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Abstract: Seed treatment with micronutrients is a crucial strategy for providing early seedling supply
during development, and is commonly employed in soybean cultivation. However, responses to
micronutrient treatment may vary based on seed vigor levels. Therefore, this study aimed to assess
the potential of hyperspectral imaging combined with preprocessing and machine learning, compared
to X-ray fluorescence spectroscopy, in evaluating the dynamics of micronutrient uptake during the
germination of soybean seeds with varying levels of vigor. Two seed lots with differing levels of vigor
were utilized for the analysis. The absorption of micronutrients by the seeds was evaluated using
X-ray fluorescence spectroscopy (XRF), microprobe X-ray fluorescence spectroscopy (µ-XRF) and
hyperspectral imaging (HSI) in two regions of interest (cotyledons and the embryonic axis). Artificial
neural network (ANN), decision tree (DT) and partial least squares–discriminant analysis (PLS-DA)
classification models, along with the Savitzky–Golay (SG), standard normal variation (SNV) and
multiplicative scatter correction (MSC) methods, were employed to determine seed vigor based on
the impact of micronutrient treatment. XRF identified higher concentrations of micronutrients in the
treated seeds, with zinc being the predominant element. µ-XRF analysis revealed that a significant
proportion of the micronutrients remained adhered to the hilum and seed coat, irrespective of seed
vigor. The PLS-DA classification model using spectral data exhibited higher accuracy in classifying
soybean seeds with high and low vigor, regardless of seed treatment with micronutrients and the
analyzed region.

Keywords: Glycine max; seed physiological potential; seed coating; nutrient uptake; machine learning

1. Introduction

Soybean (Glycine max (L.) Merrill) is the most economically and nutritionally important
legume in the world; its grains contain approximately 40% protein and 20% lipids [1],
highlighting its economic and nutritional relevance as a direct source of food and a raw
material for the production of animal-based foods. The global demand for food will
continue to grow, and Brazil is a major player with the potential to meet this need, given
its availability of suitable land for grain production and appropriate technologies for
cultivation under tropical conditions. However, the challenge will be to maintain soybean
production capacity in a profitable and sustainable way [2]. In this sense, the use of superior-
quality seeds is an efficient way to meet the challenge of increasing food demand [3].

To be considered of high quality, soybean seeds must have high germination, vigor
and sanitation rates, in addition to possessing physical and genetic purity. Seeds with
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these characteristics result in high-performance seedlings, which establish more easily
in environments with adverse biotic and abiotic conditions, with greater speed of emer-
gence and plant development. However, seeds with low or medium vigor produce weak
seedlings, with little competitiveness in field establishment [4]. Thus, the seed is the most
important raw material for agriculture, because it will determine the development and
proper establishment of plants in the field.

Increased crop production can be achieved using production technologies associated
with the use of high-quality seeds. In this context, the use of micronutrients through seed
treatment stands out as it makes microelements available for the process of seed germi-
nation and initial plant development. Essential micronutrients such as zinc (Zn), copper
(Cu), molybdenum (Mo) and manganese (Mn) are examples of elements required in small
amounts by plants, and together or in isolation, they act in biochemical processes necessary
for the proper development of the plant, influencing productivity [5]. Micronutrients are
involved in virtually all biochemical and physiological functions [6]. However, there is lim-
ited information on the use of micronutrients in seed treatment in relation to physiological
potential and their effects on early plant development.

The use of efficient techniques to quantify the micronutrients made available through
seed treatment is indispensable in elucidating the dynamics of the uptake and utilization of
micronutrients by seeds during germination and initial plant development. The X-ray fluo-
rescence spectroscopy (XRF) technique stands out in the study of the elemental composition
of plant tissues as it allows for in vivo analyses, due to its non-destructive characteristics
and minimal sample preparation, in addition to its ability to simultaneously evaluate more
than one chemical element in the same sample [7]. The efficiency of the XRF technique
has already been confirmed in the evaluation of soybean seed treatment with Cu, Mo and
Zn [8], and it has been shown to be a promising technique for the evaluation of soybean
seed treatment for improving vigor, being able to clarify the process of the absorption and
translocation of micronutrients during the germination process [9].

However, the use of other complementary techniques that allow for accurate seed
evaluations provides greater assurance in decision making. Hyperspectral imaging (HSI)
provides a dataset (hypercube) that comprises hundreds of spectra distributed over the
analyzed area [10]. Spectral information can be used in the rapid assessment of seed quality
by integrating spectral and spatial information, assisting in capturing structural or chemical
composition changes [11]. Spatial and spectral processing of HSI must be used to minimize
the effect of factors affecting spectral measurement. Spatial processing is associated with
the selection of the region of interest (ROI) to be analyzed. For example, a soybean seed
may have as its ROI the region of the embryonic axis and cotyledons. Meanwhile, spectral
processing aims to avoid the influence of undesirable factors. These factors can be due to
light scattering, particle size effects, differences in morphology, porosity, roughness and
detectors [12].

The amount of data obtained through HSI needs to be analyzed in order to extract
useful and meaningful information from the images. Multivariate statistical analysis stands
out as a tool capable of reducing the dimensionality of the data, retaining essential spectral
information. Principal component analysis (PCA) is one of the most useful multivariate
techniques in HSI analysis [10]. In PCA, the original variables are linearly combined
into principal components, which condense most of the information into a few variables,
decreasing the dimensionality of the database without the significant loss of chemical
information [13].

