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ABSTRACT – The use of new methodological approaches and inclusion of non-destructive evaluations in 
determining the quality of forest seeds has proven to be of great importance for the development of forest production. 
The aim of this study was to evaluate the eff ectiveness of the use of a semi-automated tool for measurement of 
digital images obtained by the X-ray test in seed lots of Leucaena leucocephala and their relationship to seed 
physiological quality. Seeds were collected from fi ve mother trees in Viçosa, MG. The study was performed 
through analysis of radiographic images of the seeds. It was determined the percentage of damaged seeds 
(predation and fungi) and measured: the area, perimeter, circularity, relative density, and integrated density of the 
seeds. After the X-ray test, a germination test was performed on the seeds, from which ten variables related to 
seed physiological quality were extracted, including a vigor index. The use of semi-automated measurement tools 
associated with the X-ray test was eff ective for evaluating the internal morphology of Leucaena leucocephala 
seeds, and the variables determined are related to seed physiological quality.
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RELAÇÃO ENTRE MORFOLOGIA INTERNA E QUALIDADE FISIOLÓGICA 
DE SEMENTES DE Leucaena leucocephala USANDO ANÁLISE DE IMAGENS

RESUMO – O uso de novas abordagens metodológicas e a inclusão de avaliações não destrutíveis na determinação 
de qualidade das sementes fl orestais tem se mostrado de grande importância para o desenvolvimento da produção 
fl orestal. O objetivo deste trabalho foi avaliar a efi cácia do uso de ferramenta semi-automatizada de medição 
de imagens digitais obtidas no teste de raios X em lotes de sementes de Leucaena leucocephala e sua relação 
com a qualidade fi siológica das sementes. Para tanto, foram utilizadas sementes de cinco lotes colhidos de 
árvores-matrizes localizadas na região de Viçosa, MG.  O estudo foi realizado por meio da análise de imagens 
radiográfi cas das sementes, para as quais foram obtidos o percentual de sementes com danos (predação e fungos), 
e medidas de área, perímetro, circularidade, densidade relativa e densidade integrada das sementes. Após o teste 
de raios X, as sementes foram submetidas ao teste de germinação, em que se extraíram dez variáveis relacionadas 
à qualidade fi siológica das sementes, dentre elas um índice de vigor.  O uso de ferramentas de medição semi-
automatizada associado ao teste de raios X é efi caz para avaliar a morfologia interna das sementes de Leucaena 
leucocephala e suas variáveis apresentam relação com a qualidade fi siológica das sementes.
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 1. INTRODUCTION

Leucaena leucocephala is a tree species widely 
distributed throughout Brazil. It is naturally resistant 
to most biotic and abiotic stresses (Honda et al., 
2018) and has important ecological value because it 
contributes to improvement of the soil upon fi xing 
nitrogen and controlling erosion in arid regions (Yige 
et al., 2012). Given these advantages and uses, it is 
normally included among the species that are to 
compose agroforestry systems (Pereyra et al., 2015), 
and this has increased demand for quality seeds of this 
species. 

The diffi  culty of obtaining seeds with physical 
and physiological quality is one of the factors that 
most limit commercial production of forest seeds, and 
consequently, most seeds sold are still of low quality. 
The main tests that evaluate seed quality are described 
by the Rules for Seed Analysis (Brasil, 2009) and 
vigor manuals of the Brazilian Seed Technology 
Association [Associação Brasileira de Tecnologia de 
Sementes] (Krzyananowski et al., 1999). However, 
most of these analyses are time consuming and 
destructive, which can be considered expensive in the 
seed trade, involving production and sale of seeds and, 
after that, seedling production (Noronha et al., 2018). 

Therefore, the development of non-destructive 
methods that allow quick evaluation of seed quality can 
eff ectively contribute to decision making regarding 
the use or discard of seed lots (Marchi and Cicero, 
2017). One of the methods reported as promising for 
this purpose is use of the X-ray technique.

This technique is based on absorption of 
X-rays by seed tissues, which is determined by the 
factors of composition, thickness, tissue density, 
and wavelength of the ionizing radiation (Brasil, 
2009). The radiography acquired is characterized by 
diff erent gray tones (Prado et al., 2018). Since it is a 
non-destructive and quick method for seed analysis, 
it can be integrated with other laboratory tests, saving 
time and resources. 

