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assessment of crambe seed quality
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ABSTRACT: Technologies based on electromagnetic radiation, such as the X-ray technique,
has contributed to the establishment of new and promising methodologies for evaluating
seed quality. This study aimed to relate parameters based on semi-automated analysis
of radiographs of crambe seeds to their physiological quality. Radiographic images of
seeds from 10 seed lots of cultivar FMS Brilhante were semi-automatically analyzed using
Imagel® software. Measurements of morphometric characteristics and tissue integrity were
obtained for the seeds, as well as individually for the seed embryo. Following X-ray test, the
seeds were subject to germination and seedling growth test. It was possible to visualize the
internal structures of the seeds in the radiographs. There were differences in the physical
parameters obtained by the semi-automated analysis of the radiographs between the seed
lots. Also, the lots differed regarding the physiological quality of the seeds. Morphometric
characteristics and tissue integrity, especially for the seed embryo, showed high correlation
with the seed physiological quality. Therefore, this work presents an efficient approach to
rapid and non-destructively assess the quality of crambe seeds.

Index terms: Crambe abyssinica, image analysis, relative density, seed radiography.

Uso de imagens radiograficas para avaliagdo rapida e nao destrutiva da
gualidade de sementes de crambe

RESUMO: Tecnologias baseadas em radiagdo eletromagnética, como a técnica de raios X,
contribuiram para estabelecer novas e promissoras metodologias para avaliar a qualidade de
sementes. Nesse sentido, este estudo teve como objetivo relacionar parametros baseados
na analise semiautomatizada de radiografias de sementes de crambe a sua qualidade
fisioldgica. Imagens radiograficas de sementes pertencentes a 10 lotes da cultivar FMS
Brilhante foram analisadas de forma semiautomatizada por meio do software Imagel®. Foram
obtidas medidas de caracteristicas morfométricas e integridade tecidual das sementes, bem
como individualmente para o embrido das sementes. Apds o teste de raio-X, as sementes
foram submetidas ao teste de germinagao e crescimento de plantulas. Foi possivel visualizar
as estruturas internas das sementes nas radiografias. Houve diferencas nos parametros
fisicos obtidos pela andlise semiautomatica das radiografias entre os lotes de sementes.
Além disso, os lotes diferiram quanto a qualidade fisioldgica das sementes. Caracteristicas
morfométricas e de integridade tecidual, especialmente para o embrido, apresentaram alta
correlagdo com a qualidade fisiolégica. Assim, este trabalho apresenta uma abordagem
eficiente para avaliar de forma rapida e nado destrutiva a qualidade de sementes de crambe.

Termos para indexagdo: Crambe abyssinica, andlise de imagem, densidade relativa,
radiografia de sementes.
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INTRODUCTION

The crambe (Crambe abyssinica Hochst) is a winter crop belonging to the Brassicaceae family, originating in
the Mediterranean and found in several tropical and subtropical areas (Martins et al., 2017). The species has been
recognized as a good raw material option for biodiesel production and has been recommended for use in the off-
season of annual crops, such as soybean, as it has a short cycle and high tolerance to drought (Falasca et al., 2010).

To maximize the productivity potential of the crop, one of the main requirements is satisfactory establishment of
plant population in the field, which requires the use of seeds with high physiological quality (Ledo et al., 2016). For
crambe, germination and vigor tests, such as electrical conductivity, accelerated aging, cold test and seedling length
measurements have been used to classify seed lots in terms of quality, serving as support for decision making in the
seed industry (Soares et al., 2018; Machado et al., 2017; Silva et al., 2016).

Following technological advances, new methodologies allowing quicker and more precise responses regarding
aspects of seed quality are being developed. The use of X-ray electromagnetic radiation stands out for evaluating the
internal seed morphology. This technique allows investigation of morphological and structural abnormalities of the
seed internal tissues and their causes (Arruda et al., 2016). The X-ray test is based on differential absorption of X-rays by
the tissues; the denser and thicker the tissue, the lighter the image generated (Kotwaliwale et al., 2014). This test can
be used for seeds of several species without causing damage to the seeds, as is used low doses of radiation, enabling
evaluation of internal structures that otherwise would be difficult to evaluate (Xia et al., 2019).

