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a b s t r a c t

In living organisms, the cuticle has structural functions and is involved through chemical signaling in
biological interactions such as plant-insect and provides protection against biotic and abiotic factors,
thereby avoiding desiccation or the attack of predators. The objective of this study was to investigate the
participation of the epicuticle in the maize kernel-Sitophilus zeamais interaction. The GC-MS analysis of
the epicuticle extract demonstrated the presence of aliphatic hydrocarbons, alcohols, ethers, fatty acids,
sterols and their derivatives. The results of bioassays show that the epicuticle of maize has a primordial
role in its interaction with S. zeamais, and participates in the recognition and attraction to the food
source, as well as regulating its reproduction. In addition the compounds present in the epicuticle extract
may act as signal molecules and development regulators. This study reveals the effect of the maize kernel
cuticle on Sitophilus behavior and contributes to the understanding of the interaction.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In natural and agronomic ecosystems, the interactions between
plants and phytophagous insects are initially mediated by chemical
signals such as volatiles from plants (Germinara et al., 2008). The
silo is a new environment where a large number of biological in-
teractions are produced and these cause significant economic los-
ses (Cox, 2004; Cox and Collins, 2002).In this new environment, the
insect Sitophilus zeamais (Motschulsky) is considered the principal
and the most dangerous plague in tropical and subtropical climates
of stored maize kernels (Tefera et al., 2011). This insect affects the
harvest by lowering the quality of kernels and germination, also
due to an increase in fungal infections by transporting spores and
facilitating the penetration of hyphae through the damage done in
the grain (Nesci et al., 2011; Yuya et al., 2009). Although numerous
L. Usseglio), dambolena@fcq.
unc.edu.ar (C. Merlo),
paula.zunino.254@unc.edu.ar
investigations have studied damage to stored grains caused by in-
sects in different biological systems, the signal that initiates the
infection process is still unknown.

The first barrier of contact between organisms and the envi-
ronment is the cuticle (Welti andWang, 2004; Zunino and Zygadlo,
2005). In plants, this provides protection against the biotic and
abiotic factors, and is involved in the plant-insect interactions
affecting the behavior of predators and/or parasitoids (Bargel et al.,
2006; Lemieux, 1996; Yeats and Rose, 2013). In general, the cuticle
is composed of a complex mixture of long-chain non-polar com-
pounds such as hydrocarbons, wax esters, aldehydes, ketones, long
chain alcohols, fatty acids, terpenoids and sterols (Lemieux, 1996;
Lucini et al., 2006). These compounds can act as precursors of
hormones and pheromones, regulate development processes and/
or modulate interactions between organisms (Kosma et al., 2010;
Lemieux, 1996; Lucini et al., 2006). Although numerous studies
have reported on the relationship between plant foliar waxes and
insects (Braccini et al., 2015; Kosma et al., 2010; Li and Ishikawa,
2006; van Loon et al., 1992), little is known about the role of the
kernel cuticle in grain-insect interactions. Several authors have
observed that the cuticular waxes of the wheat grain play an
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important role in oviposition and alimentation of S. granarius
(Nawrot et al., 2010; Niewiada et al., 2005). However, there are few
investigations about the effect of the cuticle on the maize kernel-
S. zeamais interaction. García-Lara et al. (2003) observed that the
hardness of the kernels is negatively correlated with the suscepti-
bility index and damage caused by S. zeamais. Moreover, the
polyphenolic compounds of the cuticle of maize kernel were
related with resistance to attack by S. zeamais (García-Lara et al.,
2003; Panagabko et al., 2000; Sen et al., 1994). These results sug-
gest a participation of the cuticle kernel in the interaction with the
insect. Based on this, the aim of the present work was to investigate
the participation of the epicuticle of the maize kernel as a chemical
signal in the interaction with S. zeamais, which provided findings
towards a better management of this pest in the silo, translating
this into a lesser economic loss for farmers.