In addition, for HSI data analysis, many soybean seed researchers have applied data
preprocessing and machine learning algorithms, such as Savitzky–Golay (SG) preprocessing
coupled with support vector machine (SVM) models for discriminating seed viability [14],
MSC in conjunction with ensemble learning (EL) for soybean variety identification [15], SG
and MSC with the partial least squares discrimination analysis (PLS-DA) method for fatty
acid content classification in soybean seeds [16], SNV associated with partial least squares
regression (PLSR) methods for predicting protein content [17], MSC with a one-dimensional
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convolutional neural network for identifying soybeans with high oil content [18], and the
use of spectra without preprocessing with a PLSR model for determining soybean seed
moisture content [19].

However, no work has been found in the literature that uses the HSI technique
with preprocessing and models to evaluate the metabolism of soybean seeds showing
different levels of vigor and subjected to micronutrient treatment. Thus, the objective of this
work was to explore the potential of the hyperspectral imaging technique combined with
preprocessing and machine learning in comparison with X-ray fluorescence spectroscopy in
the evaluation of the dynamics of micronutrient uptake during the germination of soybean
seeds with different levels of vigor.

2. Materials and Methods
2.1. Seed Material and Classification of Vigor

This research was carried out using two lots of soybean seeds of the cultivar M5917
IPRO, using a sieve of 6.5 mm; the seeds had two levels of vigor, both with germination
higher than 80%, the standard required for commercialization of seeds, established by the
Ministry of Agriculture, Livestock and Food Supply. With the intention of characterizing
the seed lots, evaluations of water content, a standard germination test, a first germination
count [20], accelerated aging assessment, a tetrazolium test [21] and an assessment of
seedling emergence in the field were performed. All tests were conducted with 8 repetitions
of 50 seeds per lot.

2.2. Evaluation of the Uptake of Micronutrients by Seeds
2.2.1. Imbibition Curve

The soaking curve was determined using four repetitions of 50 seeds per lot. Initially
the water content of the seeds was determined; then, the repetitions of each lot were
weighed on a scale with a precision of 0.0001 g and distributed on paper towels, moistened
with water equivalent to 2.5 times the dry mass of the paper, and kept in a germinator
regulated at 25 ◦C in the absence of light [20]. To calculate the water content throughout
the soaking process, the seeds were removed from the paper towel roll and weighed at
one-hour intervals for 48 h. The criterion for germination was the protrusion of the primary
root (≥2 mm) of 50% of the seeds of each lot. The results are expressed as a percentage of
water content, were calculated using Equation (1) and were used to plot the soaking curve
for each batch.

WC (%) =

(
fm − fi

fi

)
× 100 (1)

where WC represents the percentage of water content (%), fm represents the final mass and
fi represents the initial weight.

2.2.2. Seed Treatment

The seeds from each lot were treated with the commercial product ADB 307—Broadacre
Black®, containing the following micronutrient quantities: 15.1% Zn, 9.4% Mn, 6.7% Cu
and 3.2% Mo. We used the manufacturer’s recommended dose (4 g of the product per kg
of seeds), and the control treatment did not receive any treatment (0 g of micronutrient per
kg of seeds). The seed treatment was performed using a plastic bag with a capacity of 1 kg,
where five hundred grams of seeds were inserted, and then, using a syringe, the respective
dose of the product was added. The plastic bag was shaken manually and constantly for
two minutes. Following this, the seeds were spread on plastic trays and kept in a laboratory
environment for drying; afterwards, they were stored in labeled paper kraft bags until the
experiment was conducted.

2.2.3. Analysis of Micronutrient Uptake via X-ray Fluorescence Spectroscopy (XRF)

The evaluation of micronutrient absorption (Cu, Mn, Mo and Zn) by the treated seeds
was conducted with four repetitions of 50 seeds of each lot per dose, placed in paper towels
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moistened with water equivalent to 2.5 times the dry mass of the paper. The rolls were kept
in a germinator at 25 ◦C for 20 h. After the soaking period, the tegument of each seed was
removed manually to eliminate excess product. Subsequently, the seeds were dried in an
oven at 60 ◦C for 72 h [22]. The dried seeds were ground using an IKA® A10 mill, and then,
the obtained material was passed through a sieve with an opening of 500 µm. After being
ground and sieved, the samples were weighed on a scale with 0.001 g precision, and 5 g
were placed in a 23 mm internal diameter polyethylene container covered with 6 µm thick
polypropylene film.

The analyses were performed using an energy-dispersive X-ray fluorescence
spectrometer—EDXRF (Shimadzu® EDX-720, Kyoto, Japan). The samples were irradiated
in a Rh X-ray tube operated at 30 kV. The current was adjusted automatically (maximum
1 mA). A 10 mm collimator was chosen. Detection was carried out on a Si (Li) detector
cooled with liquid nitrogen. The intensity of the Kα element counts per second (cps/µA)
was obtained via deconvolution of the sample’s X-ray spectrum using the Shimadzu EDX
software package. To calibrate the data obtained for soaked soybeans via the EDXRF
method, a calibration curve was produced with the data obtained using the atomic absorp-
tion spectroscopy technique (AAS) on the same samples. The results are expressed as the
concentration of the elements (mg per kg of seeds).

2.2.4. Analysis of Micronutrient Uptake via Microprobe X-ray Fluorescence Spectroscopy (µ-XRF)

The evaluation of the absorption of micronutrients (Cu, Mn, Mo and Zn) by the treated
seeds was conducted with eight seeds of each lot per dose. The dose recommended by the
manufacturer (4 g per kg of seeds) and the control with 0 g per kg of seeds were used. The
absorption of micronutrients was evaluated in the seeds after 20 h of soaking. After the
soaking period, the seeds of each lot and dose were cut longitudinally through the center
of the embryonic axis using a blade, exposing its central cylinder. A cotyledon from each
seed was fixed on an acrylic plate using double-sided tape.

