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ABSTRACT

The identification of differences in vigor among seed lots and individual seeds are important
for research, seed industry and market. This study investigates the infrared thermographic
assessment of soybean [Glycine max (L.) Merrill] seeds to discriminate seed lots based on
their vigor levels. Seeds of five commercial lots were imbibed in moistened paper towel rolls
(25 °C for 6 h) and thermographic measurements of average temperature, maximum
temperature, minimum temperature, and thermal amplitude were performed after removing

the seeds from the paper towel rolls and thermal stabilization in a controlled environment (25
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°C and 70% relative humidity) for 15 minutes. The results indicated higher temperature levels

from seeds in the lots with lower vigor than in those with higher vigor. The Pearson's

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/agj2.21151.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/agj2.21151
https://doi.org/10.1002/agj2.21151
https://doi.org/10.1002/agj2.21151
mailto:francisco1@usp.br

Accepted Article

correlations from traditional tests and thermo measurements were higher for the average
temperature on the seed surface. The infrared thermographic assessment is a promising
protocol to discriminate seed lot vigor of soybean crops. This technique can be useful as a

fast and non-invasive test in plant breeding and quality control programs of seed companies.

1. Introduction

A key component of the performance of crop seeds is the complex trait of seed vigor
(Finch-Savage & Bassel, 2016). Seed vigor comprises the properties that determine the
potential for rapid and uniform seedling emergence, in lots with acceptable germination,
under a wide range of environmental conditions (ISTA, 2021). The major impacts of
variation in seed vigor manifest through a negative direct effect on seedling emergence and
therefore an indirect effect on yield (Marcos-Filho, 2015). How fast a seed germinates is an
easy and recognizable indication of the concept of vigor (Finch-Savage & Bassel, 2016).
These differences in vigor are directly related to variations in seed metabolism due to

deterioration (Marcos-Filho, 2016).

Vigor tests are essential components of quality control of seed companies, as they can
detect variations in the deterioration stage of seed lots even if they have similar germination
(Baalbaki et al., 2009). Seed performance after sowing or during storage validates whether
the potential identified by the vigor tests was reached and how suitable were the procedures
used for this assessment (Marcos-Filho, 2015). Thus, seed quality control must include
efficient tests that identify, quickly and accurately, differences in vigor among seed lots
(Fessel et al., 2010). Traditional procedures, such as electrical conductivity, seedling growth,
accelerated aging and tetrazolium tests have been recommended to assess the vigor of

soybean seeds (Vieira et al., 2003). However, those methods are usually non-automated,
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time-consuming, destructive, and require specialized training and experience. Therefore, non-
invasive and high-throughput screening methods are needed for the seed industry to provide

high-vigor seeds for farmers before sowing (Xia et al., 2019).

In recent decades there has been a significant advance in computer science and
electronic technologies which can benefit the seed vigor analysis. In soybean, one example is
the digital image processing and artificial neural network to evaluate seed vigor based on
seedling growth measurements (Hoffmaster et al., 2003; Rodrigues et al., 2020). However,
most studies with different species, based on non-destructive techniques, such as near
infrared spectroscopy, multi- and hyperspectral images, Raman spectroscopy, infrared
thermography, and soft X-ray imaging have been focused on the detection of seed viability
instead of seed vigor (Xia et al.,, 2019). Among those imaging techniques, infrared

thermography can be very useful for ranking seed lots based on vigor levels.

Infrared thermography is a non-invasive method that quantifies the surface
temperature of bodies by capturing the emitted thermal radiation, generating a digital image
called a thermogram (Lahiri et al., 2012). Thermography systems differ from other systems
with remote sensors because they measure emitted radiation whereas optical systems measure
the reflected radiation (Mastrodimos et al., 2019). Thermal sensors have been used to
estimate seed viability as a good alternative to conventional methods (EIMasry et al., 2020).
Infrared thermography studies in pea seeds revealed lower surface temperature in higher
viable seeds than in less viable ones (Baranowski et al., 2003; Men et al., 2017) and allowed
a real time visualization of the earliest physic-chemical events of germination and diagnose
seed viability long before the primary root emergence (Kranner et al., 2010). Studies with
lettuce (Kim et al., 2013) and pepper seeds (Kim et al., 2014) demonstrated the efficiency of
pulsed thermographic analysis to discriminate artificially aged and healthy seeds in terms of

