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ABSTRACT — The assessment of the quality of native forest species seeds is extremely important and, in
this sense, it is necessary to integrate new technologies that can complement the quality analysis traditionally
used. This study aimed to evaluate the physical and physiological quality of Piptadenia gonoacantha seeds
using image analysis techniques and to relate aspects of tissue integrity with physiological attributes. Seeds
from 10 lots were collected and submitted to automatic and visual analyses of radiographic images, with the
determination of parameters related to tissue density and seed filling. After the X-ray test, the seeds were
subjected to physiological analyses of germination and vigor. It was observed that the lots that presented higher
values of tissue density, filling, and solidity, presented higher germination and vigor. It was also evident that the
damage present in the seeds was causally related their physiological condition. Therefore, the results showed
that the use of the X-ray technique in seeds combined with the automated analysis of the radiographs is efficient
in the evaluation of the internal morphology of P. gonoacantha seeds. The physical integrity of the seed tissues
is directly related to the physiological quality and allows the classification of different lots as to vigor. Visual
analysis of digital radiographs is adequate to identify malformation in P. gonoacantha seeds.

Keywords: Native species; X-ray; Vigor.

AVALIACAO DA QUALIDADE FISICA E FISIOLOGICA DE SEMENTES DE
Piptadenia gonoacantha (MART.) J. . MACBR. UTILIZANDO ANALISE DE
IMAGENS

RESUMO — A avalia¢do da qualidade das sementes de espécies florestais nativas é de extrema importancia
e, neste sentido, ha a necessidade de integrar novas tecnologias que possam complementar as andlises de
qualidade tradicionalmente utilizadas. O objetivo desse estudo foi avaliar a qualidade fisica e fisiologica
de sementes de Piptadenia gonoacantha utilizando técnicas de andlise de imagem e relacionar aspectos de
integridade tecidual com atributos fisiologicos. Sementes de 10 lotes foram coletadas e submetidas a andlises
automdticas e visuais de imagens radiogrdficas, com a determinagdo de pardmetros relacionados a densidade
tecidual e preenchimento das sementes. Apos o teste de raios-X, as sementes foram submetidas a andlises
Sfisioldgicas de germinagado e vigor. Foi observado que os lotes que apresentaram maiores valores de densidade
tecidual, preenchimento e solidez, apresentaram maior germinagdo e vigor. Ficou evidente também que os
danos presentes nas sementes tiveram relagdo direta com o seu desempenho fisiologico. Portanto, os resultados
mostraram que a técnica de raios X nas sementes, combinada com a andlise automatizada das radiografias, sdao
eficientes na avalia¢do da morfologia interna de sementes de P. gonoacantha. A integridade fisica dos tecidos
das sementes estda diretamente relacionada a qualidade fisiologica e permite a classificagdo de diferentes
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lotes quanto ao vigor. A andlise visual de radiografias digitais é adequada para identificar a md formagdo em

sementes de P. gonoacantha.

Palavras-Chave: Espécie nativa; raios-X; Vigor.

1. INTRODUCTION

The demand for seeds of native forest species has
increased considerably in Brazil through the law n°
12,651, which aims to protect native vegetation in the
country, including areas of permanent preservation and
legal reserve (Brasil, 2012). Therefore, the evaluation of
the quality of seeds of native forest species is extremely
important for the production and establishment of
quality seedlings.

Piptadenia gonoacantha (Mart.) JF Macbr.,
popularly known as “pau-jacaré”, is a tree species
native to the Atlantic Forest belonging to the Fabaceae
family and has its natural occurrence in the South and
Southeast regions of Brazil (Moura et al., 2017). It
has economic, social and environmental importance,
because, in addition to being useful in the production of
furniture, energy, cellulose, and paper. This specie has
also ecological relevance in restoration programs for
degraded areas, due to its contribution in carbon storage
(Torres et al., 2017).