2. Methods and materials

2.1. Kernels and insects

Maize kernels were obtained from Manfredi Experimental Sta-
tion (INTA, C�ordoba, Argentina) and kept in closed containers
at �20 �C and 70± 5% relative humidity (r.h.). The varieties used
were CV: ACA468MGRR2 Nº station: 229 (ACA) and Illinois CV:
1767MG Rep 2. Nº station: 222 (ILLI), of which were harvested in
2014. These maize varieties show resistance (ACA) and suscepti-
bility (ILLINOIS) to fungal infection, allowing us to suppose that this
could affect the insect’s response. Sitophilus zeamais adults, without
differentiation of age or sex (except in the progeny assay), were
reared on maize kernels and maintained under laboratory condi-
tions (28± 2 �C and 70± 5% r.h.) until being used in the bioassays.

2.2. Kernel epicuticle extraction and GC-MS analyses

The epicuticle components of the two varieties of kernels were
removed using a methodology of Russin et al. (1997), with some
modifications. Briefly, the extraction was carried out using chlo-
roform (3:2 kernels/ml of chloroform) for 30 s, for washing only the
most superficial components of the grain (epicuticle), then the
solvent was evaporated and the extract was resuspended, and its
weight was quantified.

The GC-MS analysis of the epicuticle extract composition was
performed on a Clarus SQ 8T GC/Mass Spectrometer (Perkin Elmer).
The methodology used was that reported by Nawrot et al. (2010)
with some modifications of equipment. A Perkin Elmer Elite 5MS
column (30m� 0.25mm x 0.25 mmof thick) was used. The GC oven
temperaturewas programmed from 40 �C to 320 �C at a rate of 4 �C/
min, followed by a 20min isothermal run. Helium was used as the
carrier, and the injector temperature was 300 �C in splitless mode.
The mass spectrometer was fitted with an electron ionization
source operated at 70 eV, the source temperature was 230 �C, and
the interface temperature was 280 �C with a solvent delay of 6min.
Mass spectra were recorded from m/z 45e400 amu in the full scan
mode. Identification of the compounds was carried out using the
NIST2005 library.

2.3. Thickness of the epicuticle

To compare the epicuticle thicknesses, digital photographs of
the kernels of both varieties, with or without the epicuticle, were
taken using a magnifying glass Olympus SZX16 coupled to an
Olympus camera DP71. To carry this out, the methodology of
Jacobsen et al. (1971) with some modifications, was used. The
kernels of both varieties, with or without epicuticle, were boiled
for 15min in distilled water and placed in a solution of
hydrochloric acid (20%) for 36 h. Then, the kernels were washed
with distilled water and cut transversely with a knife. To visu-
alize the epicuticle, the sections were stained with Sudan IV,
washed and then observed. Four replicates of each treatment
were used.

2.4. Repellent/attraction activity bioassay

To determine the effect of the epicuticle components in the
kernels, the behavior of the S. zeamais was compared for kernels
with (control) or without the epicuticle (treatment), using a two-
choice olfactometer bioassay according to Herrera et al. (2015).
Briefly, two flasks (250ml) were connected by a glass tube
(30 cm� 1 cm diameter) with a small hole (1 cm� 1 cm) in the
middle (15 cm from the two flasks), with entry points between the
flasks and the tube being sealed with rubber plugs, which were
covered with parafilm to prevent gas leakage. Before connecting
the flasks and the tube, 14 maize kernels were placed in the flasks
(flask A was control: kernels with epicuticle; and flask B was the
treatment: kernels without epicuticle). Then for each experimental
set, groups of twenty insects, deprived of food for at least 24 h, were
released in the hole of the glass tube and tested for 2 h in a climatic
chamber. The experiments being carried out between 10:00 and
16:00 h and the response index (RI) was calculated (see below). The
position of the flasks was changed at each replication. To discount
the effect of the solvent on the response of the insect, a solvent
control was performed using14 kernels with epicuticle in one flask
vs 28 kernels (14 with and 14 without epicuticle) in other flask,
under the same conditions using both maize varieties. After this,
the same two-choice olfactometer was used to evaluate preference
for increasing concentrations of epicuticle extract compared with
the control.

The experiments were performed seven times for each assay,
with each group of insects only being used once. For each trial, the
RI was calculated from equation 1:

RI ¼
�ðT � CÞ

Tot

�
� 100

where, T was number of insects responding to the treatment; C was
number of insects responding to the control and Tot was total
number of insects responding to the bioassay. In this case, insects in
the flask with kernels with an epicuticle or the extract were
considered treatment values and insects in the flask with kernels
without an epicuticle or solvent were considered control values.
Insects that did not show any response in the experiment were not
taken into account (Phillips et al., 1993). Positive values of RI indi-
cated attraction to the treatment, while negative ones revealed
repellence. For the statistical analysis, the paired-sample t-test was
used for the choice of insects and ANOVA for the comparison of the
response indexes of both varieties.

