cell membranes during imbibition. In this situation the chances of
survival of vigorous seeds are higher (Fanan et al., 2006). As for the electrical conductivity test, it is based on
loss of ions, sugars and metabolites in view of the alteration of membrane integrity (Fessel et al., 2003), i.e.
higher conductivity indicates loss of membrane integrity in the deterioration process and lower efficiency of
repair mechanisms when the seeds are embedded.

Evaluating the vigor through the analysis of seedlings images with seven days, it was possible to identify
differences in the physiological potential of the seed lots by means of most of the parameters assessed (Figure 4).
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Figure 4. Vigor of four soybean lots determined by image analysis using SAPL" software

Note. * Significant and ™ non-significant effect through F test at 5% probability. Means followed by the same
letter do not differ from one another by the SNK test at 5% probability. CV: coefficient of variation; Bars:
standard deviation.

From the shoot length of seedlings, it was possible to identify that lot 1 and 3 showed superior performance to
the other lots (Figure 4A). However, this result differed in part from the results of the physiological
characterization of the lots, since in all tests lot 1 differed from lot 3. However, for the test of the length of
soybean seedlings it is recommended to opt for root length results, since they are more sensitive to identify
differences in vigor (Vanzolini et al., 2007). In this context, the classification for vigor of primary root length
(Figure 4B) was identical to the first germination count test (Figure 3A), with lots 1 and 2 differing from lots 3
and 4, higher and lower performance, respectively.

In the evaluation of seedling total length (Figure 4C), a categorization similar to physiological characterization
through the traditional tests was observed, ranking the lots in three levels of vigor. Lot 4 was considered of lower
performance, lot 3 of intermediate, and lots 1 and 2 of high performance. Other authors such as Vanzolini et al.
(2007), Marcos Filho et al. (2009), Dias et al. (2015), and Wendt et al. (2017) found that adequate development
of the seedlings is related to their establishment in the field and seedling length evaluation can help in
determining seed vigor, generating reliable results in comparison to the traditional vigor tests.
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Automated seedling length assessment has been considered sensitive at detecting differences in the physiolegical
potential of seeds of several species, especially soybean (Marcos Filho et al., 2009; Medeiros & Pereira, 2018;
Wendt et al., 2017). In addition, their results may be closely related to emergence of seedlings in the field
(Vanzolini et al., 2007; Wendt et al., 2017).

For the indexes provided by the SAPL® software, promising results were observed in evaluating seed vigor,
except for the uniformity index. The uniformity index (Figure 4D), which takes into account the difference in
length between seedlings of the same lot, did not enable identification of differences in seed vigor, showing itself
to be a low sensitivity parameter. Caldeira et al. (2014), and Chiquito et al. (2012) found similar results in the
evaluation with the SVIS® software in sunflower and cucumber seeds, respectively, for this same index. In
contrast, results obtained by Ledo-Arafijo et al. (2017) and Silva et al. (2012), using SVIS® software,
demonstrate that uniformity of seedling development can provide useful information on the degree of seed
deterioration, initial growth potential and uniformity of seedling emergence. Reliable results were also obtained
by Sako et al. (2001) and Marcos-Filho et al. (2006), confirming the high potential of seedling uniformity
evaluation as indicative of seed vigor.

The values of the growth index (Figure 4E), which takes into account shoot and root length, were closely related
to the results obtained in the emergence and electrical conductivity tests. Wendt et al. (2014) found similar
results regarding the sensitivity achieved by the growth index when evaluating soybean seeds with the SVIS®™
software, showing high efficiency of the index in classifying seeds for vigor.

From the results obtained for the vigor index (Figure 5A), it was possible to differentiate the lots into three levels
of vigor. Lot 1 was classified as the most vigorous, lots 2 and 3 with intermediate vigor and lot 4 with low vigor.
For this test, the lots that achieved higher performance presented seedlings with higher rates of development,
growth and uniformity. These higher rates are related to the greater capacity of transformation of seed reserves in
the composition and formation of the embryonic axis (Nakagawa et al., 1999).
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Figure 5. Vigor of four lots of soy determined by image analysis using SAPL" software

Note. * Significant effect by F test at 5% probability. Means followed by the same letter do not differ from one
another by the SNK test at 5% probability. CV: coefficient of variation; Bars: standard deviation.

