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ABSTRACT: Seeds are commercialized in Brazil after rigorous quality control, which is performed by mandatory tests that are 
time consuming and frequently destructive. X-ray image analysis has been highlighted as it has the advantage of being fast, 
nondestructive, can be automated, and for some species, has high correlation with the physiological quality of the seeds. This 
study aimed to investigate the efficiency of the X-ray test, combined with digital image processing techniques, to evaluate the 
characteristics of the internal structures of endive (Cichorium endivia L.) and chicory (Cichorium intybus L.) seeds, as well 
as to relate these characteristics to the physical integrity and physiological potential of the seeds. Four commercial chicory 
seed lots and six commercial endive seed lots were submitted to the X-ray test and subsequent germination test. By visual 
analysis of the images, cracks, embryo malformation, and empty spaces in the seeds were identified. The seeds presented 
high physiological quality, which agrees with the data obtained in the radiographic image analysis. The physical parameters 
evaluated through image analysis inferred the seed integrity and seed filling. Although a low correlation between physical and 
physiological parameters was observed, the analysis of the radiographic images allowed the identification of seeds with low 
physical and physiological quality. Thus, X-ray analysis is efficient in evaluating the physical integrity of chicory and endive 
seeds and has the potential to infer their physiological quality.
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Integridade física de sementes de almeirão e chicória determinada
por análise automatizada de imagens radiográficas

RESUMO: A comercialização de sementes no Brasil é realizada após rigorosa verificação da qualidade de lotes por testes 
obrigatórios, que são demorados e a maioria de caráter destrutivo. A análise de imagens de raios X tem sido destacada devido 
a rapidez, por ser automatizada e não destrutiva, e para algumas espécies há alta correlação com a qualidade fisiológica das 
sementes. O objetivo neste trabalho foi investigar a eficiência do teste de raios X, combinado com técnicas de processamento 
digital de imagens, para avaliar as estruturas internas de sementes de almeirão (Cichorium endivia L.) e chicória (Cichorium 
intybus L.), assim como relacionar estas características com a integridade física e o potencial fisiológico das sementes. 
Quatro lotes comerciais de sementes de almeirão e seis lotes comerciais de chicória foram submetidos ao teste de raios X 
e subsequente teste de germinação. Pela análise visual das imagens foram identificadas trincas, malformação embrionária 
e espaços vazios nas sementes. A qualidade fisiológica das sementes foi alta, o que está de acordo com os dados obtidos 
na análise de imagens radiográficas. As características físicas avaliadas por meio da análise de imagens permitiram inferir 
sobre a integridade e o enchimento das sementes, de forma que apesar da baixa correlação entre as características físicas e 
fisiológicas, a análise das imagens radiográficas permitiu identificar sementes com baixa qualidade considerando estes dois 
atributos de qualidade. Assim, a análise de raios X é eficiente na avaliação da integridade física de sementes de almeirão e 
chicória e tem potencial para inferir sobre a qualidade fisiológica delas. 
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Introduction
Endive (Cichorium endivia L.) and chicory (Cichorium 

intybus L.) are perennial vegetables belonging to the 
Asteraceae family. Both are sources of vitamins A, B, C, and 
D, and they have diuretic, laxative, and antioxidant qualities, 
making them interesting for medicinal purposes (Al-Snafi, 
2016). Due to their bitter taste and the need for mild climates 
for successful cultivation, they are rarely consumed in the 
Brazilian market.

These two species are sexually propagated, and the seeds 
are used to produce seedlings that are transplanted into the 
field. Thus, the seeds must have good physiological quality to 
guarantee an adequate stand in the field, with seedlings of 
greater vigor.

Seed quality is assessed in accredited laboratories before 
the commercialization of the lots. Currently, the mandatory 
tests are physical purity analysis, analysis of the presence of 
other seeds, and germination tests (Brasil, 2009). Despite not 
being mandatory, vigor tests are used by seed companies in 
their quality control programs. However, the seed industry 
has been looking for faster and more efficient tests to support 
internal quality control in decision making regarding the 
disposal of low-quality seed lots, which can save time and 
resources.