The investigation of micronutrients in seeds was performed using an X-ray microprobe
spectrometer (µ-XRF) (M4 Tornado®, Bruker, Mannheim, Germany), operated with a Rh
X-ray tube at 50 kV and 600 µA, under a 20 mbar vacuum, without filters, and with a 25 µm
polycapillary X-ray beam. The cotyledon was analyzed in the region of the tegument, in
the periphery of the cotyledon, in the center of the cotyledon and in the hilum using a scan
line with a distance between the points of 25 µm. The evaluations of the embryonic axis
were performed at four points (one point in the region of the root meristem, two points
in the region of the hypocotyl, one in a position closer to the radicle and the other closer
to the region of the plumule meristem, and another point in the plumule meristem), as
shown in Figure 1. The analysis time at each point was 10 s. The results are expressed as a
mass percentage of the elements of interest (Cu, Mn, Mo and Zn), taking into account the
percentage of other elements (K, P, Ca, Fe and S) present in the seed.
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2.2.5. Statistical Analysis

The data obtained from X-ray fluorescence spectroscopy (XRF) analysis were subject to
presuppositions based on normality and homogeneity of residual variances. The analysis
of variance was formulated using the F test (p < 0.05). Where significant variance was
observed in the analysis, the complementary Fisher’s Least Significant Difference (LSD)
test (p < 0.05) was applied. The data from the microprobe X-ray fluorescence spectroscopy
(µ-XRF) were analyzed using descriptive statistics (minimum, maximum, first quartile,
third quartile, median and outliers). All analyses were performed using R software version
4.2.3 [23]. The software libraries ‘EspDes.pt’ and ‘ggplot2’ were used.

2.3. Hyperspectral Imaging System
2.3.1. Sample Preparation

The acquisition of hyperspectral images of seeds treated with micronutrients included
50 seeds from each lot per dose, placed on paper towels moistened with water equivalent
to 2.5 times the dry mass of the paper. The rolls were kept in a germinator at 25 ◦C for 20 h.
After the soaking period, the treated seeds from each repetition were cut longitudinally
through the center of the embryonic axis using a blade, exposing its central cylinder. The
halves were opened and fixed on acrylic plates using double-sided tape. For each seed,
two regions of interest were selected (cotyledons and the embryonic axis), from which the
spectral reflectance was recorded.

2.3.2. Hyperspectral Image Acquisition

A hyperspectral pushbroom spectral camera (PIKA L, Resonon Inc., Bozeman, MT,
USA) equipped with a 23 mm objective lens was used to capture spectral reflectance
(Figure 2). The camera operates in the wavelength range of 400 to 1000 nm (Spectral
Range), consisting of 281 bands (spectral channels) with a spectral resolution of 3 nm
(spectral resolution) and a spectral bandwidth of 2.1 nm (spectral bandwidth). Each line
of the camera captures 900 spatial pixels. The data collection took place in a dark room
illuminated by artificial lighting. A tower was used to mount 15 W, 12 V LED light bulbs
arranged in two angled rows on either side of the lens, with two bulbs in each row. To
ensure a stable power supply, a voltage stabilizer (Type PR-7b, Tripp-Lite, Chicago, IL,
USA) was employed for the lighting system. White calibration was performed using a
polyethylene plastic board (Type 822, Spectronon Pro, Resonon, Bozeman, MT, USA), while
dark calibration was achieved by covering the lens. By comparing the recorded reflectance
of the samples against the white and dark calibration, the relative reflectance of each seed’s
regions of interest, specifically the cotyledons and embryonic axis, could be calculated.
To minimize the impact of data drift on subsequent modeling, the original spectra of the
soybean seed regions of interest underwent preprocessing.
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2.3.3. Spectral Preprocessing

This step consists of eliminating noise introduced during the image acquisition process.
Therefore, preprocessing the spectral data can highlight valid information and improve the
accuracy of the classification model. Overall, multiplicative scatter correction (MSC) im-
proves the signal-to-noise ratio of the spectrum by enhancing the spectral information [24].
Standard normal variation (SNV), on the other hand, is used to reduce the effects of par-
ticle surface inhomogeneity and scattering [25]. In this study, spectral preprocessing of
multiplicative scatter correction (MSC) and standard normal variation (SNV) was used on
data in regions of interest (cotyledons and embryonic axis) of soybean seeds with different
levels of vigor that were untreated (0 g per kg of seeds) and treated with micronutrients
(4 g per kg of seeds).

2.3.4. Optimal Wavelength Selection

The wavelength range of the original spectrum was 384.7–1021.7 nm (300 bands). For
the analysis in this study, the first and last spectral bands were omitted from each data file
as they were considered noise, and wavelengths between 400 and 1000 nm (281 bands)
were adopted. Principal component analysis (PCA) is an unsupervised clustering technique
used for feature extraction and pattern recognition without prior knowledge of the data.
In this study, PCA was performed on raw and preprocessed spectral data from regions of
interest (cotyledons and embryonic axis) of soybean seeds with different levels of vigor
that were untreated (0 g per kg of seeds) and treated with micronutrients (4 g per kg of
seeds). Through PCA, the 28 best-ranked bands out of the 281 bands were selected as a
function of the contribution of each variable. These 28 bands represent about 10% of the
total bands. Subsequently, these bands were used in the classification model.