Based on the images generated, several parameters can be obtained from the radiograph which can be correlated
with results of other tests, such as germination and vigor tests, facilitating the classification of seed lots regarding seed
physiological quality (Medeiros et al., 2018). For this purpose, specific software is used, simply and non-destructively,
to measure the pixel density (mean pixel values in a monochromatic image — ranging from 0, black, to 255, white), free
internal space and other characteristics that can often be related to the physiological quality of the seeds (Abud et al.,
2018; Medeiros et al., 2018).

However, there is still no information demonstrating the efficiency of X-ray testing to evaluate internal morphological
characteristics and their relationship with the physiological quality of crambe seeds. This information would be useful
for optimizing the industry internal quality control during seed production which, together with the use of modern
computational techniques to evaluate the radiographs generated, would confer greater speed and precision on these
evaluations. Moreover, improvement of this technique has great potential to be adjusted and used for other species,
signifying great advances in the field of seed production technology.

Therefore, this study aimed to propose a semi-automated method for analyzing radiographic images of crambe
seeds and to relate the parameters obtained to their physiological quality.

MATERIAL AND METHODS

Seed samples and internal morphology analysis

Ten crambe seed lots of cultivar FMS Brilhante differing in the physiological quality were used. The seeds were
produced at the Unidade de Pesquisa e Extensdo Vale da Agronomia, of the Universidade Federal de Vigosa, Vicosa,
Minas Gerais, Brazil (20°45’30.7”S and 42°52°15.8”W, altitude 684 m), between the years 2012 and 2016.

The moisture content of the seeds was determined using the oven method at 105 + 3 °C for 24 hours (Brasil, 2009).
Two replicates of 2 g of seeds were used for each lot.

For the analysis of internal morphology, four replicates of 50 seeds were used, initially organized and spread on
adhesive paper, properly identified with the lot number and the position of each seed. After this step, the seeds were
subject to X-ray electromagnetic radiation. The equipment used to generate the digital radiographic images was the
Faxitron, model MX-20 (Faxitron X-ray Corp. Wheeling, IL, USA), adjusted for 10 seconds of radiation, with a voltage of
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Crambe seed quality assessed by X-ray 3

23 kV, focal length of 41.6 cm, and image contrast of 13917 (width) x 5374 (center).

In this study, the fruit of the crambe was referred to as the seed, which is the term used commercially, and the
botanical seed was called the embryo, as the tegument is thin and not very representative in relation to the embryonic
axis and cotyledons, which are the structures occupying almost the totality of the seed.

Semi-automated analysis of radiographies

Digital radiographs were analyzed using Imagel°® software, following the semi-automated methodology proposed by
Medeiros et al. (2018). The individual seeds and embryos on the radiographic images were manually selected, using the
in-built Imagel)® ‘Wand Tool’. Following, it was run the automated ‘Analyze Particle’. The variables area (mm?), perimeter
(mm), circularity, solidity, relative density (gray pixel?) and integrated density (gray mm? pixel!) were determined for
the commercial seed and the embryo, as well as the percentage of seed filling (Table 1).

Seed physiological quality

After obtaining the X-ray images, the seeds were subjected to the germination test. The same seeds were used,
arranged in the same way used to obtain the radiographs, in order to relate the physiological evaluations with the
image data individually for each seed. To perform the germination test, plastic transparent boxes (11 x 11 x 3 cm) were
used, with two germitest paper sheets on the bottom, which were moistened with distilled water, in the proportion of
2.5 times the dry paper mass. The set was stored at 25 °C in a germinator. Daily counts of germinated seed were taken
until the seventh day after sowing (Brasil, 2009). With this data, the following variables were obtained: percentage of
radicle protrusion (radicle greater than 2 mm), percentage of germination (seedlings with length exceeding 20 mm,
with roots and cotyledons visible and with normal development), mean germination time, mean radicle protrusion
time, germination speed index, radicle protrusion speed index, T, (time to reach 50% germination) and synchrony
index. The indices were calculated using the SeedCalc R package, and the equations are described in Silva et al. (2019).