Variables such as percentage of fi lling of the 
internal seed cavity (Silva et al., 2013; Noronha et al., 
2018), embryo size (Marchi and Gomes Junior, 2017), 
and identifi cation of full seeds and of embryonic 
abnormality (Gomes et al., 2014) are usually used 
in X-ray studies with seeds from forest species, 

together with analysis of their physiological quality. 
However, radiographic images are open to subjective 
interpretation. Thus, there is the recurring need for 
automation of these determinations (Abud et al., 
2018).

Given this situation, variables such as size, pixel 
density, shape, texture, and other descriptors measured 
by software allow elimination of subjectivity in 
analysis and can constitute indicators of physical 
quality, along with the physiological potential of the 
seeds. The free ImageJ® software is an alternative for 
this type of determination (Schneider et al., 2012) and 
has shown potential for radiographic image analysis 
of seeds. For broccoli (Abud et al., 2018) and moringa 
(Noronha et al., 2018) seeds, effi  cient use of this 
software for evaluation of the internal morphology 
of seeds has demonstrated the practical application of 
the technique. 

Considering the importance of more effi  cient 
methodological approaches in determination of 
seed quality, the aim of this study was to evaluate 
the eff ectiveness of using a semi-automated tool 
for measurement of digital images obtained by the 
X-ray test in Leucaena leucocephala seeds and their 
relationship to the physiological quality of the seeds.

2. MATERIALS AND METHODS

The experiment was conducted in the Laboratory 
of Seed Analysis of the Plant Science Department of 
the Universidade Federal de Viçosa, Viçosa, Minas 
Gerais, Brazil. Five lots of Leucaena leucocephala 
seeds harvested from ripe fruit from the mid-region of 
the canopy of ten mother trees in a forested area in the 
municipality of Viçosa were used.

Initially, seeds from each lot were tested for 
moisture content by the laboratory oven method at 105 
± 3 °C for 24 hours (Brasil, 2009); two replications of 
20 seeds for each lot were used for this purpose.

For analyses of internal seed morphology, four 
replications of 50 seeds from each lot were used. The 
method proposed by Abud et al. (2018) was used, 
which consisted of placing the seeds on transparency 
paper with double-sided tape to attach the seeds in a 
determined order, allowing individual identifi cation in 
subsequent analyses. After that, radiographic images 
were generated using the Faxiton equipment, model 
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MX-20 DC-12, connected to a Core 2 Duo computer 
(3.16 GHz, 2 GB of RAM, hard disk of 160 GB). 
Radiation of 32 kV and a focal distance of 41.6 cm 
were used for 10 seconds. The images generated 
were stored on a computer and used for evaluation of 
percentage of seeds damaged by insects or fungi and 
seeds free of damage. 

The images were also analyzed by the 
ImageJ® software, which is a free semi-automated 
measurement tool, to obtain the following variables: 
area – area of selection obtained in square pixels 
and later converted into units of square millimeters 
(mm2); perimeter – the length of the outer limit of 
selection; circularity – obtained from the equation 
C = 4π *               , where values equal to 1.0 indicate a 
perfect circle and as values tend to 0, they suggest an 
elongated shape; relative density (Geiger et al., 2016) 
– defi ned as the sum of gray values of all the pixels in 
the area selected, divided by the number of pixels of 
the selection; and integrated density – the sum of the 
values of the pixels in the image or selection, which is 
equivalent to the product of area and mean gray value 
(relative density). 

After the X-ray test was performed, the seeds 
were manually scarifi ed, sanding the tip opposite 
the embryonic axis enough to allow water to enter 
the seed so as to break seed dormancy caused by the 
seed coat (Brasil, 2009). Then the germination test 
was performed on the seeds, which was carried out 
in rolls of paper toweling moistened with water in the 
amount of 2.5 times the weight of the dry paper and 
kept in a seed germinator at 25°C (Brasil, 2009). In 
the germination paper, four replications of 50 seeds 
were used, maintaining the same arrangement of 
seeds originally used in the X-ray test. The fi nal count 
of germination was performed on the tenth day after 
sowing (Brasil, 2009), at which time the percentage of 
germinated seeds (radicle emergence > 5 mm) and of 
normal seedlings were obtained. 