lifetime thermal decay.
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More recently, based on thermal decay and regression model, the infrared
thermography was demonstrated as a promising non-invasive examination of seed vigor (Liu
et al., 2020). Considering that more deteriorated seeds present more damaged cell membranes
and, consequently, with greater permeability when compared to less deteriorated ones
(Marcos-Filho, 2016), the applicability of the infrared thermography for vigor assessment
would be related to the detection of differences in metabolism between seeds considering
variations in the water absorption rate. The variation of seed heat flow has been proved to be
affected by water imbibition, respiration, decomposition of nutrients and other biochemical,
physical, chemical reactions correlated with seed viability during the germination processes
(Kim et al., 2013; Kim et al.,, 2014). Thus, with the detection of differences in the
thermodynamic properties of seed tissues, it is possible to discriminate the lots in terms of
their physiological potential. In this study, we applied infrared thermography to detect
thermal variations in the surface of soybean seeds and evaluated the efficiency of this

technique to discriminate seed lots according to their vigor levels.

2. Materials and Methods

2.1 Seeds

Five commercial seed lots of soybean [Glycine max (L.) Merril], cv BMX Poténcia
RR with moisture contents from 9 to 10% (wet basis), determined by the oven method at 105
°C for 24 h (Brasil, 2009) were investigated in this research.

2.2 Seed germination and vigor tests

The germination rate (GER) was carried out using five replications of 50 seeds from

each seed lot, using paper towel rolls moistened with the quantity of water weighing 2.5
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times the dry weight of the substrate at 25 °C. The percentages of normal seedlings were
calculated at four (first count - FC) and seven days; test interpretation was based on criteria in
the Rules for Seed Testing (Brasil, 2009). Moreover, vigor tests comprised the accelerated
aging test (AA), field seedling emergence (SE), electrical conductivity (EC), seedling length

(SL) and the uniformity of seedling development (UNF).

The AA test using a plastic box (11 cm x 11 ecm x 3.5 cm) had the seed samples from
each lot distributed in a single layer on a wire mesh above the liquid containing 40 mL of
saturated NaCl solution to provide an environment with relative humidity of 76% (Jianhua &
McDonald, 1996). The plastic boxes were held in a water jacketed accelerated aging chamber
at 41 °C for 48 h, and thereafter germination was performed in five replications of 50 seeds

from each lot. The records were percentages of normal seedlings for each lot.

The SE test was conducted in five replications of 50 seeds sowed under lines of 4 m,
spaced 0.4 m apart, in which seeds were distributed at uniform distance, in a depth of
approximately 0.03 m. Spray irrigation was done according to need and, at the end of 14

days, the percentage of seedling emergence was calculated to obtain mean values for each lot.

The EC was evaluated using the bulk method with five replications of fifty seeds for
each seed lot. The seeds were weighed on an analytical balance with 0.01 g precision,
immersed in 75 mL of deionized water into plastic cups (200 mL) and held in a germination
chamber at 25 °C for 24 h. Thereafter, the electrical conductivity of the soaking solutions was
determined using a conductivity meter (Digimed, DM-32). Evaluation was made in a
temperature-controlled environment at 25 °C and the device was connected to constant
electric current. The results obtained were divided by the mass of the fifty seeds and

expressed in uS cm ' g ' of seeds (Baalbaki et al., 2009).
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The SL and UNF evaluations were carried out using the Automated Seed Vigor
Analysis System - Vigor-S (Rodrigues et al. 2020). Five replications of 20 seeds per lot were
distributed in two rows of 10 seeds in the upper third of two sheets of paper towel and
covered with a third sheet. The substrate was previously moistened with a quantity of water
weighing 2.5 times the dry weight of the substrate. The rolls containing the seeds were
germinated at 25 £ 1 °C for three days. Next, the seedlings of each replication were
transferred to a sheet of navy-blue Ethylene-vinyl acetate (EVA), and digitalized on a scanner
(HP, Scanjet 200), fixed upside-down inside an aluminum box (60 cm x 50 cm x 12 cm),
resolution of 300 dpi. The images were processed by the Vigor-S software and the average
seedling length (cm) and the seedlings development uniformity index (from 0 to 1000) for

each lot were obtained.