At the end of the germination test, the seedlings and the non-germinated seeds were scanned. The images were
used to manually measure the length of hypocotyl, primary root and total seedling length using the ImageJ® software.
The length data were processed using the SeedCalc R package (Silva et al., 2019) and the following indexes were
generated: seedling growth, uniformity, vigor (Sako et al., 2001) and corrected vigor (Medeiros and Pereira, 2018).

Table 1. Parameters evaluated in the semi-automated analysis of radiographic images of Crambe abyssinica seeds.

Structure . -
Characteristic Description
Seed Embryo
AreaSeed AreaEmb Area (mm?) Area of the seed or embryo.
. Perimeter of the seed or embryo - the outline of each
PerSeed PerEmb Perimeter (mm) seed in the image.
; ; : ; Seed or embryo circularity — the shape of the seed being
CircSeed CircEmb Circularity 1, completely roundly, and 0, not roundly.
. . Mean gray in the seed or embryo — the mean value of
RelDensSeed RelDensEmb Re(lagve Iijxirl'_f)'ty each pixel comprising the seed in a monochromatic
gray.p image, ranging from 0 (black) to 255 (white).
Integrated density  Product of the area of the seed or embryo with the
IntDenSeed IntDenEmb (gray.mm?Z.pixel?) relative density.
- Relation between area and convex area. Regular
Solseed SolEmb Solidity shape =1, irregular shape < 1.
s -~ Percentage of area of the embryo in relation to the area
Filling Seed Filling of the seed (%).
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Experimental design and data analysis

The experiment was conducted in a completely randomized design with four replicates. The data were subjected
to analysis of variance, following verification of the normality assumptions and homogeneity of variances, using the
Shapiro-Wilk and Bartlett tests, respectively. The means obtained for the lots were grouped using the Scott-Knott test
(p <0.05) and then subjected to Pearson’s correlation analysis. The significance of the correlation was evaluated using
the T test (p <0.05). Principal component analysis was performed using all parameters analyzed. Data analysis was
performed using statistical software R 3.5.2 (R Core Team, 2019).

RESULTS AND DISCUSSION

The moisture content of the seeds from all the lots were considered close, ranging from 9.2 to 10.8%, and there
was no significant difference between the lots. These data are important, as significant differences in seed moisture
content may compromise the accuracy of the results, since it affects the quality of the images generated in the X-ray
test (Simak, 1991).

In this research, the moisture content of the seeds enabled good visualization of the seeds’ internal morphology
(Figure 1). It was possible to visualize the main structures of the seeds and differentiate well-formed and malformed
seeds, as well as seeds without embryo (Figure 1A). Furthermore, it was possible to identify differences in tissue density
within each seed, represented by a color gradient generated using each pixel gray value (Figure 1C). However, it was not
possible to visualize the embryonic axis precisely.

In studies using X-ray to analyze seeds of other species, such as sesame (Nogueira Filho et al., 2017) and cashew
(Silva et al., 2017), the internal structures of the seeds could be seen, while the water content varied between 6.5
and 12%. Thus, the water content of the crambe seeds used in this study did not reduce the quality of the images
generated. However, as mentioned in the previous studies, the oil content of the seeds influences the detailing of the
internal structures visualized in the images, which often makes it impossible to identify important tissues, such as the

A: seed internal structures, in which (a) is a well-formed seed, (b) is a malformed seed, and (c) is a seed without embryo. The main structures
visualized (pericarp and embryo) are indicated.
B: full image acquired for semiautomated analysis showing the seed arrangement.
C: two seeds highlighted with contrasting tissue densities (the colors represent the gray value).

Figure 1. Radiographic images of Crambe abyssinica seeds.
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embryonic axis. Thus, it is emphasized that crambe seeds have high oil content ranging from 36 to 38% which, together
with its round shape, may have impaired visualization of the internal structures in greater detail.

The mean seed area ranged from 6.61 to 7.82 mm? between the lots for complete seed and from 3.05 to 3.84
mm? for the embryo (Table 2). The perimeter, calculated based on the outline of each seed in the image, varied from
9.82 to 11.38 mm and from 7.69 to 8.52 mm, for complete seed and embryo, respectively. Thus, it was observed
significant differences in seed size between the lots. Lots 1 and 9 were those with the greatest values of perimeter
and area, respectively.