An imaging technology that has been helping analyze 
seed quality is the X-ray. In addition to being a fast method, 
several studies have shown a high correlation between the 
parameters obtained with image analysis and the physical and 
physiological quality of seeds (Abud et al., 2010; Medeiros 
et al., 2018). The easy visualization of cracks and internal 
lesions on radiographs can also help in the identification and 
search for solutions to failures in harvesting and post-harvest 
processes.

X-ray imaging is based on the absorption capacity of these 
rays by the tissues of the seed. A lighter color in the radiograph 
corresponds to denser tissues, which blocks the passage of 
the X-rays, and darker areas correspond to less dense tissues, 
which permits the passage of the rays (Simak, 1991). As low-
intensity rays are used in the X-ray test for seed analysis, 
the physiological quality of the seeds is not compromised, 
allowing their use in other tests or for sowing (Xia et al., 2019).

Thus, the objective of this work was to investigate the 
efficiency of the X-ray test, combined with digital image 
processing techniques, to evaluate characteristics of the 
internal structures of endive and chicory seeds, as well as 
to relate these characteristics to the physical integrity and 
physiological potential of the seeds.

Materials and Methods
Study location and plant material

The research was conducted at the Seed Research 
Laboratory of the Department of Agronomy and X-ray 
Laboratory of the Department of Entomology at the Federal 
University of Viçosa, Minas Gerais, Brazil. Four commercial 

seed lots of an endive cultivar and six commercial seed lots of 
a chicory cultivar were used.

Radiographic image acquisition
One hundred seeds from each lot were divided into four 

replications of 25 seeds and distributed in 9 cm² of adhesive 
plastic. This procedure was necessary to maintain the position 
of the seed, making its individual evaluation in subsequent 
analyses possible.

After being glued on the adhesive plastic, the seeds were 
submitted to the X-ray test, using a Faxitron MX-20 to generate 
the digital radiographs. The lots were exposed to radiation for 
19 seconds at 23 kV, at a distance of 20.9 cm, and the image 
contrast was calibrated at 2682 (center) x 9280 (width). The 
adjustment of the voltage and the time of exposure of the 
seeds to radiation was chosen based on preliminary tests with 
seeds of both species.

Computerized image processing and visual analysis
Digital radiographs were analyzed automatically using 

ImageJ® software, in which the PhenoXray macro (Medeiros 
et al., 2020a) was adapted for the seeds of the species 
evaluated in the present study. The macro initially converted 
the images to 8 bits and calibrated the scale, converting pixels 
to millimeters (80 pixels = 1 mm). Then, the background of 
the image was removed, and the image was duplicated and 
segmented using Yen’s thresholding algorithm (Yen et al., 
1995). Finally, particle analysis was performed, redirecting 
the mask created to the original image, generating seven 
variables. The results were automatically saved in a TXT file, 
and an image file was generated with the identified seeds.

Multiple variables were evaluated using the automatic 
analysis of the digital radiographs. Area (A) corresponded to 
the space occupied by the seed in the image in pixels squared; 
this value was then converted by the macro to millimeters 
squared (mm²). Perimeter (P) corresponded to the length in 
millimeters of the external limit of the seed in the radiograph. 
Circularity (C), which ranged from 0 to 1, was obtained using 
Equation 1. The more circular the seed, the greater the C 
value.

2

areaC 4
perimeter

= π×

Relative density (RelDens) was obtained using Equation 2.

gray value of the seed pixels
RelDens

number of pixels that occupies the seed area
= ∑

The integrated density (IntegDens) was obtained using 
Equation 3.

gray value of the seed pixels
IntegDens area

number of pixels that occupies the seed area
= ×∑

(1)

(2)

(3)
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Asymmetry was obtained by the degree of deviation or 
deviation from the symmetry of the pixel values distribution. 
Seed filling was calculated by the percentage of seed area on 
the radiograph corresponding to pixels with values above 5, in 
grayscale ranging from 0 to 225.