For the corrected vigor index (Figure 5B), results similar to those of the initial physiological characterization
were obtained, especially for the seedling emergence test, showing sensitivity for the categorization of the lots.
By this index, the lots were ranked into three levels of vigor, lots 1 and 2 being high vigor, lot 3 medium vigor,
and lot 4 low vigor. Corrected vigor index is an index that considers both seedling length and seed germination,
thus supporting a more coherent signaling between viability and vigor (Medeiros & Pereira, 2018). For
Nakagawa et al. (1999), this adjustment is important because there are cases in which the lot presents a low
percentage of germination and a high average seedling length on the opposite, a fact that must be taken into
account for an efficient and reliable analysis of the lot.

All combinations of proportions in the tested growth/uniformity weights indices (80:20, 70:30, 60:40), both in
the vigor index and in the corrected vigor index (Figure 5), allowed seed lot classification similar to those based
on the results of other vigor tests, indicating the possibility of using a broader range of proportions. Similar
results were found by Chiquito et al. (2012) and Gomes Junior et al. (2014) when working with SVIS® software
to analyzing cucumber and bean seeds, respectively.
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Based on the Pearson correlation analysis (Figure 6), it was possible to observe significant correlations between
the variables generated by the traditional quality tests and the image analysis. Only the data obtained for the
uniformity index and the shoot length did not correlate significantly with any traditional test (p > 0.05). Marchi
& Cicero, 2017), evaluating carrot seeds, also observed the absence of correlation between the uniformity index
and the traditional tests. In contrast, Gongalves et al. (2017), working with onion seeds, observed high significant
correlation of the uniformity index with the results of the physiological characterization of the seed lots.

Germ. FGC Emergence EC Cold test
Shoot length [ i 0.35
Root length
Seedling length
Growth index
Uniformity index  0.26 0.29
V80:20
V70:30
V60:40
VC80:20
VC70:30
VC60:40

-1 -08 -06-04 -02 0 02 04 06 08 1

Figure 6. Pearson correlation between the variables evaluated by the traditional vigor tests and by image analysis,
in seeds and seedlings of four soybean lots (n = 16, referring to the replications of each lot)

Note. Germ.: Germination, FGC: First germination count, E: Emergence, EC: Electrical conductivity, V: Vigor
index, VC: Corrected vigor index.

The emergence test, considered more sensitive in initial characterization of the lots, correlated significantly with
all indices generated from the image analysis (r > 0.85), except for the uniformity index. Other authors working
with crambe seeds (Ledo-Aratijo et al., 2017), wheat (Brunes et al., 2016) and soybean (Medeiros & Pereira,
2018; Yagushi et al., 2014) also observed a significant correlation between the majority of parameters related to
image analysis with traditional tests used. According to Gongalves et al. (2017), the correlation between
traditional tests and image analysis is important for adapting and improving the methodology, and according to
Albuquerque et al. (2008), when a great dependence between the variables is observed, one can decide to reduce
the number of characteristics evaluated in future experiments.

Based on multivariate principal components analysis (PCA), which was performed using the data set obtained
for the four lots studied and the 16 variables evaluated, it is observed that the first two components explained
94.8% of the variability contained in the data (Figure 7).



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 16;2019

cos2

2=

—2‘5 010 2‘5
PC1(836%)
Figure 7. Biplot obtained by grouping the variables related to the physiological quality of the seeds

Note. PC1: Main Component 1, PC2: Main Component 2; Germ.: Germination, FGC: First germination count, E:
Emergence, EC: Electrical conductivity, V: Vigor index, VC: Corrected vigor index.

With this, it was possible to explain reliably the behavior of the lots in relation to the physiolegical
characteristics evaluated. The projection of individual plots as vectors in the plane of the first two axes is given
in the central ordering diagram, in which the vectors are represented in a color gradient, indicating the
representative quality of each variable for the PCA (Figure 7).

Each vector points to the direction in which the characteristic value has the maximum increase through this
ordering diagram, so it can be deduced that lots 1 and 2 presented better performance for the variables evaluated,
while lot 5, situated in position opposite and distant from quality vectors, presented lower performance for those
characteristics.

It is also observed that most of the vectors related to seedling analysis were close to the vectors of the traditional
vigor tests, confirming once again what was observed for the correlation data (Figure 6), high correlation
between the parameters of the imagen analysis and the traditional vigor tests.

Despite the use of four lots of soybeans in this study, the results were promising, demonstrating the consistency
of SAPL" software in ranking soybean seed lots in different vigor levels. Likewise, the possibility of including
SAPL® as a new technology for phenotyping of soybean seedlings, as well as in evaluating soybean seed quality,
is corroborated. It should be emphasized, however, that it is necessary to perform other research with the use of a
larger number of lots and different cultivars, in order to ensure greater reliability in the methodology.
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