Table 2. Physical parameters obtained by the semi-automated analysis of radiographic images of Crambe
abyssinica seeds.

Seed Lot Area Perimeter  Circularity Relative density Integrated density Solidity Seed filling
Unit mm? mm gray.pixel? gray.mm?.pixel*
Seed
1 7.37 b? 11.38a 0.75b 89.32¢ 664 b 0.976 ¢ 50.07 a
2 6.70d 9.90 ¢ 0.86 a 94.16 b 631b 0.983 b 51.42a
3 6.61d 9.82¢ 0.86 a 98.03 a 648 b 0.983 b 52.47 a
4 7.23b 10.20 b 0.87 a 87.22¢c 632 b 0.984 a 4224 c
5 6.96 C 10.18 b 0.85a 99.95 a 697 a 0.982 b 51.02a
6 7.06 ¢ 10.25b 0.85a 100.72 a 710a 0.983 b 52.12a
7 7.24 b 10.42 b 0.84 a 101.88 a 737 a 0.982b 53.06 a
8 7.27b 10.30 b 0.86 a 101.52 a 738a 0.983 b 52.33a
9 7.82a 10.63 b 0.87 a 91.84b 718 a 0.984 a 45.28 b
10 7.16 b 10.27 b 0.85a 97.00 a 695 a 0.983b 51.35a
Fc 8.65%* 12.79* 26.69* 13.51* 10.76* 25.64* 32.49*
cv 3.28 2.35 1.65 2.98 3.63 0.09 2.48
Embryo
1 3.69a 8.21a 0.69 a 146.54 b 549 b 0.958 a -
2 344D 7.82Db 0.71a 147.65 b 509 ¢ 0.960 a -
3 3.47b 7.69b 0.74 a 150.02 b 522 ¢ 0.965 a -
4 3.05c¢ 8.21a 0.59b 144.71b 451d 0.927b -
5 3.55h 8.25a 0.67 a 154.30 a 549 b 0.958 a -
6 3.68a 8.24 a 0.69 a 153.34 a 564 b 0.963 a -
7 3.84a 8.27 a 0.72a 154.04 a 592 a 0.966 a -
8 3.80a 8.30a 0.70 a 154.62 a 589 a 0.965 a -
9 3.53b 8.53a 0.63b 147.03 b 526 ¢ 0.948 a -
10 3.67a 8.27 a 0.69 a 150.16 b 553 b 0.961a -
Fc 17.03* 5.86* 9.89% 6.48* 24.62* 10.40%* -
cv 3.07 2.45 4.07 1.88 3.07 0.76 -

a: means followed by the same letter in the column were grouped together by the Scott-Knott test at the 0.05 probability level.
*: significant by the F test (p < 0.05).

Fc: calculated F value.

CV: coefficient of variation.

Journal of Seed Science, v.43, e202143001, 2021



6 A.S. Ribeiro et al.

When comparing the complete seed, the lots showed low variability for circularity (0.75 to 0.87), a variable that
indicates how rounded the seed is. Only the lot 1 differed from the others, presenting the lowest value (Table 2). However,
when comparing only the embryo, lots 4 and 9 showed less rounded forms, i.e., lower values. Also, for a similar seed area,
it is observed that the greater the circularity the smaller the perimeter, as observed in the seeds from lots 1 and 10.

According to Abud et al. (2018), studying broccoli seeds, the area of the seeds may reflect their vigor, since larger
areas coincide with larger reserves available for seed germination and seedling growth. Marchi and Gomes Junior (2017)
demonstrated that, for Senna multijuga seeds, it was the embryo area that most clearly expressed differences in the
physiological quality of the lots in relation to the pericarp area. Likewise, larger values for embryo area were observed in
lots 1, 6, 7, 8 and 10, indicative of the higher physiological quality of the seeds from these lots.

For the gray density parameters, relative density varied between lots. Three and two groups were formed,
respectively, comparing the complete seed and the embryo. When considering the complete seed, tissue densities
were low for lots 1 and 4, intermediate for lots 2 and 9, and high for the other lots, which is in agreement with the
results obtained for the seeds’ areas. As for the relative density of the embryo, lots 5, 6, 7 and 8 showed higher values,
indicating higher tissue density of the seeds in these lots.

