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Abstract: Technologies that increase safety and efficiency, while facilitating and streamlining the work
of seed analysts, are increasingly required by the seed industry. X-ray image analysis is a technique
that has been used in the analysis of grain and seeds because it is fast, accurate and non-destructive.
The traditional method to verify the presence of insect damage in seeds involves manual cutting of the
seeds, which endangers the safety of the analyst and is time-consuming and repetitive work that leads
to visual fatigue. The objective of this study was to compared the efficiency of radiographic analysis
with and without contrast in the determination of infestation by Sitophilus zeamais Motschulsky
(Coleoptera: Curculionidae), at different stages of development, in maize seeds, compared to the
traditional method required by seed legislation, which consists of cutting and visual evaluation.
Seeds were evaluated regarding the presence of eggs/oviposition signs, larvae, pupae, adult insects,
insect damage in five infestation periods (5, 18, 33 and 35 days after infestation), while evaluating the
total number of seeds infested, comparing the three methods. For characterization of the oviposition
stage, the use of contrast was best at all times of infestation. For the larval stage, there was no
difference between the evaluation methods; however, at 18 days, larger infestations were observed by
the traditional method. At 5 days, the identification of pupae was better by the traditional method
and radiography without contrast, while for the identification of adult insects the best method was
the use of radiography without contrast. The characterization of the level of infestation with maize
weevil damage was best verified using contrast radiography. Radiographic analysis is efficient in
the detection of damage caused by S. zeamais in maize seeds. This method of radiographic analysis
(with or without contrast) is thus an auxiliary tool to assess the damage and presence of S. zeamais in
maize seeds.

Keywords: levels of infestation; seed damage; sampling; storage; Zea mays

1. Introduction

The growing commercial demand for high quality seeds, whether for internal or external markets,
has encouraged producer companies to invest in technologies that ensure minimum seed quality
standards in a fast, safe and effective manner [1].
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It is important to note that there is great concern about the quality of maize seed produced,
since the crop is susceptible to pest insects, especially maize weevil (Sitophilus zeamais Mots., 1855;
Coleoptera: Curculionidae), which is also responsible for attacking seeds and cereal grains like wheat,
rice and sorghum [2,3]. This concern is even more important when considering the ability of maize
weevil to disseminate fungi of the genera Aspergillus, Penicillium and Fusarium in the grain and seed
masses. These fungi take advantage of the insect damage, increasing aflotoxins that contribute to the
reduction of germination, vigor and lot disposal in the case of seeds [2,4-6].

Rapid and early detection of cereal grain infestation to avoid losses of grain mass and quality in
the case of seeds is particularly important, considering that damage to the embryo or reduction of seed
stocks can make planting unfeasible.

Studies on insect detection, and grain and seed damage, have been conducted to compare simpler
methods, such as manual inspection, sieving, flotation-flotation, and Berlese funnels, which are not always
efficient for accurate detection but are necessary when measuring seed marketing standards. More complex
research, such as acoustic grain variability with and without damage [7], or chemical analysis, near-infrared
spectroscopy [8] and X-ray methods, have the potential for use on an industrial level to detect insects in
grain and seed samples. Their usefulness has been demonstrated in research laboratories, according to
Neethirajan et al. [9] and Karunakaran et al. [10], who reported more than 95% accuracy using a digital X-ray
system, including a classification algorithm, for inspecting wheat for weevils. The technique of radiographic
analysis has been highlighted due to its simplicity and reproducibility. It is also non-destructive, can be
used to identify full, empty, damaged and broken seeds [11], and also evaluates the damage caused by
insects in their different stages of development [12,13].

In Brazil, the usual method for the examination of insect-infested seeds in certified corn lots is
performed with the aid of sharp objects and is considered a destructive, time-consuming method,
with risks for the health of analysts. A viable alternative is the use of radiographic analysis to
detect insect-infested seeds, but it is hypothesized that this technique does not detect all signs of
infestation caused by maize weevil, as indeed is the case with the traditional method. It is possible
that an adaptation in the methodology of acquiring radiographs of corn seeds from the use of
chloroform vapor would allow images of seeds with contrasts to be acquired with high enough quality.
Consequently, the efficiency of the analysis would increase, since chloroform vapor penetrates the
damaged tissues of the seed and makes them scintillating white in the radiographic images. The use of
radiographs with contrast in seeds was mentioned only in the work of Simak, M. [14] for analysis of
Pinus seeds (Pinus sylvestris L.).