Seedling length was obtained with a ruler in 
millimeters, and for each replication, the growth, 
uniformity, and vigor indices were generated from 
equations proposed by Sako et al. (2001), as well as 
the corrected vigor index proposed by Medeiros and 
Pereira (2018), obtained by the following equation: 
CVI = (0.7*GI +0.3*UI) *           , where CVI = 
corrected vigor index; GI = growth index; and UI = 

uniformity index. The length results were expressed 
in millimeters per seedling and the indices in 
adimensional values, ranging from 1 to 1000; the 
higher the value, the better the performance for that 
trait. 

To determine seedling dry matter, the cotyledons 
were removed with the aid of a scalpel, and the 
seedlings were placed in paper bags and then in an 
air circulation laboratory oven to dry at 65ºC for 48 
hours. After this period, the samples were removed 
from the laboratory oven, placed in a desiccator, 
and weighed. The weight of total dry matter of the 
seedlings from each replication was divided by the 
number of component seedlings, providing the dry 
matter weight per seedling, expressed in g/seedling 
(Nakagawa et al., 1999). 

The experiment was conducted in a completely 
randomized experimental design. After confi rming 
the normal distribution of errors by the Shapiro-Wilk 
test and homogeneity of variances by the Bartlett test, 
analysis of variance (ANOVA) was performed, and 
when a signifi cant diff erence was detected, the mean 
values were compared by the Tukey test (p ≤ 0.05). 
After that, the Pearson simple correlation coeffi  cients 
(r) were calculated for all the combinations between 
the tests of evaluation of seed physiological and 
physical quality, in which the signifi cance of the r 
values was determined by the t test (p ≤ 0.05). The 
R software with the Exp.Des package (R Core Team, 
2017) was used in statistical analyses.

3. RESULTS

3.1. Characterization of seed physiological potential

The moisture content of the seeds of the L. 
leucocephala lots at the time of setting up the 
experiment ranged from 8.1% to 8.8% (Table 1), 
which allowed visualization of the internal structures 
of the seeds. 

Regarding seed physiological quality (Table 1), 
diff erences in germination (radicle emergence) and 
normal seedlings were identifi ed between lots 1 and 3, 
and lot 3 had the lowest performance; however, it did 
not diff er from lots 4 and 5. The values ranged from 
0.0099 to 0.0110 grams, but there were no signifi cant 
diff erences among the lots.
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In the measures of seedling length, signifi cant 
diff erences were detected among the lots. In general, 
lots 1 and 2 were superior; lot 5 had an intermediate 
response; and lots 3 and 4 had the lowest performance. 

The indices obtained from seedling analyses 
also identifi ed diff erences in physiological potential 
among the lots, ranking them in three levels, such that 
lot 1 and 2 (high vigor) diff ered from lots 3 and 4 
(low vigor), while lot 5 had an intermediate response, 
diff ering only from lot 1.

3.2. Identifi cation of seed damage

The images obtained by the X-ray test allowed 
identifi cation of essential structures of the L. 
leucocephala seeds, such as the embryo, cotyledons, 
and seed coat (Figure 1A). In addition, they allowed 
observation of damages from tissue deterioration, 
possibly caused by the presence of fungi in the seed 
(Figure 1B and 1E), and damage from insects (Figure 
1C, 1D, and 1F). 

Regarding the occurrence of damage from insects 
and fungi and absence of damage in L. leucocephala 
seeds, lots 1 and 2 had physical quality that was 
statistically diff erent and superior to lots 3 and 4, 
although they did not have statistical diff erences in 
relation to lot 5 (Table 2).

Lots 1 and 2 had a lower occurrence of insect 
and fungus attacks, resulting in a higher percentage 
of seeds without damage; the mean values among 
these lots varied by 0.5% - 97% for lot 1 and 96.5% 

Table 1 – Moisture content (MC), germination (G), normal seedlings (NS), seedling dry matter (SDM), hypocotyl length (HL), root length 
(RL), seedling length (SL) growth index (GI), uniformity index (UI), vigor index (VI), and corrected vigor index (CVI) of fi ve 
seed lots of L. leucocephala.

Tabela 1 – Grau de umidade (MC), germinação (G), plântulas normais (NS), massa seca de plântulas (SDM), comprimento de hipocótilo 
(HL), comprimento de raiz (RL), comprimento de plântula (SL),  índice de crescimento (GI), índice de uniformidade (UI), índice 
de vigor (VI) e índice de vigor corrigido (CVI) de cinco lotes de sementes de L. leucocephala.