2.3.5. Evaluation of the classification model

Machine learning approaches using an artificial neural network (ANN), a decision tree
(DT) and partial least squares–discriminant analysis (PLS-DA) were employed to analyze
hyperspectral data and generate classification models to identify the vigor of soybean
seeds subjected to micronutrient treatment. The regions studied were the cotyledons and
embryonic axis based on different methods of preprocessing (Section 2.3.3) and wavelength
selection (Section 2.3.4). For the construction of the ANN, DT and PLS-DA models, the
dataset was randomly divided into two parts: 70% was used for training, and the remaining
30% was used for testing. Additionally, the categorical matrix contained artificial values of
0 and 1, where 0 corresponded to the untreated group and 1 to the treated seed group. In
the ANN model, the following hyperparameters were considered: the number of hidden
layers (2), the number of neurons in the hidden layers (20 and 10), the learning rate (adap-
tive) and the activation function (ReLU). For the DT model, the hyperparameters ntree and
mtry were set to 500 and 30, respectively. In the PLS-DA model, the number of components
used was the default, and no cross-validation was performed.

The performance of the models was evaluated based on accuracy, as defined in
Equation (2). Higher accuracy indicates better predictive performance of the model. The
data processing software used was R version 4.2.3 [23]. The software libraries ‘neuralnet’,
‘rpart’ and ‘pls’ were utilized for the analysis.

Ac =

(
TP + TN

TP + FN + TN + FP

)
(2)

In Equation (2), Ac represents the accuracy, TP represent true positives (the number of
correctly identified positive samples), TN indicate true negatives (the number of correctly
identified negative samples), FN represent false negatives (the number of incorrectly
identified negative samples) and FP indicate false positives (the number of incorrectly
identified positive samples).
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3. Results
3.1. Classification of Vigor

Based on the initial characterization of the seed lots, water content values of 7.5% and
7.8% were observed for the high- and low-vigor lots, respectively. Analysis of variance
indicated significant differences (as determined by the F-test) for the germination (G),
first germination count (FGC), accelerated aging (AA), tetrazolium vigor (TZ) and field
emergence (FE) tests (Figure 3). It is noteworthy that both lots exceeded the minimum
germination requirement set for commercial soybean seeds (≥80%). Based on these results,
the seed lots were classified as having high and low vigor for the purpose of this research.
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Figure 3. Standard tests result for physiological potential classification of soybean seed lots. Ger-
mination (G), first germination count (FGC), accelerated aging (AA), tetrazolium vigor (TZ) and
field emergence (FE). All samples showed statistical differences between groups, significant at 5%
probability according to F-test (p < 0.05). a and b indicate the statistical difference between the lots.

3.2. Evaluation of the Uptake of Micronutrients by Seeds

As observed in Figure 4, during the first 12 h in contact with the moist substrate,
the seeds exhibited rapid hydration. Subsequently, there was an intermediate phase
characterized by slower absorption. The seeds from the high-vigor lot had a higher water
content throughout the 48 h imbibition period compared to the low-vigor lot (Figure 4).
Additionally, there was a difference of approximately eight hours in the protrusion of the
primary root in 50% of the seeds between the high-vigor lot (28 h) and the low-vigor lot
(36 h). A soaking period of 20 h was adopted for the analysis of micronutrient absorption
in the seeds from lots 1 and 2. Within this timeframe, primary root protrusion had not yet
occurred for both seed lots.
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Using the X-ray fluorescence technique, it was not possible to quantify molybdenum
(Mo) in the seeds, which can be attributed to its low concentration (3.2%) in the utilized
product. Figure 5 presents the results of micronutrient concentration in the seeds after
20 h of imbibition. Significant differences were observed between the seeds from the high-
and low-vigor lots, with the high-vigor lot exhibiting higher concentrations. Even without
micronutrient treatment (0 g per kg of seeds), the seeds showed considerable concentrations
of Cu (12.37 and 11.14 mg per kg of seeds), Mn (24.75 and 19.44 mg per kg of seeds), and Zn
(44.11 and 34.69 mg per kg of seeds), respectively. Zn exhibited the highest concentration,
followed by Mn and Cu, respectively, for both lots. However, when treated with micronu-
trients (4 g per kg of seeds), there was no significant difference between the seeds from
both lot. Nevertheless, it is worth noting that the concentrations of micronutrients in the
seeds increased, with Zn showing a nearly tripling effect (Figure 5b). This behavior may be
related to the higher concentration of Zn (15.1%) in the utilized product.
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Figure 5. (a,b) Concentration of copper, manganese and zinc in soybean seeds of two lots treated
with doses of micronutrients and analyzed via XRF. a and b indicate significant differences between
the lots at 5% probability according to the F-test (p < 0.05).

The results of the scanned line analyzed using µ-XRF technique in the region of the
seed coat, the periphery of the cotyledon, the center of the cotyledon and the hilum in
seeds soaked for 20 h without micronutrient treatment (0 g per kg of seeds) and with
micronutrient treatment (4 g per kg of seeds) in high-vigor seed lots (Figure 6a,b) and
low-vigor seed lots (Figure 6c,d) can be explained based on the seed hydration process.
When analyzing the scanned line for the dose of 0 g per kg of seeds, a low concentration
(mass %) of the target elements (Cu, Mn and Zn) was observed for both lots (Figure 6a,c),
confirming the findings from the XRF analysis in Figure 5a. When the seeds were treated
with the dose recommended by the manufacturer (4 g per kg of seeds), it was observed
for both lots that the hilum and seed coat regions exhibited the highest percentages of the
elements, respectively. These results indicate that only a small amount of the elements
applied through seed treatment were transferred to the interior of the cotyledons during
the imbibition process. The comparative analysis of the percentage graphs of Cu, Mn and
Zn for the dose of 4 g per kg of seeds (Figure 6a,d) reveals that there was no difference
between the high- and low-vigor lots, as also observed in the XRF analyses (Figure 5b).