In addition to computerized processing, visual analysis of 
radiographs was performed. The number of seeds with physical 
damage and malformation of the endosperm were registered.

Physiological analysis
After the X-ray test, the same seeds, arranged following 

the same order used in the X-ray test, were submitted to 
physiological quality assessment through the germination 
test. For this, the seeds were distributed in acrylic boxes on 
two germination papers (Germitest) previously moistened 
with distilled water in the proportion of 2.5 times the weight 
of the dry paper. The seeds were kept under alternating 
temperature conditions (20-30 °C) for 14 days (Brasil, 
2009). Daily counts of the number of seeds showing radicle 
protrusion (radicle length greater than 2 mm) and germinated 
seeds (normal seedlings) were performed (Brasil, 2009). 
Through this data, the percentage of germinated seeds, 
percentage of seeds with radicle protrusion, the germination 
speed index (GSI), and the average time for germination of 
50% of the seeds (T50) were calculated using the SeedCalc 
package (Silva et al., 2019).

GSI was calculated by Equation 4, where n is the number 
of germinated seeds on each day of the daily count until the 
last count, and t is the number of days after the start of the 
test in each count.

The experimental growth index was calculated using 
Equation 7, in which the mean CT is the average of the total 
seedling length of the repetition and Xmax is the average of the 
total length of 5% of the largest seedlings in the experiment:

i
i

i

nGSI k
t

= =∑

The T50 was calculated using Equation 5, where n is the 
final number of germinated seeds, ni and nj are the numbers 
of germinated seeds at times ti and tj, respectively.

( )
( )

i i j i

j i

Nt n t t
2
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−

At the end of the germination test, images of the seedlings 
were obtained, and the seedling length was measured using 
ImageJ® software. The growth, uniformity, and vigor indices 
were calculated using the SeedCalc package (Silva et al., 2019).

The uniformity index (Unif) was calculated using Equation 
6, where Xi is the analyzed seedling size, x is the average 
seedling size, n is the total number of evaluated seedlings, 
and ndead is the number of non-germinated seeds or dead 
seedlings.

n

i
i 1

dead

X x
50Unif 1 1000 n

n X n
=

 −     = − × − ×  ×    
  
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(4)

(5)

(6)

meanCTGrowth 1000
X max
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The vigor index was obtained using Equation 8, with 
adjustable coefficients for growth (wg) and uniformity (wu).

( ) ( )Vigor Growth wg Unif wu= × + ×

Statistical analyses
The data obtained by the PhenoXray macro (physical 

parameters) and the SeedCalc package (physiological 
parameters) were subjected to analysis of variance (ANOVA). 
The averages obtained were compared by Tukey’s test (p ≤ 0.05), 
except for the visual analysis that was performed descriptively. 
Pearson’s correlation coefficient (r) was calculated between all 
physical and physiological variables of the seeds (t-test, 
p ≤ 0.05). R software (R Core Team, 2019) was used for statistical 
analyses.

Results and Discussion
Structural analysis of seeds with X-ray imaging

The seed moisture content was 8.9 and 8.3% for the endive 
and chicory seeds, respectively. A high seed water content 
can affect the quality of the radiographs, but a low level of 
water was present in the evaluated seeds. Association with 
the configurations of X-ray equipment allowed us to obtain 
radiographs with good resolution and adequate detail of the 
internal structures of the seeds (Figure 1).

Through the X-ray images, it was possible to visualize the 
boundaries of the integument and the embryo in both species. 
Some defects, such as malformation of the endosperm and 

(7)

(8)

Figure 1. Radiographic images of endive and chicory seeds.
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mechanical damage characterized by cracks in some endive 
seeds, were also observed. However, chicory seeds did not 
present a malformation of the endosperm, but damage and 
larger empty spaces between the embryo and integument 
were identified in some seeds. In studies with pepper 
(Medeiros et al., 2020a), Brachiaria (Medeiros et al., 2020b), 
oil moringa (Noronha et al., 2018), sweet pepper (Gagliardi 
& Marcos-Filho, 2011), and pumpkin (Marcos-Filho et al., 
2010), strong relationships between empty space and seed 
quality were observed, in which lower levels of seed filling 
reflected less vigorous seeds. Therefore, part of the seeds 
may have had a compromised physiological quality. Despite 
the easy identification of mechanical damage, malformation 
of the endosperm, and empty spaces, it was not possible to 
distinguish the internal structures of the seed embryo in the 
two species (Figure 1).