 Lot MC G NS SDM HL RL SL GI UI VI CVI

  (%) (%) (%) (g) (mm) (mm) (mm) 

 1 8.1 100 a 98 a 0.0110 46 a 81 a 128 a 525 a 886 a 634 a 630 a
 2 8.4 96 a 96 a 0.0110 42 ab 77 ab 120 ab 493 ab 872 ab 607 ab 586 ab
 3 8.5 80 b 78 b 0.0103 35 c 57 c 92 c 374 c 790 c 499 c 402 d
 4 8.5 90 ab 86 ab 0.0099 38 bc 59 c 98 c 394 c 820 c 521 c 468 cd
 5 8.8 90 ab 90 ab 0.0107 40 abc 66 bc 106 bc 432 bc 832 bc 552 bc 505 bc

 F - 4.96* 4.40* 3.08ns 8.43* 16.59* 17.34* 16.26* 15.21* 19.9* 14.94*
 CV (%) - 7.18 8.48 5.26 7.41 7.74 6.58 7.19 2.39 4.52 9.12

Lowercase letter indicates comparison within each column for each evaluation by the Tukey test (p < 0.05); *, ns = signifi cant and non-signifi cant by the F test 
(p < 0.05); F = F test; CV = coeffi  cient of variation.
Letra minúscula indica comparação dentro de cada coluna para cada avaliação pelo teste de Tukey (p <0,05); *, ns = signifi cativo e não signifi cativo pelo teste 
F (p <0,05); Teste F = F; CV = coefi ciente de variação

Figure 1 – Seeds without embryo damage (A); seeds with damage 

due to tissue deterioration (B); seed with insect lodged 

inside (C); dead seed (D); seed at an advanced stage of 

tissue deterioration (E); seeds with partially damaged axis 

and with symptom of predation (F). 1: embryonic axis; 2: 

cotyledons; 3: region in deterioration, attacked by fungus; 

4: seed coat; 5: insect; 6: insect predation damage.

Figura 1 – Sementes sem danos ao embrião (A); sementes com 

danos por deterioração do tecido (B); sementes com 

insetos alojados no interior (C); semente morta (D); 

semente em estágio avançado de deterioração do 

tecido (E); sementes com eixo parcialmente danifi cado 

e com sintoma de predação (F). 1: eixo embrionário; 

2: cotilédones; 3: região em deterioração, atacada por 

fungos; 4: tegumento da sementes; 5: inseto; 6: danos 

causados pela predação por insetos.
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for lot 2 (Table 2). In contrast, lots 3 and 4 had the 
highest incidence of damage, most commonly caused 
by insects, and these values were from 25% for lot 3 
to 24.5% for lot 4. Lot 5 had the highest incidence of 
fungi, and only lots 3 and 4 had more insect damage. 

3.3. Semi-automated analysis of the seed X-rays

For the physical traits obtained from image 
analysis of the seeds from fi ve L. leucocephala lots, 
there were no statistical diff erences for the variables of 
area, perimeter, and circularity(Table 3). Nevertheless, 
lots 1, 2, and 5 had greater relative density and 
integrated density, greater than the densities obtained 
by seeds from lots 3 and 4.

From what was just mentioned above, it is 
clear that the seeds of the fi ve lots had similar size 

and shape (area, perimeter, and circularity), which was 
confi rmed by the absence of signifi cance in diff erences 
among values obtained for each lot. For their part, the 
relative density and integrated density allowed the fi ve 
seed lots to be stratifi ed in two groups. The fi rst group 
was composed by lots 1, 2, and 5, which exhibited 
greater relative and integrated densities, and the second 
group was composed by lots 3 and 4, which had lower 
densities. 

3.4. Pearson correlation

Pearson correlation analysis indicated that the 
variables of area, perimeter, and circularity were not 
adequate for classifi cation of the lots or to express a 
relationship with the variables of physiological quality 
used in this study (Table 4). In contrast, the variables 
related to tissue density (e.g. relative density and 
integrated density) had high correlation with the data of 
initial characterization.

4. DISCUSSION

4.1. Characterization of seed physiological potential

The low variation of moisture among the lots 
analyzed allowed comparison of physiological quality 
among them without this being compromised by the seed 
moisture factor (Marcos-Filho, 2016). Seed moisture is 
one of the factors that aff ect optical density in the X-ray 
(Simak, 1991). Therefore, seeds with low moisture 
content at the time of the X-ray test generate X-rays with 
greater detailing of the internal seed structures.