The investigation of the percentage of the microelements Cu, Mn and Zn at the
analyzed points in the embryonic axis of soaked seeds without micronutrient treatment
(0 g per kg of seeds) revealed low concentrations, with Zn being the microelement with
the highest percentage in both lots (Figure 7a). After treatment with micronutrients at a
dose of 4 g per kg of seeds, a small increase in Cu, Mn and Zn was observed in both the
high- and low-vigor lots (Figure 7b). The presence of outliers was observed when the seeds
received treatment. The data also revealed higher maximum values (longer tails) for the
concentrations of Zn in the embryonic axis of seeds from the low-vigor lot when the dose
of 4 g per kg of seeds was applied. The observed response for Zn can be attributed to its
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higher concentration in the product used for seed treatment (15.1%). It is worth noting that
the concentration of Zn, Mn and Cu in the embryonic axis was very low in seeds from both
lots when compared to the concentrations measured in the seed coat (Figure 6b,d).
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Agronomy 2023, 13, 1945 10 of 19

3.3. Spectral Data Analysis

The average spectral curves of the raw data corresponding to micronutrient doses
of 0 and 4 g per kg of seeds from the cotyledon region (Figure 8a,b) and embryonic
axis (Figure 8c,d) of the high- and low-vigor lots are displayed below, respectively. The
cotyledon region and embryonic axis of the seeds from the low-vigor lot that were not
treated with micronutrients (0 g per kg of seeds) exhibited higher reflectance (Figure 8a,c)
in the visible (400–700 nm) and near-infrared (700–940 nm) regions. In the cotyledon region
and embryonic axis of seeds treated with the dose of 4 g per kg of seeds, no difference in
reflectance was observed between the high- and low-vigor lots. The relationship between
seed vigor and reflectance of the internal region of soybean seeds is not yet well-established
in the context of seed physiology. However, it has been observed that less vigorous seeds,
regardless of the analyzed region, exhibit higher reflectance in the near-infrared range
(700–940 nm). This suggests that the reflectance properties of the internal region may be
influenced by seed vigor, particularly due to the seeds’ water content (Figure 4).
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Figure 8. Average spectral curves of the cotyledon (a,b) and embryonic axis (c,d) regions of soybean
seeds from the high-vigor lot and the low-vigor lot, both untreated (a,c) and treated (b,d) with
micronutrient dose and soaked for 20 h.

The raw spectral information of the cotyledon region of untreated (0 g per kg of seeds)
and micronutrient-treated (4 g per kg of seeds) soybean seeds from the high- and low-vigor
lots is shown in Figure 9a,b, respectively. The applied preprocessing techniques, MSC and
SNV, can be observed in Figure 9c–f, respectively. The comparison of the raw and processed
spectral profiles of the cotyledon region in soybean seeds from the high- and low-vigor
lots shows that the applied processing methods have reduced spectral noise, resulting in
smoother spectral curves. By analyzing the entire studied range (400–1000 nm), it can be
observed that the spectral trends after processing using the MSC and SNV methods were
similar in the cotyledon region of both untreated (0 g per kg of seeds) and micronutrient-
treated (4 g per kg of seeds) seeds from the high- and low-vigor lots.
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Figure 9. All spectral curves of untreated and micronutrient-treated soybean seeds subjected to
different preprocessing methods: (a,b) raw spectra; (c,d) MSC processing; and (e,f) SNV processing
of the cotyledons, repectively.

The raw and processed spectral curves obtained using the MSC and SNV methods in
the embryonic axis region of the untreated and micronutrient-treated soybean seeds from
the high- and low-vigor lots are shown in Figure 10a–f, respectively. It is observed that the
application of MSC and SNV reduces the effect of light scattering in the original spectrum.
The spectral behavior in the embryonic axis region of both the micronutrient-treated and
untreated seeds is similar to that observed in the cotyledon region. Thus, it becomes
necessary to extract and effectively use the spectral characteristics to establish a model
capable of identifying seed vigor after micronutrient treatment.
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Figure 10. All spectral curves of untreated and micronutrient-treated soybean seeds subjected to
different preprocessing methods: (a,b) raw spectra; (c,d) MSC processing; and (e,f) SNV processing
of the embryonic axis region, respectively.

3.4. Optimal Wavelengths Selected via PCA

The results of the wavelengths selected via PCA of the raw and preprocessed spectral
data of the cotyledon and embryonic axis region of the untreated seeds (0 g per kg of
seeds) of the high- and low-vigor lots are shown in Table 1. The selected wavelengths in
the cotyledon region exhibited similarity in the near-infrared range (863.57–890.00 nm)
between the raw spectra and the MSC method. When the MSC and SNV preprocessing
methods were applied, similarity was observed in the range of 943.24 to 952.16 nm. In the
embryonic axis region, there was no similarity in the selected wavelengths between the raw
data and the MSC preprocessing. However, the MSC and SNV methods shared a common
visible-region wavelength (639.63 nm).
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Table 1. Selected wavelengths from different regions of interest of seeds that were untreated and
soaked for 20 h.