The evaluation of seed quality is usually performed
through a germination test and complemented by
vigor tests. However, these analyses are destructive
and generally time-consuming and may take several
days to obtain the results. In this sense, there is a need
to integrate new technologies that allow obtaining
results in a short period of time, combined with a non-
destructive method, allowing the use of the seeds for
other purposes. Therefore, image analysis of seeds
with techniques such as X-rays have shown to be
promising for assessing physical characteristics related
to physiological potential, in a non-destructive, fast
and efficient way (Al-Hammad and Al-Ammari, 2017;
Al-Turki and Baskin, 2017; Ledo-Araujo et al., 2019).
In a different way, the automated seedling analysis is
destructive. However, it’s also shown promise, since it
allows with a single image, the achievement of several
attributes, such as length and indexes related to vigor
(Sako et al., 2001; Brunes et al., 2016).

Studies with radiographic images of seeds and
automated analysis of seedlings have been shown to
be efficient in identifying and determining several
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physical and physiological descriptors in seeds of
forest species, such as Terminalia argentea (Gomes et
al., 2014), Platypodium elegans (Gomes et al., 2016),
Moringa oleifera (Noronha et al., 2018), Leucaena
leucocephala (Medeiros et al., 2018; Medeiros et al.,
2019), Moquiniastrum polymorphum (Faria et al., 2019)
and others. Seed viability is not compromised when
subjected to X-ray analysis, due to the low radiation
intensity to which the seeds are exposed. Therefore, it
makes it possible to carry out additional analysis such
as germination, for later correlation between structural
integrity and physiological potential (Gagliardi and
Marcos-Filho, 2011).

Studies on the quality monitoring of P. gonoacantha
seeds through image analysis are scarce. This study
aimed to evaluate the physical and physiological quality
of'seeds of Piptadenia gonoacantha using image analysis
techniques and to relate aspects of tissue integrity with
physiological attributes.

2. MATERIAL AND METHODS

2.1 Site and plant material

P gonoacantha seeds were obtained from fruits
collected from 10 different mother trees, randomly
selected in an experimental area at the Universidade
Federal de Vigosa, DEF / UFV, in 2019, in the
municipality of Vicosa, state of Minas Gerais, Brazil
(20°46'01.7"S 42° 52'05.6" W). Therefore, the seeds
collected from the different mother trees constituted 10
lots, which formed the 10 treatments.

The seeds were manually extracted from the fruits
and placed to dry at room temperature for 120 hours
until they reached hygroscopic balance (about 12% of
moisture content).

2.2 X-ray test: automatic and visual analysis of
radiographs

The seeds were subjected to analysis of their
internal tissues using the X-ray technique applied to 100
seeds from each treatment, fixed in groups of 10 seeds
in an orderly and equidistant manner on adhesive paper.
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This procedure was performed to allow the individual
identification of each seed in the subsequent analyses.

The radiographic images were generated by a
Faxitron device, model MX-20 (Faxitron X-ray Corp.
Wheeling, IL, USA). The equipment was adjusted to a
voltage of 23 kV and the seeds were exposed to radiation
for 10 seconds, at a focal distance of 41.6 cm. The image
contrast was calibrated at 1872 (width) x 1907 (center).
The images were saved in Tagged Image File Format
(TIFF) and then analyzed.

The automated analysis of the images was made
using the free software Image]® (https://imagej.nih.
gov/ij/download.html), with the aid of the PhenoXray
macro (Medeiros et al., 2019b). The sequential analysis
performed by the macro consisted of scale calibration
(59,6003 pixels / mm was adopted), opening of the
images, segmentation, and extraction of different tissue
integrity descriptors of each seed contained in the image.

In more detail, each open image was duplicated
and the segmentation was done in the copy of the image.
The Threshold mode of Imagel® was used through
Yen's automatic multilevel thresholding method (Yen
et al., 1995) for segmentation. Then, the selections in
the binary image were redirected to the original image.
Finally, the seeds were analyzed using the command
“analyze particles”, which generated the following
descriptors:

Relative density (gray.pixel!): defined as the
average of the gray values of all pixels in the selected
area;

Integrated density (gray.mm.pixel’): sum of the
pixel values in the image or selection;

Seed filling (%): was determined by dividing the
area with levels of ash above the threshold defined by
the total area of each seed.

Class 1

Solidity: obtained through the equation:
(Area of the object)

(Area of the convex closure).

Solidity =

In this equation, values equal to 1.0 indicate that

the object is solid; and less than 1.0 objects with irre-
gular edges or holes.

