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Abstract Computed tomography was used to study the
burrowing activity of larvae of Sitotroga cerealella Olivier,
1789 (Lepidoptera: Gelechiidae) in damaged maize grain.
The randomly selected cobs were shelled, and the damaged
maize grains were measured. The volumes and locations of
cavities formed by larvae were mapped by means of a new
computer-based three-dimensional imaging method. The
use of new technologies have greatly improved and facil-
itated the detailed investigation of injured grain. The
results provided additional data for biological information
to covertly developing S. Cerealella. Significant volume
destructions were observed only in the highly perforated
grains (P = 0.032). The embryos of the infested grain were
destroyed independent of the number of larvae. The
emerged holes and the larval cavities were found to be
linked by larval passages, which have been prepared
directly before the pupation.
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Introduction

In the case of the hidden lifestyles and covertly developing
insects, the method and the rate of damage are a very
important issue of plant protection. Previously these dam-
ages of stored product caused by pests can be roughly
estimated, and the triggered injuries cannot be measured
exactly in the majority of cases.

The Angoumois grain moth, Sitotroga cerealella is a
typical example of these pests since the damage caused by
the moth is hidden and difficult to assess. Its distribution is
nearly global today, including essentially all of Europe as
well as Australia, Africa, southern Asia, South Latin and
North America [4]. This species is a serious primary pest
that mainly attacks maize, wheat and sorghum, both in the
field and in stores [9, 15]. Infestation with S. cerealella
starts in the agricultural field as females lay their eggs,
singly or in groups, on the surface of the grains. The
emerged young larvae bore into the grain where they will
complete their development. These small caterpillars spend
their entire life inside an individual grain. Therefore,
infestation is difficult to detect at this stage [6, 8]. The
pupal stage lasts about 10 days. Adults leave a conspicuous
emerging hole at one end of the kernel. The weight losses
can be as much as 50 % for wheat and 24 % for corn. Its
impact is greater in the tropics and subtropics where it
attacks grain in the field as well as in storage [4].

The stored product pests are responsible for consider-
able economic losses to grains. Nowadays, the ensuring of
the healthy and injury-free stored product is becoming a
more and more important task with respect to practical
plant protection and economic criterion [2, 4]. There is no
method in practice, which is able to exactly measure the
triggered, quantitative injuries of the hidden lifestyle insect
pests. This study attempts to make up for this deficiency.
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The purpose of this study was to determine accurately
the decrease in the volume in maize grain caused by S.
cerealella using computer-based three-dimensional recon-
structions technology. The objective image analysis is
expected to contribute to the knowledge of biological
features of this serious pest. Besides the grain volume
alteration, the possible involvement of the grain embryo
and the ability of this insect to do damage would become
more understood with the help of this technology.

Materials and methods

To determine the form and volume of the cavity of maize
grain caused by S. cerealella, we collected damaged maize
cobs from the classic maize drying shed. The cobs had
been stored for 2 years originating from the surface of the
plant product, where the cobs are more vulnerable to the
damaging process. They were collected at Somogyszil
(Somogy county; Hungary) on the 18 October 2013. The
10 randomly selected cobs were shelled, and the grain
moisture was determined using a heat treating oven
(Memmert UFE 400-800) (Memmert Ltd., www.memmert.
com). The weight of samples was measured by a precision
weighing balance (Ohaus Explorer Pro EP214CE) (Ohaus
Corporation, http://balance.balances.com/scales/69). Fur-
thermore, the damaged grains were classified into four
groups based on the number and location of conspicuous
emerged holes of adult moths: 1 h: one hole on the grain
surface; 1 h-a: one hole on the top of the grain; 2 hs: two
holes on the grain surface; 3 hs: three holes on the grain
surface (Fig. 1). The number of replicates per treatment
was 25.

Before the CT examination, the surface of the grains
were glazed manually with a water base enamel paint
(black colour, Unitop, Sygma Kalon Group) (Unitop, black
colour paint, Trilak Ltd., www.trilak.hu) using a paint
brush. After the drying period, this coat of paint made it
possible to visualize the thin wall of the seed, damaged
inside by the larvae. The CT measurements were per-
formed covering the whole grains using a Siemens Soma-
tom Sensation 16 Cardiac CT scanner (Siemens Ltd.,

Fig. 1 Classification of the
damaged maize kernel based on
the number and location of the
conspicuous emerging holes
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Erlangen, Germany). The seeds were positioned in a
3 x 3 x 5 matrix in a polystyrene rack on the examination
table. The following scanning parameters were used for
data collection purposes: 120 kV, 230 mAs and spiral data
collection. Axial scans were reconstructed every 0.1 mm
with 0.6 mm slice thickness and 50 mm field of view.