Thus, the objective of this study was to compare efficiency of the traditional method, radiographic
analysis without contrast and radiography with contrast, in the determination of infestation by S.
zeamais at different stages of development, in maize seeds.

2. Materials and Methods

To evaluate the efficiency of radiographic analysis in the detection of damage and characterization
of the different stages of development of S. zeamais in maize seeds, the experiment was conducted in
the Laboratory of Seed Analysis of the Department of Agriculture of the Federal University of Lavras.

The insects of S. zeamais used in this work were obtained from the Laboratory of Ecotoxicology
and Integrated Pest Management (IPM) of the Department of Entomology of the Federal University
of Lavras. They were kept in six glass containers, with a capacity of 3000 mL, and in each one were
placed 420 seeds of maize and 10 pairs of adult insects. The containers were closed with voile tissue to
ensure air circulation and the survival of insects. The containers were kept in a climate chamber at 25
+ 2 °C, 65% relative humidity (RH) without photophase, for a period of two months.

At5, 18, 33 and 35 days after infestation, characterization evaluations of insect development stages
and a comparison between traditional methods and radiographic analysis were performed for the
purpose of examining infested seeds. The respective periods of infestation were defined according to
the stages of development of S. zeamais, in which the period of five days corresponds to the average time
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of embryonic development; 18 days is the mean period of the larval phase; 33 days is the median time
of the pupal stage; and 35 days is the average duration of the biological cycle (from egg to adult insect).

2.1. X-Ray Test: Radiography without Contrast

To obtain radiography without contrast, in each evaluation period (5, 18, 33 and 35 days), 100 seeds
were removed from the glass pot, numbered one by one and distributed equally, with the side closest
to the embryo turned upwards, in a single layer, on eight transparent acrylic slides with the capacity
for 25 seeds each. The seeds were numbered according to the position on the plate to enable their
identification. The material was then subjected to X-ray testing at 24 KV intensity for 60 s at 35 cm
from the emitting source, using X-ray apparatus (MX-20 Faxitron, Lincolnshire, IL, USA) to obtain
radiographs. The images obtained were analyzed visually and the percentage of seeds with the
presence of the insect at any stage of development were counted.

2.2. X-Ray Test: Radiography with Contrast

In order to obtain radiography with contrast, the seeds that were on the plates used in the previous
step were placed in hermetically sealed glass containers, containing a metal handle with cotton wool
soaked in chloroform solution (CHCl3), to penetrate the damaged parts of the seeds and thus generate
contrast in the X-rays [14]. After 2 h of indirect seed/chloroform exposure, the transparency plates were
removed and subjected to X-ray testing using the settings described in the previous step. The images
obtained were analyzed visually, and the percentage of seeds with the presence of the insect at any
stage of development were counted.

2.3. Analysis of Infested Seeds by the Traditional Method

After contrast radiography, the seeds were removed from the transparency plates and distributed
one by one in cryogenic tube boxes, with a capacity of 100 compartments. Each compartment containing
the seed was filled with water for 24 h to soften the tegument and favor the cutting of the seeds.
After the immersion time and with the aid of a scalpel, the seeds were cut to verify the presence of eggs,
larvae, pupae and adults of the insect [15]. The results of the observed infestation were expressed as
a percentage.

Once cut, the seeds were placed on Ethylene Vinyl Acetate (EVA) blue rubber used as a
background for the pictures and photographed with a Sony « 57 DT 18-55 mm F3.5-5.6 SAM
camera. Subsequently, the images of the photographed seeds were compared with those of the X-rayed
seeds, with and without contrast.