For the visual evaluation of radiographic images,
the seeds were individually separated into three
classes: well-formed (containing dense and essential
tissues for germination) (Class 1; Figure 1A); well-
formed and damaged (well-formed seed with any
type of physical damage ( insect and / or mechanic),
apparent in the integument or embryo) (Class 2;
Figure 1B); and malformed (opaque, with deformed
and / or empty embryo) (Class 3; Figure 1C).

2.3 Physiological analyses

After obtaining the radiographic images, the seeds
were tested for their physiological quality. For this
purpose, the germination test was conducted on paper
towels rolls for germination (Germitest®), moistened
with an amount of water equivalent to 2.5 times the
mass of the dry paper, which were kept in a germinator
at 25 °C for 10 days. Germination (root protrusion)
and normal seedlings were counted every day. From
these data, the percentages of: root protrusion (root
greater than 2 mm) and normal seedlings, germination
speed index (GSI) and 50% germination time (t50)
were calculated according to the formulas described
by Silva et al. (2019). After the last counting was
made, seedlings and the non-germinated seeds of each
repetition were photographed and the generated images
were evaluated in the Image]® software. The images
were used to measure seedling length, expressed in
mm.seedling™!. Subsequently, the seedlings were dried
in an oven with forced air circulation at 65 °C until

Figure 1 — Defined classes for visual evaluations of P. gonoacantha seeds. Well-formed seeds (A), well-formed and damaged seeds (B)

and malformed seeds (C).

Figura 1— Classes definidas para avaliagées visuais de sementes de P. gonoacantha. Sementes bem formadas (4), sementes bem formadas

com danos (B) e sementes malformadas (C).
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weight stabilization, with subsequent weighing on a
precision scale to determine the dry matter mass, with
the results expressed in mg.seedling™.

2.4 Experimental design and statistical analysis

The experiment was conducted in a completely
randomized design (CRD) with five replications. The
data were subjected to analysis of variance since the
normal distribution of the error and the homogeneity
of the variances were verified by the Shapiro-
Wilk and Bartlett tests. The treatment means were
compared using the Scott-Knott test (p < 0.05). The
mean values of the radiographic image analysis data
and the physiological tests of each treatment were
used to perform the Principal Component Analysis
(PCA), where an “n x p” matrix was obtained, where
“n” corresponds to the number of treatments (n = 10 )
and “p” the number of variables analyzed (p = 13).
The eigenvalues and eigenvectors were calculated
from the covariance matrices and plotted on a two-
dimensional graph (category ordering diagram and
correlation circle), generated from the Factoextra
package (Kassambara and Mundt, 2016). Pearson’s
correlation (r) was calculated with the data obtained
in all evaluations for all treatments. The software R
3.5.1 (R Development Core Team, 2018) was used in
all analyses.
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3. RESULTS

Through physical analysis (automated and visual)
by the X-ray test, it was observed significant differences
between the evaluated lots. For tissue density (relative
and integrated), lots 1 and 2 presented, in general, higher
values and lot 10 values were lower than the others
(Table 1).

Seed filling showed a similar trend to tissue density,
with lots 1, 2 and 9 being superior and lot 10 being
inferior to the others. For solidity, lot 10 was inferior and
the other lots had, in general, similar behavior among
them (Table 1).

The visual physical analysis indicated that lots 1,
5, 6 and 9 presented a higher percentage of well-formed
seeds (Class 1) compared to the others. Lots 2 and 7
had the highest proportion of well-formed and damaged
seeds (Class 2) and lot 10 had the highest percentage of
malformed seeds (Class 3) (Table 1).

The physiological analyses showed that lots 1, 2,
5, 6 and 9 had a higher percentage of root protrusion,
normal seedlings, in addition to higher GSI values
(Table 2).

Lot 10 was inferior to the others, presenting only 2%
of root protrusion and null values of normal seedlings,
GSIand t50. Lots 1, 2 and 9 in addition to higher values of

Table 1 — Descriptors evaluated by automated and visual analysis of radiographic images of different P. gonoacantha seed lots. Means
represented by the same letter do not differ by the Scott-Knott test (p< 0.05).