Region of Interest Method of Preprocessing Wavelength (nm)

Cotyledons

Raw
504.37; 506.42; 508.48; 859.17; 861.37; 863.57; 865.76; 867.96; 870.16; 872.36;
874.57; 876.77; 878.97; 881.18; 883.38; 885.59; 887.79; 890.00; 892.21; 894.42;
896.63; 898.84; 901.05; 903.26; 905.48; 907.69; 909.91 and 912.12.

MSC
654.41; 656.53; 658.64; 660.76; 662.88; 665.00; 667.12; 863.57; 865.76; 867.96;
870.16; 872.36; 874.57; 876.77; 878.97; 881.18; 883.38; 885.59; 887.79; 890.00;
936.56; 938.78; 941.01; 943.24; 945.47; 947.7; 949.93 and 952.16.

SNV
599.72; 601.81; 603.91; 606.00; 608.1; 610.19; 612.29; 614.39; 616.49; 943.24;
945.47; 947.7; 949.93; 952.16; 961.1; 965.57; 967.81; 970.04; 972.28; 974.52;
976.76; 979.01; 981.25; 983.49; 985.74; 987.98; 990.23 and 992.48.

Embryonic axis

Raw
539.4; 541.47; 543.53; 545.6; 547.67; 549.75; 551.82; 558.04; 560.12; 830.7;
835.07; 837.25; 839.44; 841.63; 843.82; 846.01; 848.2; 850.4; 852.59; 854.78;
856.98; 859.17; 861.37; 863.57; 865.76; 867.96; 870.16 and 872.36.

MSC
633.31; 635.41; 637.52; 639.63; 641.74; 643.85; 645.96; 648.07; 650.18; 652.3;
654.41; 656.53; 658.64; 660.76; 662.88; 665.00; 667.12; 669.24; 673.48; 923.22;
925.44; 927.66; 929.88; 932.11; 934.33; 936.56; 938.78 and 941.01.

SNV
606.00; 608.1; 610.19; 612.29; 614.39; 616.49; 618.59; 620.69; 622.79; 624.89;
626.99; 629.1; 631.2; 639.63; 795.85; 800.19; 802.36; 943.24; 974.52; 976.76;
979.01; 981.25; 983.49; 985.74; 987.98; 990.23; 992.48 and 996.97.

The specific wavelengths selected from the PCA of the raw and preprocessed spectral
data from the region of the cotyledons and the embryonic axis of the treated seeds (4 g
per kg of seeds) of the highest- and lowest-vigor lots are presented in Table 2. The raw
extracted wavelengths from the cotyledon and embryonic axis regions did not correspond
to the selected wavelengths from the MSC and SNV preprocessing methods. However,
the selected characteristic bands from the preprocessing methods were consistent in both
regions of interest and were within the visible spectral range, specifically, between 601.81
and 656.53 nm. It is evident that the cotyledon and embryonic axis regions of seeds
that were untreated and treated with micronutrients from the high- and low-vigor lots
exhibited different reflectance behaviors, which influenced the selected wavelength in
the PCA analysis (Tables 1 and 2). The treated seeds showed a consistent relationship
between the selected wavelengths, regardless of the analyzed region of interest, and the
applied preprocessing method. However, the untreated seeds showed variation between
the analyzed region and the spectral preprocessing method used.

Table 2. Selected wavelengths from different regions of interest of seeds treated with micronutrients
and soaked for 20 h.

Region of Interest Method of Preprocessing Wavelength (nm)

Cotyledons

Raw
859.17; 861.37; 863.57; 865.76; 867.96; 870.16; 872.36; 874.57; 876.77; 878.97;
881.18; 883.38; 885.59; 887.79; 890.00; 892.21; 894.42; 896.63; 898.84; 901.05;
903.23; 905.48; 907.69; 909.91; 912.12; 914.34; 916.56 and 918.78.

MSC
601.81; 608.1; 610.19; 612.29; 614.39; 616.49; 618.59; 620.69; 622.79; 624.89;
626.99; 629.1; 631.2; 633.31; 635.41; 637.52; 639.63; 641.74; 643.85; 645.96;
648.07; 650.18; 652.3; 654.41; 656.53; 658.64; 660.76 and 662.88.

SNV
601.81; 610.19; 612.29; 614.39; 616.49; 618.59; 620.69; 622.79; 635.41; 637.52;
639.63; 641.74; 643.85; 645.96; 648.07; 650.18; 652.3; 654.41; 656.53; 934.33;
936.56; 938.78; 941.01; 943.24; 945.47; 947.7; 949.93 and 952.16.
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Table 2. Cont.

Region of Interest Method of Preprocessing Wavelength (nm)

Embryonic axis

Raw
756.9; 759.06; 761.22; 763.38; 765.53; 767.69; 769.85; 772.02; 774.18; 776.34;
778.51; 780.67; 782.84; 785.00; 787.17; 789.34; 791.51; 793.68; 795.85; 798.02;
800.19; 802.36; 804.54; 806.71; 808.89; 811.07; 813.24 and 817.6.

MSC
597.63; 599.72; 601.81; 603.91; 606.00; 608.1; 610.19; 612.29; 614.39; 616.49;
618.59; 620.69; 622.79; 624.89; 626.99; 629.1; 631.2; 633.31; 635.41; 637.52;
639.63; 641.74; 643.85; 645.96; 648.07; 932.11; 934.33 and 936.56.

SNV
612.29; 614.39; 616.49; 618.59; 620.69; 622.79; 624.89; 626.99; 629.1; 631.2;
633.31; 635.41; 637.52; 639.63; 641.74; 970.04; 972.28; 974.52; 976.76; 979.01;
981.25; 983.49; 985.74; 987.98; 990.23; 992.48; 996.97 and 1000.