By means of the integrated density of the complete seed and the embryo, which considers the relative density and
the area of the seeds, it was possible to classify the lots into two and four groups, respectively. Thus, it is evident that
integrated density evaluated only in the tissues of the embryo can be promising for classifying the seeds at different
levels of vigor, since the area of the embryo combined with analysis of the density of its tissue can be used to infer
about the tissue integrity and the amount of reserve available for embryo growth.

In studies with broccoli (Abud, 2018) and leucaena (Medeiros et al., 2018) seeds, it was shown that the use of
tissue density parameters obtained from radiographic images is promising and shows a strong correlation with the
physiological quality of the seeds. Seeds with higher densities were classified as having greater vigor, which gave rise
to normal, longer seedlings.

On the other hand, by means of the solidity, calculated based on the radius involving the area of the seed and its
convex closure, it was possible to classify the lots into three and two groups, when comparing the complete seed and
the embryo, respectively (Table 2). Lot 1 showed lower solidity, comparing whole seeds, while comparing only the
embryo, lot 4 showed the lowest value.

In tissue engineering, curvature factors are useful for expressing capacity of cell space filling (or other structure
being evaluated) and for evaluating the occurrence of concave or convex irregularities that can be used to perform
an accurate analysis of the total area of the structure (Lobo et al., 2016). Solidity is a variable which can be used
as a measure of density (Martinovic et al., 2018), in which values close to 1 correspond to a solid structure, while
lower values reveal irregular limits, concavities (Soltys et al., 2005). Thus, for seeds with greater solidity, the difference
between seed area and the seed convex area reduces, resulting in values of solidity close to 1, which may indicate a
well-formed seed without damage.

In addition, the seed filling, percentage of the area occupied by the embryo compared to the area of the seed,
varied between seed lots. Lots 4 and 9 differed from each other, as well as from the other seed lots, showing the lowest
percentages of embryo filling. This is an indication that the seeds from these lots have lower physiological quality, since
the seed filling shows a close relationship with germination capacity, being a promising variable to distinguish lots with
low physiological quality (Noronha et al., 2018; Silva et al., 2013).

Eight of the ten seed lots (1, 2, 3, 5, 6, 7, 8, 10) showed values of 60% or above for germination (normal seedlings)
(Table 3). This is the minimum germination percentage required in the crambe seed trade in Brazil (Brasil, 2013). The
radicular protrusion followed the same pattern observed for the germination data. However, the values obtained were
higher as for this evaluation it was considered only the radicle protrusion (> 2 mm), which not necessarily culminate in
the development of normal seedlings.
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Table 3. Physiological quality parameters of Crambe abyssinica seed lots.

Seed Lot Ger RadProt MGT MRPT T, GSI RPSI Sync.
Unit —_ % ——— ————days ——— ——— Index ———
67 ba 83b 4.53 2.17b 3.94 7.71b 26.64 a 0.68 a
2 78 b 95a 4.60 2.62b 3.97 8.67b 19.55a 0.51b
3 92a 99a 4.23 2.41b 3.60 10.96 a 21.67a 0.70 a
4 26d 33d 4.86 361a 4.17 2.77d 5.09b 0.33b
5 90 a 99 a 4.24 2.57b 3.64 10.75a 20.66 a 0.70 a
6 93a 99a 4.27 2.55b 3.63 11.05a 20.52 a 0.66 a
7 86 a 97 a 4.35 2.55b 3.70 10.08 a 20.17 a 0.60a
8 90 a 100 a 4.44 2.82b 3.80 10.29 a 18.86 a 0.50b
9 48 ¢ 56 ¢ 4.67 3.46a 3.99 5.28 ¢ 9.19b 0.41b
10 88 a 93a 4.37 2.80b 3.77 10.15a 17.88 a 0.54b
Fc 27.93* 36.20* 191 4.70%* 1.56 21.47% 7.97* 3.30%*
cv 11.22 8.92 6.74 15.13 7.94 13.64 24.64 25

2: means followed by the same letter in the column were grouped together by the Scott-Knott test at the 0.05 probability.