Germination of all the lots was greater than 65%, 
the minimum value established for sale of seeds of 

Table 2 – Incidence of damage in fi ve L. leucocephala seed lots 
through analysis of digital X-ray images.

Tabela 2 –  Incidência de danos em cinco lotes de sementes de L. 
leucocephala através da análise de imagens de raios-X 
digitais.

   Damage ± SEM

 Lot Insect Fungus No damage

   ------------------- % -------------------

 1 1.5 ± 0.27 b 1.5 ± 0.27 b  97.0 ± 0.16 a
 2 1.0 ± 0.16 b 2.5 ± 0.27 b 96.5 ± 0.27 a
 3 25.0 ± 1.27 a 1.0 ± 0.16 b 74.0 ± 1.40 b
 4 24.5 ± 2.05 a 0.0 ± 0.0 b 75.5 ± 2.05 b
 5 4.5 ± 0.90 b 6.0 ± 0.23 a 89.5 ± 1.09 ab

 F 9.0 * 9.3* 6.5*
Mean values ± standard error of the mean. Uppercase letter indicates compari-
son within each column for each evaluation by the Tukey test (p < 0.05); *, ns 
= signifi cant and non-signifi cant by the F test (p < 0.05).
Valores médios ± erro padrão da média. Letra maiúscula indica comparação 
dentro de cada coluna para cada avaliação pelo teste de Tukey (p <0,05); *, ns 
= signifi cativo e não signifi cativo pelo teste F (p <0,05).

Table 3 – Area, perimeter, circularity, relative density, and integrated density obtained from analysis performed by ImageJ® software from 
radiographic images obtained in the X-ray test of fi ve seed lots of Leucaena leucocephala.

Tabela 3 – Área, perímetro, circularidade, densidade relativa e densidade integrada obtidos da análise realizada pelo software ImageJ® a 
partir de imagens radiográfi cas obtidas no teste de raios-X de cinco lotes de sementes de Leucaena leucocephala.

 Lot Area Perimeter Circularity Relative density  Integrated density
  (mm2) (mm)   (gray.pixel-1) (gray.mm2.pixel-1)

 1 27.56 28.23 0.46 187.00 a 5154.82 a
 2 27.27 30.60 0.39 188.15 a 5132.43 a
 3 27.63 29.34 0.42 165.68 b 4571.46 b
 4 27.30 30.44 0.39 166.84 b 4545.28 b
 5 27.69 30.24 0.4 179.17 a 4958.57 a
 F 0.47 ns 2.79 ns 2.39 ns 14.93*  24.70*

 CV (%) 2.0 3.97 9.6 3.13 2.45

Lowercase letter indicates comparison within each column for each evaluation by the Tukey test (p < 0.05); *, ns = signifi cant and non-signifi cant by the F test (p < 0.05); 
F = F test; CV = coeffi  cient of variation.
Letra minúscula indica comparação dentro de cada coluna para cada avaliação pelo teste de Tukey (p <0,05); *, ns = signifi cativo e não signifi cativo pelo teste F (p 
<0,05); Teste F = F; CV = coefi ciente de variação
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this species (Brasil, 2008) indicating high viability of 
the lots. However, although the viability of the lots 
may be similar, vigor tends to diverge among them, 
taking the physiological parameters tested in this 
study as a basis.

The lack of diff erentiation among lots by the 
seedling dry matter test is related to the use of only 
normal seedlings in the test. This led to a narrowing 
of the diff erences among the lots, since in some lots 
a representative number of abnormal seedlings was 
obtained but disregarded in this evaluation. This result 
indicates that in the lots of L. leucocephala analyzed, 
the seedlings considered normal obtained a similar 
pattern of transfer of dry matter from reserve tissues 
to the embryonic axis, in spite of the vigor diff erences 
indicated by other tests (Bewley et al., 2013).

For the seedling length variable, the higher 
performing lots had seedlings with higher rates 
of development, growth, and uniformity, which 
was provided by the greater capacity of the seed in 
transferring its reserves to compose and establish 
development of the embryonic axis, and this was 
refl ected in greater vigor in the seed lots (Nakagawa 
et al., 1999). Shorter seedling length was observed 
in lots 3 and 4, which may be related to this lower 
capacity in transferring reserves for development of 
the embryonic axis because the tissues have a higher 
degree of deterioration.