Tabela 1 — Descritores avaliados por andlises automatizadas e visuais de imagens radiogrdficas de diferentes lotes de sementes de P.
gonoacantha. Médias representadas pela mesma letra ndo diferem entre si pelo teste de Scott-Knott (p< 0.05).

Automated analysis

Visual analysis

Lots Rel. Dens. Int. Dens. Filling (%) Solidity Class 1 (%) Class 2 (%) Class 3 (%)
(gray.pixel ™) (gray.pixel.mm™)

1 82.883 a 3588.493 a 9742 a 0.969 a 66 a 22b 12 f
2 82.848 a 3919.772 a 97.10 a 0.957b 50b 37a 13f
3 59.859b 2457.651 b 96.45 b 0.969 a 43 b 17b 40 ¢
4 64.462 b 2941.201 b 9590 b 0.964 a 39b 15b 48 ¢
5 85.940 a 4400.647 b 96.46 b 0.966 a 82a 14b 5f
6 65.845b 3677.095 b 96.45 b 0972 a 74 a 7c 19e
7 61.644 b 2317.443 b 96.10 b 0.961 a 29b 39a 32d
8 47.116 ¢ 1491.048 b 95.35b 0.965 a 41 b Oc 59b
9 62.149 ¢ 3355.878 ¢ 96.90 a 0.967 b 80 a Oc 20¢
10 29.851d 870.682 d 91.87 ¢ 0.947 ¢ 8¢ 16 b 76 a

Mean 64.26 2901.991 96.00 0.963 51.2 16.7 32.4

CV (%) 5.97 9.86 0.86 0.53 19.63 43.18 28.99

Rel. Dens.: Relative density; Int. Dens.: Integrated density; Class 1 (Well-formed seeds); Class 2 (Well-formed and damaged seeds); Class 3 (Malformed seeds). CV:

Coefficient of variation.

Dens. Rel.: Densidade relativa; Dens. Int.: Densidade integrada,; Classe 1 (Sementes bem formadas); Classe 2 (Sementes bem formadas com danos); Classe 3 (Se-
mentes malformadas). CV: Coeficiente de variagao.
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Table 2 — Physiological quality of different P. gonoacantha seed lots. Means represented by the same letter do not differ by the Scott-Knott

test (p< 0.05).

Tabela 2 — Qualidade fisiolégica de diferentes lotes de sementes de P. gonoacantha. Médias representadas pela mesma letra ndo diferem

entre si pelo teste de Scott-Knott (p< 0.05).

Lots RP (%) NS (%) GSI t50 (days) SL SDM
(mm.seedling™) (mg.seedling™)
1 95a 89 a 4.156 a 3.674c¢ 147711 b 0.015313 b
2 90 a 80 a 3.769 a 3.655¢ 160.276 a 0.016101 b
3 67b 55b 2.286 b 4432 a 74.395 ¢ 0.006949 d
4 71 b 58b 2.436b 4.285a 75.959 ¢ 0.008985 ¢
5 91 a 89 a 3957 a 3.979b 151.336 b 0.020077 a
6 94 a 90 a 4.050 a 3.823b 136.549 b 0.015882 b
7 67b 53b 2.317b 3.953b 68.799 ¢ 0.006575 d
8 51c 38¢c 1.499 ¢ 4.589 a 47.132d 0.003551d
9 95a 94 a 4.408 a 3.638¢ 164.219 a 0.017549 b
10 2d 0d 0d 0od 1.998 e 0.000193 ¢
Mean 72 65 2.888 3.603 102.838 0.011117
CV (%) 11.72 14.79 13.81 5.32 12.16 5.97

RP: Root protrusion; NS: Normal seedlings; GSI: Germination speed index; t50: Time required for germination of 50% of the lot; SL: Seedling length; SDM: seedling

dry matter; CV: Coefficient of variation.

PR: Protruséo radicular; PN: Plantulas normais; IVG: Indice de velocidade de germinagdo, t50: Tempo necessdrio para germinagdo de 50% do lote; CP: Compri-

mento de plantulas; MSP: matéria seca de plantulas; CV: Coeficiente de variagdo.

root protrusion, normal seedlings, and GSI, showed lower
values of t50, reinforcing the higher germination speed
of these lots. Through the development of seedlings, lots
2 and 9 had higher length and lot 5 had higher dry matter
content. As expected by the results previously observed,
lot 10 showed shorter seedling length and dry matter
when compared to the other analyzed lots (Table 2).