*: significant by the F test (p < 0.05).

Fc: F calculated.

CV: coefficient of variation.

Abbreviation: Final Germination (Ger), Radicle Protrusion (RadProt), Mean Germination Time (MGT), Mean Radicle Protrusion Time
(MRPT), Mean time for 50% germination (T50), Germination Speed Index (GSI), Radicle Protrusion Speed Index (RPSI), Synchrony
of Germination (Sync).

For evaluations considering germination time, difference was observed between the lots only for the mean root
protrusion time (MRPT). Lots 4 and 8 had higher values, 3.6 and 3.5 days, respectively. Lot differences were also
observed for variables related to germination speed: germination speed index (GSl), radicle protrusion speed index
(RPSI) and synchrony index (Sync). The lots were classified in four levels of vigor for GSI, in which the seeds from lots 3,
5, 6, 7, 8 and 10 showed higher values, followed by lots 1 and 2. By means of RPSI, it was possible to group the lots into
just two levels of vigor. Lots 4 and 9 presented lower values, as it was observed in the germination test.

Soares et al. (2018) reported that GSl is a more sensitive parameter for detecting small differences in the physiological
quality of seeds compared to RPSI. However, although seedlings are not evaluated to estimate RPSI, according to the
seedling normality criteria adopted in seed technology, it is an important variable that can be used as an additional
parameter to the germination test (Toledo et al., 2011). Thus, the crambe seed lots were classified in different levels
of vigor regarding RPSI (Table 3).

Lots 1, 3, 5, 6, and 7 showed higher values of synchrony of germination (Table 3). This variable is related to the level
of organization or disorder of the chemical reactions during the germination process and detects the number of times
seed germination is observed, regardless of the time required. Synchronous values close to 1 mean that germination
of all seeds occurred at the same time, while values close to 0 are observed when at least two seeds can germinate,
one at a time (Ranal et al., 2009).

Seedlings from the different seed lots showed differences in growth (Table 4). In general, smaller values of length
and vigor indexes were observed for the seedlings from seeds of lots 1, 4 and 9. Thus, for the other lots, seedlings with
higher rates of development, growth and uniformity were observed, which may be related to the greater capacity of
the seeds in transferring their reserves to the development of the embryonic axis (Finch-Savage and Bassel, 2016).
These data reflect the higher vigor of the seeds of the lots 2, 3, 5, 6, 7, 8 and 10.
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Table 4. Morphological parameters of seedlings and quality indexes of Crambe abyssinica seed lots.

Seed lots Hypocotyl length  Root length Seedling length  Uniformity Growth  Vigor  Corrected vigor

unit —_————m————  ————— index ———————
1.04 ba 0.93b 197c 434 b 94 b 196 b 135b
2 1.72a 2433 4.15a 576 a 236 a 338a 267 a
3 1.72a 2.82a 4.54 a 657 a 271a 387 a 355a
4 0.90b 0.49b 1.39¢c 267 c 53b 117 c 31c
5 1.95a 2.75a 470 a 615a 267 a 372a 336a
6 2.03a 2.82a 4.85a 620 a 274 a 378 a 352a
7 1.76 a 2.76 a 451a 579 a 266 a 360 a 313 a
8 1.90a 2.69a 4.59a 632 a 261 a 373a 336 a
9 1.74 a 1.28b 3.01b 444 b 132b 226 b 111 b
10 1.84a 2.55a 439a 665 a 248 a 373 a 326 a
Fc 13.24%* 7.56* 10.14* 16.23* 7.90* 15.09* 16.28*
cv 12.54 30.17 20.43 11.56 28.32 15.82 22.91

2: means followed by the same letter in the column were grouped together by the Scott-Knott test at the 0.05 probability level.
*:significant by the F test (p < 0.05).

Fc: calculated F value.

CV: coefficient of variation.

Growth, uniformity, vigor and corrected vigor indexes were consistent for evaluating the physiological quality of crambe
seeds (Table 4). Thus, these indices are recommended for evaluating the physiological quality of seeds of this species.
Previous research has also shown excellent results in identifying vigor differences between seed lots with the use of at least
one of these indices in cultivated species such as maize (Castan et al., 2018), soybean (Medeiros and Pereira, 2018).