2.4. The Design Used in Tests and Statistical Analysis

A completely randomized design with 6 replicates of 100 seeds was used, with a subdivided plot;
the infestation period was in the plot (5, 18, 33 and 35 days of infestation), and the method of analysis
was in the subplot (traditional, X-rays without contrast and X-rays with contrast), totaling 12 treatments.
Data of the observed infestation of weevil in maize seeds were analyzed by a one-way analysis of
variance (ANOVA). Where significant differences were revealed (F-ratio, p < 0.05), a stepwise general
linear models (GLM) procedure was used for the Tukey-Kramer multiple comparisons test to determine
the pattern of differences between methods. Significant differences between methods for determination
of infestation by weevil in maize seeds were concluded when the coefficient of the interaction term
was significant at p < 0.05. Additionally, standard deviations (SD’s) were calculated and used as means
separation tests. Analyses were performed with the SAS® program (version 9.4, SAS Institute, Cary,
NC, USA).
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3. Results

The detection of the percentage of oviposition of S. zeamais in maize seeds varied according to the
evaluation period and the method of analysis of the infestation (Figure 1). Within the infestation times (5,
18, 33 and 35 days after infestation), the radiographic method of contrast analysis of the infested seeds
differed significantly (p < 0.001) from the traditional methods (cutting the seeds with scalpel) and the
radiography without contrast. The sensitivity of the radiographic analysis method with contrast allowed
inference of the approximate occurrence of 20 to 70% of corn seeds with corn weevil oviposition signs.

H Traditional methodology H Radiograph without contrast H Radiograph with contrast
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Figure 1. Detected oviposition occurrences of Sitophilus zeamais in maize seeds at 5, 18, 33 and 35 days
after infestation by traditional method, radiograph without contrast and radiograph with contrast.
The bar graph shows the means and the error bars show the + standard deviations (SD) in each period
of infestation (Tukey-Kramer Test, p < 0.05).

In the analysis of maize seeds infested by the weevil, larvae were detected internally in the seeds.
Significant differences (p < 0.001) were found between the different methods for infested seed analysis,
with the traditional method being the most sensitive in detecting almost 20% of seeds infested by larvae
(Figure 2). For the other infestation periods (5, 33 and 35 days after exposure), there were no significant
differences (p > 0.05) between the three methods evaluated, which detected 5% to 50% of infestation larvae
of S. zeamais.
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Figure 2. Average percentage of maize seeds infested with larvae of Sitophilus zeamais at 5, 18, 33 and
35 days after infestation, by traditional methods, radiograph without contrast and radiograph with
contrast. The bar graph shows the means, and the error bars show the + SD in each period of infestation
(Tukey-Kramer Test, p < 0.05).
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In relation to the determination of the presence of maize seeds infested by pupae and adult insects
of maize weevil, infestations were observed only at 5 days of evaluation, with significant differences
between the three evaluation methods (p < 0.001) (Table 1). For the pupal stage, the traditional method
was more sensitive when compared to radiography with contrast. For the adult insect stage of S.
zeamais, the radiography without contrast showed a higher number of infested corn seeds, followed by
radiography with contrast and the traditional method, which involves cutting the seeds.

Table 1. Comparison of the traditional method with scalpel (T) without contrast radiography (S) and
with contrast radiography (C) in relation to the evaluation of the presence of adult insects of Sitophilus
zeamais causing damage in maize seeds after 5 days of infestation.

5 Days after Infestation

Stages of Development T S C
Mean Standard Deviation Mean Standard Deviation Mean Standard Deviation
% Pupae 221 a 2.47 1.67 ab 2.06 1.29b 1.71
% Adult insects 8.29 ¢ 4.62 16.21a 9.05 1242b 497

Values within the same line followed by the same letter are not significantly different, Tukey-Kramer (p < 0.05).

In relation to the presence of S. zeamais damage in maize seeds, significant differences (p < 0.001)
were observed in the total number of seeds damaged by the weevil, comparing the three methods of
analysis (Figure 3). Although traditional methods and radiography without contrast varied according
to the infestation period (5, 18, 33 and 35 days after exposure), the radiography with contrast method
showed greater sensitivity in detecting damage (up to 90% of seeds damaged by weevil), often
imperceptible by traditional methods and radiography without contrast.
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Figure 3. Average percentage of maize seeds with damage by Sitophilus zeamais in different assessment
periods, assessed by traditional methods, radiograph without contrast and radiograph with contrast.
The bar graph shows the means, and the error bars show the + SD in each period of infestation
(Tukey-Kramer Test, p < 0.05).