3.5. Models Based on Selected Bands

The accuracy of the classification models ANN, DT and PLS-DA, developed using
spectral bands subjected to different preprocessing techniques and selected through PCA
analysis of the cotyledon and embryonic axis regions of untreated soybean seeds, can
be observed in Table 3. The use of MSC for the cotyledon region resulted in the highest
classification accuracies of 88%, 86% and 100% for validation using the ANN, DT and
PLS-DA models, respectively. Similar results were obtained for the embryonic axis region,
which had a validation accuracy of 95% with ANN, 92% with DT and 100% with PLS-DA.
The lowest classification accuracy in the cotyledon region of untreated seeds for both
models was observed when using raw spectral bands, while for the embryonic axis region,
the lowest classification accuracy for the ANN, DT and PLS-DA models was obtained
with the application of the SNV preprocessing method. The results revealed that PLS-DA
combined with the MSC preprocessing technique outperformed the other models, with the
highest classification accuracy of 100% for both the cotyledon and embryonic axis regions
of untreated seeds, respectively.

Table 3. Classification accuracy based on different models and preprocessing methods from different
regions of interest of untreated seeds with different levels of vigor soaked for 20 h.

Region of Interest Method of Preprocessing Calibration Set (%) Prediction Set (%)

Overall Accuracy (%)

ANN DT PLS-DA ANN DT PLS-DA

Cotyledons
Raw 97 70 100 53 65 68
MSC 98 94 100 88 86 100
SNV 100 100 100 83 81 89

Embryonic axis
Raw 100 84 93 76 85 90
MSC 100 99 100 95 92 100
SNV 98 97 80 54 66 73

ANN = artificial neural network, DT = decision tree and PLS-DA = partial least squares–discriminant analysis.

The best prediction performance for the classification models ANN and DT, devel-
oped using spectral bands extracted from the cotyledon and embryonic axis regions of
micronutrient-treated soybean seeds, was achieved with the MSC preprocessing method
(Table 4). On the other hand, the PLS-DA model showed higher classification performance
using raw data for the cotyledon region (97%) and the preprocessing method for the embry-
onic axis region (100%). The PLS-DA model provided the highest classification accuracy of
97% and 100% for the cotyledon and embryonic axis regions, respectively, without consid-
ering the preprocessing methods. The lowest classification accuracy for the cotyledon and
embryonic axis regions of treated seeds was observed with the SNV preprocessing method,
regardless of the adopted classification model.
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Table 4. Classification accuracy based on different models and preprocessing methods from different
regions of interest of seeds with different levels of vigor treated and soaked for 20 h.

Region of Interest Method of Preprocessing Calibration Set Prediction Set

Overall Accuracy (%)

ANN DT PLS-DA ANN DT PLS-DA

Cotyledons
Raw 94 92 100 86 73 97
MSC 100 96 93 90 88 92
SNV 100 96 98 33 46 38

Embryonic axis
Raw 98 100 98 43 50 41
MSC 100 100 100 92 85 100
SNV 98 100 96 30 38 41

ANN = artificial neural network, DT = decision tree and PLS-DA = partial least squares–discriminant analysis.

4. Discussion

Evaluations conducted during the initial characterization of seed lots are routinely
used in seed quality control laboratories to assess seed viability and vigor. The germina-
tion test aims to determine the maximum germination capacity of a seed lot under ideal
conditions, taking into account the formation of normal seedlings. The first germination
count is an auxiliary test to the germination test, which allows for the observation of the
speed of normal seedling formation. The accelerated aging test evaluates the performance
of seeds after being subjected to stress conditions such as high temperature and relative
humidity. The tetrazolium test, on the other hand, is based on the respiratory activity of
cells composing the seed tissues. In the tetrazolium test, the seed quality is determined by
identifying problems that occurred in the field. Analysis of the emergence of seedlings in
the field is a vigor test that assesses the performance of seedlings under field conditions,
and it is the test that most closely represents the reality faced by the producer, as it allows
the observation of plant establishment in the field. The vigor of the lots, as evaluated
through the tests, allowed for characterization of the lots in this research as having high or
low vigor.

These tests are essential for seed quality control, providing important information
about viability and vigor. They assist in making decisions regarding seed storage, com-
mercialization and sowing. The vigor of seeds is a decisive factor for agricultural pro-
duction, and the use of micronutrients applied through seeds can be influenced by the
vigor level. Less vigorous seeds are more susceptible to phytotoxicity [26]. According to
Bewley et al. [27], seeds with high vigor require less time to complete their initial DNA
repair, which promotes tolerance to stressful conditions. Seedling emergence is directly
related to seed vigor, with lots composed of more vigorous seeds resulting in faster and
more uniform emergence [3,28]. Therefore, understanding the physiological potential of
seed lots and the effect of seed treatment with micronutrients needs to be further clarified.