The growth, uniformity, and vigor indices defi ned 
for evaluation of seed physiological quality were 
effi  cient variables. Their application in other crops 

has also shown promising results in identifi cation 
of vigor diff erences among seed lots, especially for 
highly cultivated species like maize (Alvarenga et al., 
2012; Sena et al., 2015; Castan et al., 2018), soybean 
(Marcos Filho et al., 2009; Wendt et al., 2014, 2017; 
Medeiros and Pereira, 2018), and many others. 
These indices have not yet been greatly exploited for 
forest species; studies on Mimosa bimucronata (De 
Candole) Otto Kuntze (Brancalion et al., 2008) and 
Guazuma ulmifolia Lam. (Brancalion et al., 2010) are 
found in the literature. 

In addition to the indices proposed by Sako et al. 
(2001), this study implemented use of the corrected 
vigor index (Medeiros and Pereira, 2018), which proved 
to be the variable most sensitive to categorization of 
the lots, since ranking was made at four levels of vigor. 
The corrected vigor index integrates seedling growth 
and uniformity of development with germination of 
the lot such that there is a more coherent fi t between 
viability and vigor (Medeiros and Pereira, 2018). This 
concurrence between germination and seedling length 
allows a more consistent evaluation of physiological 
quality of the seed lot (Nakagawa et al., 1999).

4.2. Identifi cation of seed damage

The X-ray technique distinguished injury 
brought about by insect predation as the biggest 
cause of damage among the lots evaluated. Through 
X-ray analysis, the most highly damaged lots (3 and 
4) could be discriminated. The damage in these seeds 
was not identifi ed by simple external visualization, 
and this represents a potential singularity of the X-ray 

Table 4 – Pearson correlation between germination (G), normal seedlings (NS), seedling dry matter (SDM), hypocotyl length (HL), root 
length (RL), seedling length (SL), growth index (GI), uniformity index (UI), vigor index (VI), and corrected vigor index (CVI) 
and the variables obtained from radiographic images in seeds and seedlings from diff erent lots of Leucaena leucocephala.

Tabela 4 –  Correlação de Pearson entre germinação (G), plântulas normais (NS), matéria seca de plântulas (SDM), comprimento de 
hipocótilo (HL), comprimento de raiz (RL), comprimento de plântula (SL), índice de crescimento (GI), índice de uniformidade 
(UI), índice de vigor (VI) e índice de vigor corrigido (CVI) e as variáveis obtidas a partir de imagens radiográfi cas em sementes 
e plântulas de diferentes lotes de Leucaena leucocephala.

X-ray Variable Physiological characterization test

  G NS SDM HL RL SL GI UI VI CVI

Insect damage -0.84* -0.9* -0.93* -0.85* -0.89* -0.88* -0.89* -0.86* -0.88* -0.87*
Fungus damage 0.19 ns 0.25 ns 0.48 ns 0.19 ns 0.18 ns 0.17 ns 0.17 ns 0.13 ns 0.16 ns 0.16 ns
Absence of damage 0.90* 0.95* 0.93* 0.9* 0.95* 0.94* 0.95* 0.93* 0.95* 0.93*
Area -0.29 ns -0.24 ns 0.15 ns -0.12 ns -0.15 ns -0.15 ns -0.15 ns -0.28 ns -0.17 ns -0.22 ns
Perimeter -0.16 ns -0.19 ns -0.31 ns -0.37* -0.36 ns -0.37 ns -0.37 ns -0.26 ns -0.34 ns -0.29 ns
Circularity 0.27 ns 0.29 ns 0.39 ns 0.47 ns 0.45 ns 0.46 ns 0.46ns 0.35 ns 0.44ns 0.39 ns
Relative density 0.89* 0.94* 0.93* 0.89* 0.96* 0.94* 0.95* 0.93* 0.95* 0.93*
Integrated density 0.86* 0.92* 0.96* 0.88* 0.94* 0.93* 0.94* 0.91* 0.93* 0.91*
*, ns signifi cant and non-signifi cant at 5% probability by the t test.
*, ns é signifi cativo e não-signifi cativo com 5% de probabilidade pelo teste t.
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technique upon allowing visualization of inner seed 
morphology (Nunes et al., 2014). 