After analysis of corn seeds and observation of photo and radiographs without and with contrast
(Figure 4), it was verified that in the traditional method with seed cutting and radiography without
contrast, it is only possible to identify the embryonic axis (ee), hypocotyl (hp), epicotyl (ep), endocarp
(en) and tegument + pericarp (tp), without damage caused by corn weevil. In contrast radiographs,
in addition to the structures of the seed, it is possible to detect oviposition (ov) signs that appear on
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the radiographs as darker points, surrounded by a white scintillating halo. The larvae (Iv) are round,
with uniform bodies, and on the radiographs with and without contrast they are smaller in relation to
their galleries built inside the seeds. In contrast radiographs, the chloroform vapor (chl) marks, with a
scintillating white halo, show the seed tissues damaged by the insect. The pupae (pp) are more irregular
and oval, of brown color, observed after the cutting of the seeds in the traditional methodology and,
in the radiographs, they are verified occupying the whole gallery, with nearby regions presenting a dark
gray shade, possibly other damage (dm) caused by the weevil. Finally, the adults of the corn weevil
(wm) are smaller in relation to the pupae, and they are dark brown (observation in the traditional
methodology). In the X-rays with and without contrast the adult weevils are observed occupying a
third of the gallery and positioned at the end near to the exit from the interior of the seeds.

Traditional test X-ray without contrast] X-ray with contrast

Intact seed

Oviposition

Adult insect

Figure 4. Characterization of the damage (dm) and stages of development of Sitophilus zeamais how
sign of oviposition (ov), larvae (Iv), pupae (pp) and adult insect (wm) inside corn seeds and seeds with
intact structures (embryonic axis (ee), hypocotyl (hp), epicotyl (ep), endocarp (en) and tegument +
pericarp (tp)).
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4. Discussion

The positive effects of contrast radiography on the evaluation of S. zeamais damage and oviposition
signs arise from the ability of contrast agent, such as chloroform, to penetrate the damaged areas of the
seed, causing differences in tissue density. This makes the areas affected by the insect brighter (light
gray), while intact areas of the seed are observed in darker grayscale on the radiograph analyzed. [14,16].

On radiographs without contrast, oviposition signs were circular, dark, tiny, and almost
imperceptible, and when observed with contrast, they were surrounded by a white halo (higher
density). In earlier research, there are reports that oviposition signs and first instar larvae of S. zeamais
and Sitophilus oryzae (Linnaeus) are often difficult to identify in radiographs [17]. Likewise, difficulties
in the identification of eggs of Oryzaephilus surinamensis L. (Coleoptera: Silvanidae) on date seeds
analyzed by radiographs have also been reported [18]. In the aforementioned works the problem
reported was solved by an algorithm developed in MATLAB for segmentation of the radiographs,
resulting in the efficient identification of infested and non-infested seeds.

When analyzing wheat radiographs after using Adobe Photoshop and Microlmage to obtain
contrast, Fornal et al. [12] accurately detected eggs of Sitophilus granarius (L.) in the grains five
days after oviposition. Chelladurai et al. [19] combined X-ray features with near-infrared (NIR)
hyperspectral characteristics and, in comparison to isolated X-rays, reached greater accuracy in the
identification of Callosobruchus maculatus (Fabr.) (Coleoptera: Bruchidae) eggs and larvae in soybean
seeds. However, they pointed out the possible non-viability of these systems, given the increase in cost
and time for the detection of infestation.

Regarding the use of X-rays without contrast, there are reports of the efficiency of the method in
S. granarius characterization and its damage to wheat grains [20]; correct classification of damage by
bedbugs in cotyledons of Crotalaria juncea L. (Fabaceae) [21]; distribution mapping, interaction and
competitive behavior among the larvae of S. zeamais in maize seed [22]; detection of popcorn maize
seed infestation by S. zeamais and classification into categories: small larvae, medium-sized larvae,
pupae and adults [23], and the finding of the infestation of Cryptocarya aschersoniana Mez. (Lauraceae)
by insects of the family Curculionidae, through radiographic analysis [24].