The absorption of water by seeds is a three-phase process. Phase I of the water
absorption process in seeds is characterized by rapid water uptake and the reactivation of
metabolism, mainly involving membrane and DNA repair activities. In Phase II, there is a
reduction in the rate of water absorption, and the main events are related to cell elongation
preparation, particularly in the radicle. Phase III is characterized by the resumption of the
growth of the embryonic axis and the emergence of the primary root. In this phase, the
mobilized reserves are transported to be assimilated by the growing points of the embryo,
leading to the growth of the seedling [27]. According to Marcos-Filho et al. [29], water
uptake during the seed hydration process for a period of eight to sixteen hours triggers the
first signs of metabolic reactivation, including increased respiratory activity and energy
availability for germination, enzyme activation and protein synthesis. Therefore, the
20 h period adopted in this study would be suitable for analyzing the absorption and
mobilization of micronutrients by soybean seeds from high- and low-vigor lots.
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The X-ray fluorescence (XRF) technique is an important tool for assessing nutrient
distribution in seeds [30]. However, the low concentration of micronutrients in seed tissues
makes their quantification challenging. In a study by Romeu et al. [7], XRF analysis
was used to investigate the elemental distribution in soybean seeds before and during
germination. The researchers also did not identify the presence of Mo and attributed it to
its low concentration. Soybean seeds have a natural concentration of micronutrients that
can vary depending on the specific micronutrient. In a study by Magalhães et al. [31], the
concentration of mineral nutrients was quantified in seeds of three soybean cultivars (TMG
132, P98Y11 and NS 8270). The researchers found that the accumulation of micronutrients
in the seeds followed the order Zn, Mn and Cu, respectively, for all three cultivars studied,
which is consistent with the findings of the present research. It is worth noting that seed
vigor also affects the concentration of micronutrients, as seeds with high vigor have a high
concentration of Zn and Mn compared to those with low vigor.

The higher concentration of Zn and Mn found in soybeans is probably associated
with the role of these micronutrients during germination and initial seedling development.
Zn plays a crucial role in the biosynthesis of enzymes and proteins involved in various
metabolic activities [32], while Mn is involved in multiple processes throughout the plant’s
life cycle, including photosynthesis, respiration and the elimination of reactive oxygen
species [33]. Thus, it becomes evident that micronutrient concentration contributes to seed
vigor, with more vigorous seeds establishing themselves rapidly and uniformly under
different environmental conditions.

The absorption of micronutrients applied individually or in combination through
seed treatment still raises uncertainty in the scientific community. The results obtained
show that regardless of seed vigor, the highest concentration of micronutrients (Cu, Zn
and Mn) is found in the hilum and seed coat region, which is in agreement with previous
findings for soybean seeds using the µ-XRF technique to analyze zinc absorption [9,34],
copper, molybdenum, zinc [8] and nickel [35]. However, these same authors mention that
micronutrients applied via seed treatment will later be transferred to the rhizosphere soil
and ultimately absorbed by the roots.

This research is pioneering in the use of hyperspectral imaging to evaluate seed tissues
with different levels of vigor treated with micronutrients. The reflectance of untreated
seeds with low vigor was high compared to seeds with high vigor. Seeds with low vigor
exhibit a more pronounced deterioration process, which causes damage to membrane
systems, lipid peroxidation, and higher electrolyte leakage. The absorption peaks between
600–800 nm are primarily related to the lipid content in soybean seeds, where higher lipid
content leads to higher reflectance [18]. The cotyledon and embryonic axis regions of
micronutrient-treated seeds did not show differences in reflectance related to vigor level.
The seed coat is a protective structure between the embryo and the external environment,
composed of layers of cells with thick walls. The presence of micronutrients in the seed
coat may have influenced the water absorption dynamics, affecting reflectance.

In the NIR region between 760–1070 nm, primarily the harmonics and combinations
of fundamental vibrations of the functional groups OH, NH, and CH are produced. These
functional groups are essential components of seed molecules such as carbohydrates, fats,
water and proteins. Consequently, the types/structures and concentrations of molecules in
seeds have a significant impact on spectral information [36]. Therefore, the observed be-
havior of higher reflectance in untreated seeds with low vigor compared to seeds with high
vigor is associated with a more pronounced deterioration process, which primarily leads to
reduced water absorption and modifications in the seed membrane system (Figure 8a,c).

To select the best preprocessing methods for reducing noise interference in spectral
data, different preprocessing methods were applied. The results showed that the MSC
method was the most appropriate for preprocessing the spectral information obtained from
the cotyledon and embryonic axis regions of both high- and low-vigor soybean seeds that
were untreated and treated with micronutrients (Tables 3 and 4). The MSC preprocessing
method attenuates the effect of light scattering in the original spectrum, thereby increasing
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the accuracy of the model. It has been previously used in research studies that aimed to
detect seed vigor, as demonstrated by [24,37]. In this study, we applied a machine learning
approach based on classification models to verify whether it is possible to identify the vigor
of soybean seeds before and after treatment with micronutrients. We obtained satisfactory
classification results for vigor discrimination, and the results are in line with those obtained
through XRF and µ-XRF techniques.

The HSI technique has shown promise for investigating the metabolism of micronutri-
ent absorption in soybean seeds. Future studies using wider ranges of the electromagnetic
spectrum, considering, for example, the entire infrared region, may yield important re-
sults related to protein, lipid and starch metabolism in response to seed treatment with
micronutrients or other elements, particularly when seeds with different levels of vigor
are used. Therefore, the integration of spectral data and X-ray fluorescence data assisted
in explaining the dynamics of micronutrient absorption applied via seed treatment with
different levels of vigor.

5. Conclusions

The technique of X-ray fluorescence spectroscopy identified higher concentrations of
micronutrients in the treated seeds, with zinc being the predominant element. Microprobe
X-ray fluorescence spectroscopy analysis revealed that a significant proportion of the
micronutrients remained adhered to the hilum and seed coat, irrespective of seed vigor.

The PLS-DA classification model using spectral data exhibited higher accuracy in
classifying soybean seeds with high and low vigor, regardless of seed treatment with
micronutrients and the analyzed region.
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