A direct relation between tissue density and the
filling of the seeds with their physiological quality was
clearly observed. In the three-dimensional representation
of density (Figure 2c), colors closer to red represent
higher density and colors closer to blue, lower density.
Therefore, well-formed seeds (Class 1) showed higher
density and, consequently, generated more vigorous
seedlings (Figure 2A).

Well-formed and damaged seeds (Class 2) showed a
reduction in tissue density and lower seedling vigor. Seeds
with damaged cotyledons showed a reduction in seedling
development. When the damage was present on the
embryonic axis, abnormal seedlings are generated, totally
deformed (Figure 2B). In a different way, malformed seeds
(Class 3) showed low tissue density, which consequently
does not germinate (Figure 2C).

Through the principal component analysis (PCA),
the components 1 (PC1) and 2 (PC2) explained 88.8% of
the total variability of the data (Figure 3A).

The PCA results indicated that lots 1, 2, 5, 6 and 9
are located close to the vectors of automated analyses

SilF

(density, filling, and solidity; gray color), physiological
analyses and well-formed seeds (Class 1; blue color).
Otherwise, lot 10 is located far from all vectors
of automated (gray color), visual (blue color) and
physiological (blue color) analyses. Lots 3, 4, 7 and 8 are
in an intermediate way to those previously mentioned

A.CLASS 1

B.CLASS 2 C.CLASS 3

1em 1em

Figure 2 — Relation between tissue density and physiological
quality of three classes of P. gonoacantha seeds. (a)
radiographic images; (b) histogram of relative density;
(c) three-dimensional representation of density; (d)
seedlings formed.

Figura2—Relac¢do da densidade tecidual e da qualidade fisiologica
de trés classes de sementes de P. gonoacantha. (a)
imagens radiogradficas; (b) histograma de densidade
relativa; (c) representagdo tridimensional da densidade;
(d) plantulas formadas.
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A Principal Component Analysis
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Figure 3 — Biplot obtained by principal component analysis (PCA) (A) and Pearson correlation (r) (B) obtained by the linear combination

of the physical and physiological variables of 10 lots of P. gonoacantha. PC1: Principal component 1; PC2: Principal component
2; RP: Root protrusion; NS: Normal seedlings; GSI: Germination speed index; t50: Time to germinate 50% of the lot; SL:
Seedling length; SDM: Seedling dry matter; Rel.Dens .: Relative density; Int. Dens.: Integrated Density; SeedFilling: Filling
of the seeds; Solidity: Solidity; C1.WFS: Well-formed seeds (Class 1); C2.WFWD: Well-formed and damaged seeds (Class 2);
C3.MFS: Malformed seeds (Class 3). *: Significant correlation at 5% probability by t-test.

Figura 3 — Biplot obtido pela andlise de componentes principais (PCA) (4) e correlagdo de Pearson (r) (B) obtida pela combinagdo linear

das variaveis fisicas e fisiologicas de 10 lotes de P. gonoacantha. PC1: Componente principal 1; PC2: Componente principal
2; RP: Protrusdo radicular; NS: Pldntulas normais; GSI: Indice de velocidade de germinagdo; t50: Tempo para germinagdo
de 50% do lote; SL: Comprimento de plantulas; SDM: Matéria seca de plantulas; Rel.Dens.: Densidade relativa; Int.Dens.:
Densidade Integrada; SeedFilling: Preenchimento das sementes, Solidity: Solidez; C1.WFS: Sementes bem formadas (Classe
1); C2.WFWD: Sementes bem formadas com danos (Classe 2); C3.MFS: Sementes mal formadas (Classe 3). *: Correlagdo

significativa a 5% de probabilidade pelo teste t.

(Figure 3A). By Pearson’s correlation analysis, positive
and significant correlations between most of the variables
analyzed were observed, except for well-formed and
damaged seeds (Class 2). The variable malformed seeds
(Class 3) showed a negative and significant correlation
with most of the other variables analyzed (Figure 3B).