2.3 Thermographic measurements of seeds

Seeds in groups of 50 were placed in paper towel rolls moistened with a quantity of
water weighing 2.5 times the dry weight of the substrate and held in a germinator at 25 °C for
6 h. Next, digital thermal images were obtained using a FLIR Tg50sc camera (FLIR Systems
Inc., USA) with a detection spectrum of 7.5—13 pum. This infrared system has an image
resolution of 640 x 480 pixels and thermal sensitivity less than 0.020 °C (< 20 mK) at 30 °C.
Seed temperature was homogenized before thermographic measurements by removing the
seeds from the paper towel rolls and transferring them to a sheet of black EVA (11 cm x 11
cm) held under controlled environment (25 °C and 70% relative humidity) for 15 minutes.
The thermography imager was positioned from a distance of 50 cm of the seeds. Qualitative
maps of temperature (thermograms) and quantitative data were obtained from the surface of

seeds.
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The digital thermograms were analyzed by FLIR ResearchIR Max software (FLIR
Systems Inc., USA) and the results were displayed using the “rainbow” palette, with
white/red as hot and blue/black as cold. After obtaining the qualitative thermal images,
regions of interest (ROI) were delineated in each seed using the circle tool embedded in the
FLIR ResearchIR Max software. Thermal measurements were performed in 200, seeds from
each lot. The thermal data of the pixels within the ROI were calculated to estimate the
maximum temperature (Tmax), minimum temperature (Tmin), average temperature (Tavg)
and thermal amplitude (Tampl) of each seed. These thermographic data were used to identify
differences among seed lots, and correlate them with other tests recommended for assessing
the vigor of soybean seeds. The thermographic measurement procedure is illustrated in
Figure 1, and includes the representation of seedlings from a higher and lower vigor lot. After
the thermal images, color reflectance red-green-blue (RGB) images were obtained using a

digital camera with a 12-megapixel resolution CCD sensor.

2.4 Statistical analysis

Seed germination and vigor data were submitted to the analysis of variance (ANOVA)
in a completely randomized design, except for the data of seedling emergence in the field,
which were analyzed according to the randomized block design. The data obtained were
submitted to presuppositions based on normality and homogeneity of residual variances. The
Shapiro-Wilk normality test showed that data were normally distributed and mean values
were grouped by the Fisher’s least significant difference [LSD] test (P < 0.05). The
correlation among the variables were tested by the Pearson’s linear correlation coefficient (r).
The correlation coefficients (p) were considered significant at 5% probability by the T test.
Principal component analysis was performed using all parameters analyzed. Data analysis

was performed using statistical software R 4.0.5 (R Core Team, 2019).
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3. Results and Discussion

The objective of seed vigor tests is to provide the identification of important
differences in physiological potential among seed lots to identify lots with higher probability
of performing well after sowing, during the storage, or both (Marcos-Filho, 2015). Based on
the ANOVA, significant differences were found among seed lots for germination and vigor
tests (Table 1).

Results of FC, AA, SE, EC and SL indicated the seed lot 1 as the less vigorous. The

1

EC test revealed differences between lot 1 and 3 greater than 42 uS cm ' g '. Research

carried out with soybean seeds confirmed the efficiency of the EC for separating seed lots

1

into different vigor levels: very high - for lots that have EC < 70 uS cm ™' g '; high - for lots

with EC from 71 to 90 pS cm ™' g'; medium - lots that have EC from 91 to 110 uS cm™' g ';
and low - lots that have EC > 111 uS cm ' g ' (Prado et al., 2019). Based on these categories,

seed lots 2 to 5 were classified as high vigor levels and lot 1 as low vigor level.