Through visual analysis of the radiographs (Table 1), a 
low number of malformed and damaged endive seeds were 
identified, and there was no significant variation between 
seed lots. The same could be observed for the number of 
chicory seeds with mechanical damage. These results were 
related to the high uniformity of the seeds since commercial 
seed lots were used in this study.

From the parameters obtained with the automatic analysis 
of the images (Table 1), the area of the endive seeds from lot 
2 was statistically superior to the seeds from lot 1. The seed 
perimeter of lot 3 was higher than the seeds of lots 1 and 4, 
which did not differ significantly from each other. The seeds 
of the different lots did not differ significantly for circularity, 
relative density, integrated density, asymmetry, and seed 
filling.

In both species, the seeds from different seed lots had 
different areas and perimeters. This information is important 

since some studies correlated these variables and the 
circularity with seed maturation and the environment where 
the seeds were produced (Abud et al., 2018; Javorski et al., 
2018; Lafond & Baker, 1986; Medeiros et al., 2018). Thus, 
well-formed seeds had greater values for these parameters. 
Additionally, these variables can assist in the identification 
and classification of seeds with desirable shape characteristics 
for sowing.

The information on relative and integrated density was 
strictly linked to the density of the analyzed tissue. The denser 
tissues had higher gray levels than the less dense tissues. 
According to Medeiros et al. (2018), these variables assisted 
in the identification of malformed or less filled seeds, since 
they had lower gray levels. To determine if the density and 
the other variables could infer the physiological quality of the 
seeds, a germination test was performed.

Physiological analysis of seeds
Through the physiological characteristics evaluated, 

the endive and chicory seed lots were found to be of high 
quality. For the T50 index, only endive seed lots 1 and 4 were 
statistically different. In the physiological analysis of chicory 
seeds, significant variation was observed for the germination 
speed index, T50, and uniformity index. Lots 4 and 6 had 
greater values for GSI and lower values for T50, compared to 
the other lots. For seedling uniformity, lot 6 was higher than 
lot 2.

In the germination test, all the seed lots had more than 93% 
of seeds with radicle protrusion (greater than 2 mm). As for 
the number of normal seedlings (percentage of germination), 
all lots analyzed exceeded the minimum percentage of 75% of 
germination, which is required for the commercialization of 
seeds of both species (Brasil, 2009). These data indicate that 

*, ns: significant and non-significant, respectively, by the F test (p = 0.05). Different letters in the column represent significant differences between the seed lots by the Tukey test (p < 
0.05). Fc = F calculated; CV = coefficient of variation. A = area; P = perimeter; Circ = circularity; RelDens = relative density; IntDens = integrated density.

Table 1. Average values for physical variables obtained through radiographic analysis of endive and chicory seeds.
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the seeds used in the present work had high viability, as they 
originated from commercial seed lots.

The chicory and endive seed lots showed high physiological 
quality, differing only in the speed of germination and seedling 
uniformity, which are characteristics linked to seed vigor (Finch-
Savage & Bassel, 2016). The significant differences for T50 in 
both species and GSI in chicory are important information 
since, according to Marcos-Filho (2015), the irregularity in the 
time of radicle protrusion and seed germination can result in 
delayed harvests or irregularities in plant development and 
growth.

Despite the high germination (above 83%), non-
germinated seeds and abnormal seedlings were observed 
in both species. The identification of these seeds using 
the X-ray technique can save time and resources for seed 
producer companies and improve internal quality control, 
mainly through the disposal of low-quality seed lots. Thus, 
it was important to correlate the parameters obtained with 
the physiological analysis (Table 2) and the analysis of the 
radiographic images (Table 1).