4. DISCUSSION

As observed by the automated physical analysis,
the lots with higher values of tissue density, filling,
and solidity, presented higher germination and vigor.
Similarly, the direct relation between tissue density and
/ or filling with the physiological quality of seeds has
already been observed both in forest species such as L.
leucocephala (Medeiros et al., 2018), M. polymorphum
(Faria et al., 2019) and M. oleifera (Noronha et al.,
2019), and in other agricultural species such as tomato
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(Borges et al., 2019) and Jatropha curcas (Medeiros et
al., 2020).

Tissue density and seed filling are directly related
to the formation of the embryo and the accumulation
of reserves in seeds, which in turn are mobilized to the
embryonic axis during the germination process and
play a fundamental role in the development of vigorous
seedlings (Cheng et al., 2015; Finch-Savage and Bassel,
2016). This information is reinforced when analyzing
lots 1, 2, 5, 6 and 9, which, in general, presented higher
values in physical (density, filling and solidity) and
physiological (germination and seedling development)
attributes; and in the number of well-formed seeds
(Class 1). In a different way, lot 10 presented a lower
tissue density, filling, and solidity; resulting in a high
amount of malformed seeds (Class 3), in addition to null
germination when compared to the other lots.
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P gonoacantha is a species tolerant to some
environmental factors and has important characteristics,
such as orthodox seeds tolerant to desiccation and
storage (Mayrinck et al., 2016), good water use
efficiency (Silva and Silva, 2015) and good nitrogen
fixation capacity (Bournaud et al., 2018; Oliveira Junior
etal.,2017). However, information on structural damage
of seeds of this species is scarce and was demonstrated
in this study. In this context, it was found that well-
formed and damaged seeds (Class 2) showed damage
caused especially by insects, which has recently been
reported as a crucial factor in reducing the germination
and vigor of L. leucocephala seeds (Medeiros et al.,
2019b). Considering this type of damage, it was also
evident that when it was done to the cotyledons, there
was a considerable reduction in seedling development
(probably due to the reduction of available reserves
during germination). In addition, when the damage was
located in the embryonic axis, higher were the deleterious
effects on the physiological quality seeds, reducing
germination capacity and the formation of normal
seedlings by up to 100%. These results are similar to
those observed in seeds of Terminalia argentea (Gomes
et al., 2014) and Platypodium elegans (Gomes et al.,
2016), where the germinative percentage of these species
was compromised by the presence of malformed tissues
and embryos. In a similar way, it was observed that
X-ray system is efficient for assessing physical quality
of Moquiniastrum polymorphum seeds (Faria et al.,
2019). In mature seeds of Pinus pinea, the micro X-ray
computed tomography allowed the characterization of
the physical damages caused by invasive bugs (Farinha
et al., 2018). Therefore, the observed results can serve
as a basis for future studies specifically related to insect
damage and other types of damage to P. gonoacantha
seeds.

Principal component analysis (PCA) can be used
to interpret variables related to seed quality (Medeiros
et al., 2018). In general, this analysis reduces the
dimensionality of a group of correlated variables,
maintaining the maximum portion of the variation
possible. In this context, a new group of uncorrelated
variables is created and ordered in an increasing order as
to the portion of variation present in the total variation
of the original variables. Thus, the results observed
in the PCA can be considered efficient to explain the
total variability of the data, since the sum of the main
components (PC1 and PC2) was higher than 80%

SilF

(Jolliffe and Cadima, 2016). Furthermore, the Pearson’s
correlation analysis reinforced the results observed in
the study, trough the significant correlations between
physical and physiological variables.

Therefore, these results indicate that both the seed
X-ray technique and the automated seedling analysis
are efficient to estimate the viability and vigor of the
seeds from the descriptors obtained in these analyses.
These results are important for future research on
P gonoacantha and may further assist the scientific
exploration of this species.

5. CONCLUSIONS

The seed X-ray technique combined with the
automated analysis of the radiographs is efficient in the
evaluation of the internal morphology of Piptadenia
gonoacantha seeds. The physical integrity of the seed
tissues is directly related to the physiological quality
and allows the classification of different lots according
to their vigor. Visual analysis of digital radiographs
is adequate to identify malformation and damage in
Piptadenia gonoacantha seeds.
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