It 1s important to consider that only one test cannot detect all the possible facets of
seed performance, and the information provided about seed vigor should be based on the
results of two or three tests whose principles might be closely related to desirable objectives
(Marcos-Filho, 2015), such as selection of seed lots with greater potential for seedling
emergence in the field. Thus, seed lots 3 and 4 showed the highest percentage of normal
seedlings detected by the AA test (89% and 88%, respectively) and the largest seedling
lengths (7.4 and 7.7 cm, respectively). Moreover, it should be emphasized that all the lots
exceeded the minimum germination established for the soybean seed trade in Brazil (G >

80%). This is important because it would not be consistent to evaluate the vigor of soybean
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seed lots with germination lower than 80%, that is, evaluation of seeds not suitable for

sowing in commercial fields (Rodrigues et al., 2020).

This study aimed to evaluated the efficiency of thermographic assessment in raking
seed lots into vigor levels in comparison to traditional vigor tests. The results of Tmax, Tmin,
Tampl (Tmax — Tmin) and Tavg estimated from each pixel inside the ROI of seeds are shown
in Figure 2. The seeds showed variations on their surface temperature calculated from the
thermal images obtained after 6 h of imbibition at 25 °C. Box-and-whisker plots showed
large variability of data for the five seed lots. However, the lowest variability was observed
for Tmax in seeds from lot 1 compared to the others lots, and for Tmin and Tavg in seeds
from lots 2, 3 and 4 compared to lots 1 and 5. Based on the mean comparisons (LSD test, P <
0.05), the seeds from lot 1 showed the highest Tmax (20.6 °C; Figure 2A), and the seeds from
lots 3 and 4 the lowest values (19.9 and 19.8 °C, respectively). Similar results occurred for
the Tmin (Figure 2B), which seeds from lot 1 showed higher values than the other seed lots.
Likewise, the Tavg from lot 1 (19.9 °C) was higher than other seed lots by up to 0.7 °C (lot 1
versus lot 4; Figure 2C). Regarding to Tampl (Figure 2D), seeds from lot 2 showed the

highest value (1.1 °C) when compared to lots 3, 4 and 5.

Although all the thermal parameters identified differences among the seed lots, the
measurement of the Tmax and Tavg discriminated the soybean seed lots similarly to tests
traditionally used to vigor assessment (Table 2). The less vigorous lots had a higher Tmax
and Tavg in relation to the more vigorous ones, as it can be seen by comparing lot 1 (lowest
vigor) with lots 3 and 4 (highest vigor). These results corroborate the study by Baranowski et
al. (2003) in pea seeds, in which viable seeds showed a considerable reduction in the average
temperature (more than 1 °C) in relation to non-viable seeds during the first 12 h of
imbibition. These differences in temperature after 6 h of imbibition may be related to

variations in the internal metabolic activity of soybean seeds depending on their vigor level.
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According to EIMasry et al. (2020), the viable seeds stay at this cool temperature because the
storage reserves continuously break down into sugar, whereas certain biophysical properties
of the aged seeds affect the speed of water uptake and fail to break down the food reserves
delaying the thermal profile. Furthermore, respiration can also be a process that leads to water
production and heat release, which is affected by the seeds’ vigor level (Liu et al., 2020).
Previous research with pea seeds also revealed that the non-viable seeds had the fastest
temperature rise while the viable seeds had the slowest, and these differences mainly

occurred in the first 3 h of imbibition (Men et al., 2017).

Based on the visual analysis of the RGB image, differences in color between seeds
after the imbibition were not easily detectable (Figure 3A). On the other hand, the “rainbow”
color palette from the thermograms allowed to identify differences in the surface temperature
of seeds from different lots and between seeds of the same lot (Figure 3B). Most of the seeds
from lot 1 showed predominantly green, yellow and orange colors (indicating higher surface
temperatures of ~ 20 °C) while for seeds from lot 3, the surface temperature was lower (~ 19
°C), as evidenced by the predominant blue and purple colors. As an example, a comparative
analysis between the seed 10 (lot 1) and seed 8 (lot 3), highlighted in Figure 3B, shows that
the Tmax, Tmin and Tavg of the seed 10 were higher than the seed 8 at 1.7, 1.6 and 1.9 °C,
respectively (see table imbibed in Figure 3B). In comparisons performed within each seed lot,
and using lot 1 as an example, the Tmax, Tmin and Tavg between the seeds 1 and 10 varied
by 0.4, 0.6 and 0.6 °C, respectively. The examination of Figure 3B shows that similar

behavior also occurred among seeds from the other lots.