Relationship between internal morphology, physical 
integrity, and physiological quality

There was no significant correlation between most of the 
physical and physiological parameters analyzed in the present 
study (Figure 2). For the endive seeds, there was a positive 
correlation between area, integrated density, and asymmetry. 
A negative and significant correlation was observed between 
the perimeter and circularity. For chicory seeds, a significant 
correlation was identified between seed filling and root 
protrusion, indicating a possible association between these 
physical and physiological variables. The other positive 
correlations observed were between area and perimeter, area 
and integrated density, and area and asymmetry. A negative 
correlation between area and circularity, area and relative 

density, perimeter and circularity, and perimeter and relative 
density was observed.

According to Abud et al. (2018), the positive and 
significant correlation between seedling length and relative 
density in broccoli seeds demonstrated that the method 
of analysis by X-ray imaging was efficient for inferring the 
physiological quality of the seeds. In the present study, 
the low correlation observed between the physical and 
physiological characteristics (Figure 2) is probably due to the 
low variability of quality among the seed lots analyzed. Thus, 
the use of more distinct lots, with more contrasting levels of 
physiological quality in the two species, is indicated for more 
precise identification of these correlations.

However, a significant positive correlation was observed 
between seed filling and the percentage of radicle protrusion 
in chicory seeds, as well as a significant negative correlation 
between damage and radicle protrusion, and damage and 
GSI in endive seeds (Figure 2). These data are promising 
because, even though the seeds of lower quality were in a 
low proportion, it was still possible to identify the correlation 
between these variables. Thus, the X-ray technique, followed 
by automated analysis of endive and chicory seeds, is 
promising for identifying individual seeds and seed lots 
showing low physiological quality.

With the individual analysis of the radiographs and the 
seedlings after the germination test, some relationships 
were observed (Figure 3). The seeds previously evaluated 
as well-formed in the visual analysis of the radiographs 
generated mostly normal seedlings (Figures 3a and 3d). In the 
occurrence of mild cracks in endive seeds, malformation of 
cotyledons and little root development were observed (Figure 
3b). In a particular situation of chicory seed with lateral injury, 
malformation of one of the cotyledons was observed. In the 
case of more severe mechanical damage, as in the case of the 
seed in Figure 3c, the seed was not viable.

Table 2. Average values obtained for the physiological parameters of endive and chicory seed lots.

*, ns: significant and non-significant, respectively, by the F test (p = 0.05). Different letters in the column represent significant differences between the seed lots by the Tukey test (p 
< 0.05). Fc = F calculated; CV = coefficient of variation. GSI = germination speed index; T50 = time required for germination of 50% of the seeds; Unif = uniformity index; Growth = 
experimental growth index; Vigor = vigor index.
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* - significant by t-test (p < 0.05). GSI = germination speed index; T50 = time required for germination of 50% of the seeds.

Figure 2. Pearson correlation between physical and physiological parameters of endive and chicory seeds. 

Figure 3. Individual relationship between radiographs of endive and chicory seeds and their respective seedlings. Seed without 
damage (a), seed with a slight crack (b), intense mechanical damage (c), well-formed (d), small lateral lesion (e).

The relationships observed in Figure 3 confirmed the great 
potential of the X-ray technique as a fast, nondestructive, and 
efficient methodology for assessing the physical quality of the 

seeds and for obtaining information about physiological quality. 
In this study, the X-ray technique offered important information 
about the seeds, identifying possible causes of the low quality 
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of seed lots. However, further studies are recommended with 
lots presenting seeds with greater differences in physiological 
quality. Thus, the relationship between the physical parameters, 
obtained with the automatic analysis of radiographs, and the 
germination and vigor data of the endive and chicory seeds 
could be more evident.

Conclusion
X-ray analysis followed by the automatic processing of the 

radiographs was efficient for the evaluation of the physical 
integrity of endive and chicory seeds. The variables obtained 
have the potential to infer the physiological quality of the 
seeds of both species rapidly and nondestructively.
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