Studies developed with cowpea and soybean 
seeds confi rm the accuracy and precision of the X-ray 
test in identifi cation of damage caused by insects, 
and its consequences on seed physiological quality. 
Through this technique, it was possible to determine 
the severity of damage both in the embryonic axis and 
in the cotyledons of both species, making it possible 
to predict which seeds would give rise to a normal 
or abnormal seedling (Pinto et al., 2009; Melo et al., 
2010). 

4.3. Semi-automated analysis of seed X-rays

However, when radiographic images are visually 
evaluated by an analyst, errors of interpretation can 
arise (Abud et al., 2018). In this regard, combining 
the X-ray technique with automated measurement 
tools can contribute in a signifi cant way to seed 
selection, allowing highly accurate deduction of seed 
physiological quality from identifi cation of the region 
of the seed that has been damaged. 

The values of semi-automated analysis of the 
X-rays regarding relative density were higher than 
those reported by Abud et al. (2018) in seeds of two 
broccoli cultivars under the X-ray test. This diff erence 
in density may be related to factors such as adjustment 
of the voltage confi gurations and exposure time of 
the equipment, calibration of contrast of the image 
generated, and the characteristics of the species 
evaluated. Even so, seeds with greater relative density 
obtained within the same pattern of image acquisition 
were classifi ed as having higher vigor that led to 
normal seedlings of greater length. 

Diff erences were not found among lots for the 
shape descriptors generated from analysis in ImageJ®, 
thus showing homogeneity among individuals for 
these traits. The homogeneity found in shape and size 
of the L. leucocephala seeds may be due to the seeds 
having been obtained from mother trees near each 
other and from the same stratum of the plant. 

Given these results, X-ray analysis through the 
semi-automated measurement tool allowed seeds 
with better physical and physiological quality to be 
diff erentiated, characterizing seeds from lots 1 and 2, 
in all the variables analyzed, as those that obtained 
the best performance, whereas seeds from lots 3 

and 4 exhibited the most damage, resulting in low 
performance and growth. 

4.4. Pearson correlation

In correlation analysis, the results obtained in the 
correlations among the shape descriptors diff er from 
those observed by Abud et al. (2018), who indicated 
strong correlations of area (positive correlation) and 
of circularity (negative correlation) with seedling 
length of broccoli, Nevertheless, Abud et al. (2018) 
correlated these traits from categories classifi ed 
according to gray density, whereas in this study, 
correlation between the variables was made directly 
with the seed lots.

Also, in correlation analysis, there was no 
interdependence between fungus damage and 
physiological characterization, since there was little 
representation of this type of damage among the 
lots (0-6%). It is possible that fungus contamination 
was superfi cial and did not reach the internal tissues 
and, thus, did not damage the seeds to the point of 
compromising their quality. Nevertheless, a signifi cant 
negative correlation of high magnitude was identifi ed 
between the results of physiological characterization 
and of the insect damage variable among the lots 
(1-25%). That indicates that seeds damaged from 
insect predation tend to have lower physiological 
quality, directly compromising vigor and, depending 
on the extent and location of the damage, reducing 
seed viability. Studies performed on soybean (Pinto 
et al., 2009), cowpea (Melo et al., 2010), and 
sorghum (Javorski and Cicero, 2017) also showed 
the effi  ciency of X-ray image analysis in evaluation 
and identifi cation of insect damage, allowing it to be 
related to germination results and to vigor tests.

The other variables generated from X-ray images 
(e.g., relative density and integrated density) were 
highly correlated with the variables of physiological 
characterization, indicating high dependency among 
them. Other authors also found positive correlations 
between gray density of seed X-ray images and 
seedling length, suggesting use of the technique in 
evaluation of seed physiological potential (Abud et 
al., 2018).

 This result indicates that the X-ray technique is 
effi  cient in estimating seed viability and vigor from 
the relative density and integrated density variables 
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obtained in analysis of seed X-ray images, which 
represents an important contribution in adaptation of 
the method using semi-automated measurement tools.  

5. CONCLUSIONS

Semi-automated analysis associated with 
analysis of seed images obtained in the X-ray test 
is effi  cient in evaluating the inner morphology of 
Leucaena leucocephala seeds. Relative density and 
integrated density are related to physiological quality, 
which allows seed lots to be classifi ed for vigor. In 
addition, the X-ray test is suitable for identifying 
damage in seeds and allows the cause of vigor loss 
to be identifi ed when this loss is brought about by 
insects. 
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