The thermal variations among seeds from the same lot indicate the heterogeneity in
terms of vigor for individual seeds in a population. According to Marcos-Filho (2016) a seed
lot discriminated as high vigor is never composed exclusively of high vigor seeds, but of

seeds with varying physiological levels although with predominance of vigorous seeds. This
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same thought applies to a low vigor lot, which is not a hundred percent composed of low
vigor seeds. Hence, it was confirmed here that infrared thermography can be a very useful
tool for the analysis of individual seeds, allowing the non-destructive identification of less
vigorous seeds in commercial soybean seed lots. Most of the methods used to assess seed
vigor provide information on the general quality of seed lots without referring to variations of

individual seeds.

The results of Pearson's correlations (p < 0.05) between the evaluations of
physiological potential and thermographic measurements of the seeds revealed the highest
values for Tavg (Figure 4A). Negative correlation was observed between Tavg and
physiological parameters of FC, SL, AA, GER and SE, with coefficients of r = —0.85, —0.83,
—0.8, —0.77 and —0.73, respectively. The EC test showed a positive correlation with the Tavg
(r = 0.83), which was suitable since the EC measurement is inversely proportional to seed
vigor and the thermography data showed higher Tavg in seeds with lower vigor. A biplot
using the first two principal components (PC) was built to separate the seed lots based on
evaluations of seed physiological potential and thermography (Figure 4B). Principal
components PC1 and PC2 explained 90.0% and 5.2% of the variation among lots,
respectively. There was a clear spatial separation of the seed lots and evaluations of FC, AA,
SL, Tavg SE, GER, Tmax and Tmin were the most important to explain the data variability in
the PC1. The PC2 was mainly correlated with Tampl, EC and UNF. The proximity of lots 3
and 4 with the variables GER, AA, FC, SL and SE evidences their greater vigor when
compared with lot 1, which was positioned in the opposite direction and close to the EC,

Tmim and Tavg variables.

There are two basic configurations to build up an infrared thermographic imaging
system in seed quality monitoring: the passive thermal imaging and the active thermal

imaging approach. Passive-based system is normally used to describe the surface thermal
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properties of the objects under investigation and for non-contact temperature measurement
during processing (ElMasry et al., 2020). In the present study, the thermal measurements of
soybean seeds were acquired by using a passive thermal imaging configuration, with the heat
been generated naturally by the tested seeds after a period of 15 minutes of thermal
stabilization in a controlled environment at 25 °C and 75% relative humidity. This procedure
demonstrated to be reliable to estimate soybean seed vigor, with comparable efficiency to

discriminate seed lots similarly to recommended vigor tests.

Several researches have shown that infrared thermography can be widely applied in
non-invasive examination of seed viability and vigor in different species (Kranner et al.,
2010, Kim et al., 2013, Kim et al., 2014, Men et al., 2017, Liu et al., 2020). However, these
authors used artificially aged seeds to study the efficiency of the method in assessment of
seed vigor. This is the first time that infrared thermography is used to identify differences in
vigor among original soybean seed lots, without artificial aging to achieve different levels of

vigor.