The parameters area, circularity, solidity, perimeter and integrated density of the whole seed showed low
efficiency in indicating seed vigor, and low values of correlation with the physiological quality data (Figure 2). However,
all parameters evaluated on the embryo, except PerEmb, showed strong correlations with the variables related to
germination and seedling length.

The other parameters generated based on analysis of the radiographs, with emphasis on the relative density of both
the seed and the embryo, showed high correlation with physiological characterization parameters (e.g. Ger: r =0.87, r =
0.79; RadProt: r=0.81,r=0.73; GSI: r =0.87, r = 0.80; CorVigor: r =0.92, r = 0.82; respectively). The seed filling and embryo
solidity parameters were also related to the seed quality, showing high correlations (r> 0.90) with the percentage of seed
germination, seedling uniformity and other variables related to physiological attributes. This result indicates that semi-
automated analysis of X-ray radiographs is efficient to infer about the germination and vigor of the seeds.

The results obtained in the present study (Figure 3) show the adaptation of the methodology of X-ray image analysis
for crambe seeds. The use of free access tools to evaluate characteristics of the seed internal morphology enabled
to evaluate parameters related to their physiological quality. Abud et al. (2018) also found significant and positive
correlations between the mean gray density values of seed radiographs and shape descriptors (area and circularity)
with the length of broccoli seedlings, suggesting that these parameters can be used to evaluate the physiological quality
of the seeds. Thus, the approach used in the present study performing the analysis of the images with the ImageJ’
software has additional advantages, such as greater speed in obtaining the data, greater reliability and precision of the
results. The use of Imagel® software for analyzing seed radiographs of other species has been reported, as for Solanum
gilo (Prado-alves et al., 2018), Brassica oleraceae (Abud et al., 2018), Leucaena leucocephala (Medeiros et al., 2018),
Moringa oleifera (Noronha et al., 2018) and Acca sellowiana (Silva et al., 2013).
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Crambe seed quality assessed by X-ray 9

Figure 2. Pearson’s correlation (r) between the parameters generated by the semiautomated analysis of the radiographic
imagens and by the germination and seedling growth tests of Crambe abyssinica seed lots.

Figure 3. Biplot of the parameters related to the physical (radiographic image analysis) and physiological (seed
germination and seedling growth) characteristics of Crambe abyssinica seed lots.
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The first two components of the principal component analysis (PCA) explained 81.9% of the total data variability
(Figure 3). The vectors comprising characteristics related to germination and seedling performance were close to the
variables obtained in the semi-automated analysis of radiographic images of the seeds and embryos, indicating high
correlation between the characteristics, as was also observed for the correlation data (Figure 2). It is also observed that
lots 1, 4 and 9 were distant and in a position opposite to the vectors related to seedling length and density parameters
of the embryo. This indicates that for these variables, these lots had lower values, i.e., seeds from these lots had lower
physiological quality. These data agreed with those obtained for evaluating seed germination and vigor (Tables 3 and 4).

PCA is a multivariate technique which remains little explored for seed quality data. These associations found by PCA
can be efficient in determining seed quality. Moreover, the results can be easily understood and interpreted (Abud et
al., 2018; Medeiros et al., 2018), especially when dealing with a large number of seed lots undergoing several tests to
assess seed vigor.

Relative density of seed (RelDensSeed) and embryo (RelDensEmb), integrated density of embryo (IntDenEmb)
and percentage of seed filling, obtained analyzing the X-ray images, showed high significant correlation with the seed
physiological quality (Figures 2 and 3). Thus, the integration between semi-automated X-ray image analysis, obtaining
parameters associated with physical characteristics related to the physiological quality, is an efficient approach to rapid
and non-destructively assess the quality of crambe seeds.

Although promising, this methodology does not eliminate the necessity of performing physiological tests, as a dead
seed could present high tissue density. But it has great potential to be used in quality control programs to discard low
quality seed lots, whose seeds will present low values of gray in the images.

CONCLUSIONS

Semi-automated analysis of radiographic images allows the evaluation of the internal morphology of crambe seeds,
and to obtain physical parameters related to the physiological quality of the seeds.
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