A probable explanation for the results obtained in the aforementioned works is that the X-rays
form different levels of attenuation of the objects (seed/insect) X-rayed. This attenuation is obtained by
reducing the intensity of X-rays as they pass through objects of various densities [25]. Thus, a less
dense medium, such as damage and oviposition signs, is displayed in black on the radiographs, while
a denser medium, such as undamaged seeds, is highlighted in white. However, due to the natural
existence of cavities in the seeds that cause darker areas, errors are likely to occur in the classification
of seeds, whether infested or not [18].

As regards the use of contrasting solutions, such as chloroform, these increase the differentiation
between tissues and allow the evaluation of the structures and integrity of the tissues, but they are costly
and possibly carcinogenic due to high concentrations and doses of the product. These characteristics,
associated with the existence of plant species that react differently to the same substance [26], result in
limiting factors for chloroform solution use in routine laboratories.

5. Conclusions

The use of contrast radiography showed greater sensitivity in the detection of damage and
percentage of infestation of S. zeamais at different stages of development in corn seeds. The method
of radiographic analysis without use of contrast (chloroform), followed by the traditional method,
with seeds cut using a scalpel, were less sensitive to the detection of weevil infestation in corn seeds,
underestimating the presence of oviposition signs and other damage. In addition to this disadvantage,
the slowness of the traditional method leads to the conclusion that both radiography without contrast
and radiography with contrast are appropriate tools for the examination of insect-infested seeds.
Future studies are needed to study mechanisms to improve the efficiency of radiographic analysis in
identifying other insect pests infesting different seed species.



Insects 2019, 10, 156 80f9

Author Contributions: Conceptualization, M.L.M.d.C.; methodology, M.LM.d.C., ER.L., and G.A.C.; resources,
M.LM.d.C. and G.A.C; software, ER.L.,, D.B.d.A., EE-S., and E.RM.; formal analysis, ER.L. and FE-S,;
writing—original draft preparation, M.L.M.d.C., ER.L. and G.A.C.; writing—review and editing, M.LM.d.C.,
EE-S,G.A.C,D.B.A,, and E.R.M,; project administration, M.L.M.d.C.

Funding: This research was funded by Minas Gerais State Research Foundation (FAPEMIG) and National Council
for Scientific and Technological Development (CNPq).

Acknowledgments: The authors thank the Department of Agriculture and Department of Entomology at the
Universidade Federal de Lavras for their technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Tavares, L.C.; Mendonga, A.O.; Gadotti, G.I; Villela, F.A. Estratégias de marketing na drea de sementes.
Arq. Inst. Biol. 2016, 83, 1-9. [CrossRef]

2. Lima-Mendonga, A.; Broglio, SM.E,; Aratjo, A.M.N.; Lopes, D.O.P,; Dias-Pini, N.S. Efeito de p6s vegetais
sobre Sitophilus zeamais (Mots., 1855) (Coleoptera: Curculionidae). Arg. Inst. Biol. 2013, 80, 91-97. [CrossRef]

3.  Pauliquevis, C.F; Favero, S. Atividade insetistatica de 6leo essencial de Pothomorphe umbellata sobre Sitophilus
zeamais. R. Bras. Eng. Agric. Ambiental. 2015, 19, 1192-1196. [CrossRef]

4. Aquino, S.; Potenza, M.R. Analise da microbiota associada a entomofauna em ragdes a granel para animais
domésticos. Arq. Inst. Biol. 2013, 80, 243-247. [CrossRef]

5. Oloyede-Kamiyo, Q.O.; Adetumbi, ].A. Relationship between seed physical traits and maize weevil (Sitophilus
zeamais) damage parameters in selected quality protein maize (QPM) varieties. J. Stored Prod. Res. 2017, 73,
42-46. [CrossRef]