This study demonstrated the viability of infrared thermography to detect thermal
variations in the surface of soybean seeds and to associate it with vigor level of commercial
seed lots. The proposed procedure was able to identify differences among seed lots in a
similar way to other tests traditionally used to assess soybean seed vigor. The results showed
that the measurement of the average temperature was an efficient parameter for ranking the
seed lots in comparison to the maximum temperature, minimum temperature and thermal
amplitude. In overall, the infrared thermography seems to be a quite promising procedure to
identify differences in vigor among soybean seed lots both for populations and individual
seeds, which may be very useful as a fast and non-invasive test in plant breeding research and

in-house quality control programs established by seed companies.
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List of figure captions

Figure 1. Schematic representation of the thermographic measurements and data analysis of
soybean seeds: (1) seed imbibition in moistened paper towel rolls; (2) seed temperature
homogenization by removing the seeds from the paper towel rolls and transferring them to a
sheet of black EVA; (3) digital thermal images acquisition; (4) thermal image analysis and

data correlation with other tests recommended for assessing the vigor of soybean seeds.
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Figure 2. Results from maximum, minimum and average temperatures and thermal amplitude
estimated in seeds of five lots of soybean. Extremities of each line represent the highest and
lowest value and the symbols (®) are indicating the presence of outliers. In blue, numbers

followed by lowercase letters correspond to mean comparisons (LSD test, P < 0.05).
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Figure 3. Color reflectance image (RGB) of 50 seeds representing the five seed lots (A) and

respective thermographic images, highlighting two seeds from each seed lot (B). Area

amplitude (Tampl = Tmax — Tmin).
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Figure 4. Heatmap (A) showing the Pearson’s correlation (p < 0.05) among the data of
physiological potential evaluations and seed surface temperature in soybean seeds. Biplot
graphics (B) of principal component analysis among the relationship between germination
(GER), first count of germination (FC), accelerated aging (AA), field seedling emergence
(SE), electrical conductivity (EC), seedling length (SL), uniformity of seedling development
(UNF), maximum temperature (Tmax), minimum temperature (Tmin), average temperature
(Tavg) and thermal amplitude (Tampl). Labelled lines demonstrate the correlation of the data
of physiological potential evaluations and seed surface temperature to principal component
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Table 1. Analysis of variance (ANOVA) table for the seed physiological evaluations.

Source of

- Df Sum of squares Mean square F value P-value

variation
Germination (GER)
Seed lot 4 1260.0 315.04 26.43 <0.0001
Error 20 238.4 11.92 - -
Total 24 1498.6 - - -
First count of germination (FC)

Seed lot 4 6313.6 1578.4 101.7 <0.0001
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Error 20 3104 15.52 - -

Total 24 6624.0 - - -
Accelerated aging (AA)
Seed lot 4 4490.2 1122.56 48.89 <0.0001
Error 20 459.2 22.96 - -
Total 24 4949 .4 - - -
Field seedling emergence (SE)
Seed lot 4 1439.04 359.76 8.72 0.0006
Block 4 216.64 54.16 1.31 0.30
Error 16 660.16 41.26 - -
Total 24 2315.84 - - -
Electrical conductivity (EC)
Seed lot 4 5693 1423.3 70.37 <0.0001
Error 20 404 20.2 - -
Total 24 6097.6 - - -
Seedling length(SL)
Seed lot 4 98.76 24.690 118.13 <0.0001
Error 20 4.18 0.209 - -
Total 24 102.94 - - -
Uniformity of seedling development (UNF)

Seed lot 4 107171 26792.9 7.73 0.0006
Error 20 69386 3469.3 - -
Total 24 176557 - - -

Df = degrees of freedom.

Table 2. Physiological potential evaluations of five seed lots of soybean.

Seed GER FC AA SE EC SL UNF
_lots % uScm 'g ! cm index
1 8%01 52d 52d 59b 1185¢ 2.1c¢ 629 ¢
2 87D 78 ¢ 71c¢ 74 a 85.4b 54D 709 b
3 98 a 96 a 89 a 79 a 759 a 74 a 816 a
4 98 a 93 a 88 a 80 a 80.4 ab 7.7a 729 b
5 96 a 86 b 78 b 77 a 85.7b 59D 653 be
LSD 2.03 2.32 2.82 3.78 2.65 0.27 34.75
CV (%) 3.76 4.88 6.33 8.69 5.04 8.02 8.33
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Germination (GER), first count of germination (FC), accelerated aging (AA), field seedling
emergence (SE), electrical conductivity (EC), seedling length (SL), uniformity of seedling
development (UNF)

'Mean comparisons within each column (LSD test at an alpha level of 0.05).
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