The densities in the CT images were normalized into the
range and thresholded at level 0.5 to differentiate the
voxels of the grains from the background. Next, the coor-
dinates of those grain voxels which were adjacent to other
grain were extracted and considered to be the coordinates
of the surface points of the grains. Based on these 3D point
clouds, the surfaces of individual seeds were reconstructed
through triangularization. Due to the finite resolution of the
acquisition process, the 3D models were still noisy; thus,
manual post-processing was applied to remove spikes and
unexpected artefacts of the surfaces. The holes of the 3D
objects were filled in by manually adjusting the 3D model,
and the surface and volume of the damaged and recon-
structed grains were computed.

The volume and the weight data were analysed by SAS
software using one-way ANOVA (PROC ANOVA), with
cavity as the response variable and location and the number
of the emerged holes as the main effects. Post hoc tests
were performed using the Tukey (HSD) test, with the
significance level set to P < 0.05.

Results

The average weight of healthy maize grain was
0.354 + 0.095 g (mean + SE). The weights of damaged
maize grains were the following: 1 h: 0.335 + 0.025; 1 h-
a: 0.333 £ 0.018; 2 hs: 0.332 £+ 0.022; 3 hs:
0.326 £ 0.035 (P = 0.032). The moisture content was
calculated to be 12.21 £ 0.34 %. The weight losses
increased with the number of holes produced.

The volumes of the examined maize grain parallel with
the weight results were measured by CT. The volume of
the examined maize grain was 498.47 4 26.74 mm°. The
changing volume of the damaged maize grain was between
5.31 and 7.71 %. The cavities increased with the number of
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Fig. 2 Computer-based three-
dimensional reconstructions of
damaged maize grain by S.
cerealella. a Damaged surface;
b dorsoventral segment;

¢ lateral segment

Fig. 3 Computer-based three-
dimensional reconstructions of
the damaged maize grain by S.
cerealella as a function of the
main structure of maize grain.
a Endosperm; b pericarp;

¢ embryo [1]

holes (1 h: 27.19 + 2.08 mm?; 1 h-a: 28.44 + 2.42 mm?;
2 hs: 32.01 +2.26 mm>; 3 hs: 35.51 &+ 1.42 mm®). A
significant difference in the cavity could be observed
between the 1 h and 3 hs samples. Significant differences
were not detected between the other damaging groups
(P < 0.098).

The shape and location of the larval cavities are shown
in Fig. 2. The pericarp always remained intact. The
destruction of the maize embryo, which is located in the
ventro-apical part of the grain, can be evaluated based on
the location of apparent cavity by CT (Fig. 3). The endo-
sperm content was consumed by the caterpillar mostly that
parts are near to the embryo.

Discussion

The use of new technologies especially computer-based
three-dimensional reconstructions and CT has greatly
improved and facilitated the detailed investigation of
injured grain, other plant parts assays and insect anatomy.
This technology has not yet been used in applied plant
protection. However, burrowing behaviour of insects has
already been studied using CT technology [7, 10].

The results provided by CT can be used for both ento-
mology and plant physiology as well. This method ensures

additional data for biological and ecological information
studying the hidden lifestyles of covertly developing
insects.

The newly emerged larvae of S. cerealella bore into the
apical part of grain where they will complete their devel-
opment [9]. CT clearly showed the cavities of the bur-
rowing larvae and revealed that, following their exit from
infested maize, the fully developed larvae burrow to the
crown end of the grain. In this way, the insect can develop
in the apical part of grains in optimal and protected con-
ditions. This phenomenon has already known in the case of
other agricultural and stored product pests, e.g. Bru-
chophagus roddi Gusakovski [3], Ostrinia nubilalis Hiib-
ner [14], Acanthoscelides obtectus Say [13].

The emerging holes are situated in the crown end of the
grain. The emerged holes and the larval cavities are linked
by larval passage. Most likely, the larvae only moved next
to the emerging hole directly before its pupation [5, 15].

The volumes of the formed cavities and the weight of
the maize grain were not influenced by the number of
larvae. Significant volume destructions were observed only
in the highly perforated grains (3 hs). The embryos of the
infested grains were destroyed in all cases, independently
of the number of larvae. This can be explained with the
high a-tocopherol content of embryo, which is a very
attractant component for the more herbivore insects [11].
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Therefore, the damaged maize grain by S. cerealella cannot
be later utilized as seed.

According to Pandey and Pandey [12], contents of
protein, total and reducing sugars, starch, ash and oil of
damaged grain and on losses caused by S. cerealella
indicated that the chemical constituents of the grain were
not related to losses. It is thought that the losses in the
different varieties may be related to the combined effects
of the chemical and physical properties of the grain.
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