6. Ferreira-Castro, FL.; Potenza, M.R; Rocha, L.O.; Correa, B. Interaction between toxigenic fungi and weevils
in corn grain samples. Food Control. 2012, 26, 594-600. [CrossRef]

7. Ince,N.F;Onaran, I; Pearson, T.; Tewfik, A.H.; Cetin, A.E.; Kalkan, H.; Yardimci, Y. I dentification of damaged
wheat kernels and cracked-shell hazelnuts with impact acoustics time-frequency patterns. Trans. ASABE
2008, 51, 1461-1469. [CrossRef]

8.  Ridgway, C.; Chambers, J. Detection of Insects inside wheat kernels by NIR imaging. J. Near Infrared Spectrosc.
1998, 6, 115-119. [CrossRef]

9.  Neethirajan, S.; Karunakaran, C.; Jayas, D.S.; White, N.D.G. Detection techniques for stored-product insects
in grain. Food Control 2007, 18, 157-162. [CrossRef]

10. Karunakaran, C.; Jayas, D.S.; White, N.D.G. Soft X-ray inspection of wheat kernels infested by Sitophilus
oryzae. Trans. ASAE 2003, 46, 739-745. [CrossRef]

11. Kotwaliwale, N.; Singh, K.; Kalne, A.; Jha, S.N.; Seth, N.; Kar, A. X-ray imaging methods for internal quality
evaluation of agricultural produce. J. Food Sci. Technol. 2011, 51, 1-15. [CrossRef] [PubMed]

12. Fornal, J.; Jelinski, T.; Sadowska, J.; Grundas, S.; Nawrot, J.; Niewiada, A.; Warchalewski, ].R.; Blaszczak, W.
Detection of granary weevil Sitophilus granarius (L.) eggs and internal stages in wheat grain using soft X-ray
and image analysis. J. Stored Prod. Res. 2007, 43, 142-148. [CrossRef]

13. Haff, R P; Pearson, T.C. An automatic algorithm for detection of infestations in X-ray images of agricultural
products. Sens. Instrumen. Food Qual. 2007, 1, 143-150. [CrossRef]

14. Simak, M. The X-ray contrast method for seed testing Scots Pine-Pinus silvestres. Meddelanden Fran Statens
Skogsforskningsinstitut 1957, 47, 1-21. Available online: https://pub.epsilon.slu.se/10011/1/medd_statens_
skogsforskningsinst_047_04.pdf (accessed on 28 March 2019).

15. Brasil. Regras para Analise de Sementes. MAPA/ACS: Brasilia, Brasil, 2009; ISBN 978-85-99851-70-8.
Available online: http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/arquivos-publicacoes-
insumos/2946_regras_analise__sementes.pdf (accessed on 28 March 2019).

16. Bonner, ET.; Karrfalt, R.P. The Woody Plant Seed Manual, USDA Forest Service: Washington, DC, USA,
2008; pp. 110-115. Available online: https://www.fs.fed.us/rm/pubs_series/wo/wo_ah727.pdf (accessed on
28 March 2019).

17. Pedersen, J.R.; Brown, R.A. X-ray microscope to study behaviour of internal-infesting grain insects.
J. Econ. Entomol. 1960, 53, 678-679. [CrossRef]


http://dx.doi.org/10.1590/1808-1657000882014
http://dx.doi.org/10.1590/S1808-16572013000100013
http://dx.doi.org/10.1590/1807-1929/agriambi.v19n12p1192-1196
http://dx.doi.org/10.1590/S1808-16572013000200016
http://dx.doi.org/10.1016/j.jspr.2017.06.003
http://dx.doi.org/10.1016/j.foodcont.2012.02.016
http://dx.doi.org/10.13031/2013.25226
http://dx.doi.org/10.1255/jnirs.128
http://dx.doi.org/10.1016/j.foodcont.2005.09.008
http://dx.doi.org/10.13031/2013.13576
http://dx.doi.org/10.1007/s13197-011-0485-y
http://www.ncbi.nlm.nih.gov/pubmed/24426042
http://dx.doi.org/10.1016/j.jspr.2006.02.003
http://dx.doi.org/10.1007/s11694-007-9018-9
https://pub.epsilon.slu.se/10011/1/medd_statens_skogsforskningsinst_047_04.pdf
https://pub.epsilon.slu.se/10011/1/medd_statens_skogsforskningsinst_047_04.pdf
http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/arquivos-publicacoes-insumos/2946_regras_analise__sementes.pdf
http://www.agricultura.gov.br/assuntos/insumos-agropecuarios/arquivos-publicacoes-insumos/2946_regras_analise__sementes.pdf
https://www.fs.fed.us/rm/pubs_series/wo/wo_ah727.pdf
http://dx.doi.org/10.1093/jee/53.4.678

Insects 2019, 10, 156 90f9

18.

19.

20.

21.

22.

23.

24.

25.

26.

Al-Mezeini, N.; Manickavasagan, A.; Al-Yahyai, R.; Al-Wahaibi, A K.; Al-Raeesi, A.A.; Khriji, L. X-ray
imaging of stored dates to detect infestation by saw-toothed beetles. Int. ]. Fruit Sci. 2016, 16, 42-56.
[CrossRef]

Chelladurai, V.; Karuppiah, K.; Jayas, D.S.; Campos, P.G.; Branco, N.D.G. Detection of Callosobruchus maculatus
(E.) infestation in soybean using soft X-ray and NIR hyperspectral imaging techniques. J. Stored Prod. Res.
2014, 57, 43-48. [CrossRef]

Haff, R.P; Slaughter, D.C. Real-time X-ray inspection of wheat for infestation by the granary weevil, Sitophilus
granarius (L.). Trans. ASAE 2014, 47, 531-537. Available online: https://pubag.nal.usda.gov/download/9692/
PDF (accessed on 28 March 2019). [CrossRef]

Arruda, N.; Cicero, M.S.; Gomes-Junior, F.G. Radiographic analysis to assess the seed structure of Crotalaria
juncea L. . Seed Sci. 2016, 38, 1-8. [CrossRef]

Guedes, N.M.P,; Guedes, RN.C.; Campbell, ].E; Trono, J.E. Contest behaviour of maize weevil larvae when
competing within seeds. Anim. Behav. 2010, 79, 281-289. [CrossRef]

Brabec, D.; Dowell, F.; Campbell, J.; West, M. Detection of internally infested popcorn using electrically
conductive roller mills. J. Stored Prod. Res. 2017, 70, 37-43. [CrossRef]

Muxfeldt, R.E.; Faria, ].M.R.; Tonetti, O.A.O.; Silva, E.A.A. Utilizacao do teste de raios-X na avaliagao
dos efeitos da dessecacao e infestagdo em diasporos de Canela-Batalha—Cryptocarya aschersoniana Mez
(Lauraceae). Cerne 2012, 18, 657-666. [CrossRef]

Crocker, T.; Thamburaj, R.; Nagar, A. Segmentation techniques in X-ray images for the analysis of mango
stem boring insects. Math. Appl. 2014, 3, 33—44. [CrossRef]

Lusic, H.; Grinstaff, M.K. X-ray computed tomography contrast agents. Chem. Rev. 2013, 113, 1641-1666.
[CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/15538362.2015.1044692
http://dx.doi.org/10.1016/j.jspr.2013.12.005
https://pubag.nal.usda.gov/download/9692/PDF
https://pubag.nal.usda.gov/download/9692/PDF
http://dx.doi.org/10.13031/2013.16022
http://dx.doi.org/10.1590/2317-1545v38n2155116
http://dx.doi.org/10.1016/j.anbehav.2009.10.022
http://dx.doi.org/10.1016/j.jspr.2016.11.002
http://dx.doi.org/10.1590/S0104-77602012000400016
http://dx.doi.org/10.13164/ma.2014.03
http://dx.doi.org/10.1021/cr200358s
http://www.ncbi.nlm.nih.gov/pubmed/23210836
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	X-Ray Test: Radiography without Contrast 
	X-Ray Test: Radiography with Contrast 
	Analysis of Infested Seeds by the Traditional Method 
	The Design Used in Tests and Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