2.5. Susceptibility of kernels to insect attack. Determination of
kernel damage and loss of weight

This experiment was carried out for 20 days under laboratory
conditions in 250mL-flasks simulating store conditions. In each
flask, 14 kernels (treatment or control), previously weighed, were
introduced and 20 insects were released. After 20 days the kernels
were weighed and the percentage of damage was determined by
counting the number of perforated grains. For the statistical
analysis the one-way ANOVA was used comparing the results ob-
tained, for each determined variable, between both treatments
(with and without epicuticle). The experiment was performed
seven times.
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2.6. Progeny assay of S. zeamais

To determine if the epicuticle components exerted an effect on
the reproduction or development of S. zeamais, bioassays of prog-
eny were carried out according to Nawrot et al. (2010), with some
modifications. A 250mL-flask containing 150 kernels (with or
without epicuticle), with two pairs of S. zeamais per flask, were
maintained under laboratory conditions for 31 days. Then, the
adults were removed and the flask was incubated for 11 more days,
after which, the emerging insects were counted. The experiment
was performed seven times. For the statistical analysis the one-way
ANOVA was performed comparing the progeny obtained in each
treatment (with and without epicuticle).
3. Results

3.1. Thickness, content and composition of the epicuticle

The amount (weight) of epicuticle extracted was not signifi-
cantly different between kernel varieties (P> 0.05), with the ker-
nels of the ILLI and ACA varieties possessing on average
0.014± 0.005 mg/kernel of epicuticle. After the extraction process,
a decrease in the thickness of the epicuticle of the kernels of both
varieties was observed with respect to the kernels that had not
undergone the extraction process (Fig. 1). In kernels without the
epicuticle (Fig. 1 b; d) this decrease in thickness was observed as a
reduction in the outer layer width of the kernels, whereas in the ILLI
variety a greater reduction of the epicuticle could be observed.
However, on average, both varieties showed a similar epicuticular
Fig. 1. Cross-section of maize kernel of both varieties. (a) Section of maize kernel of variety
without epicuticle. (c) Section of maize kernel of variety ILLINOIS CV: 1767MG with epicutic
arrow and the segment indicate the thickness of the epicuticle. Magnification: �5.
extract yield.
In the chemical composition of the epicuticular extract of both

varieties of kernels, 35 compounds were identified (Table 1). In
general, the varieties ACA and ILLI presented similar profiles, which
were enriched by alkanes (50.98% and 51.36% respectively), fatty
acids (19.43% and 0.58%), sterols (6.53% and 15.95%) aromatic
compounds (3.65% and 5.85%), alcohols (4.15% and 2.31%) and al-
dehydes (1.38% and 1.66%). The main compounds in the extracts of
both varieties were the alkanes Tetradecane, Hexadecane, Octade-
cane, Eicosane and Heneicosane, the aromatic compound 1,2-
dichlorobenzene and the sterols Simiarenol and g-Sitosterol. The
compound Hexadecane was present at greater percentages, than
the other compounds, in the epicuticular extract of both corn va-
rieties, with the ACA variety having the highest relative percentage
(11.11%) than ILLI variety (9.96%). The compounds 4-ethyl- tetrade-
cane, 4,22-stigmastadiene-3-one and Stigmast-4-en-3-onewere only
identified in the ILLI variety, while the ACA variety revealed 8
compounds that were not present in the ILLI variety. Anyway the
three main components are present in both varieties.
3.2. Repellent/attraction activity bioassay

The repellent/attraction activities of kernels with or without the
epicuticle were investigated to determine their effects on the food
choice of S. zeamais. For both maize varieties, the insects were
significantly more attracted to kernelswith the epicuticle (P< 0.05)
(Fig. 2). The RI for varieties ACA and ILLI was 21.72± 13.43 and
39.47± 13.84 respectively, with the positive values recorded indi-
cating the attractive effect of the kernels with the epicuticle. To
ACA468MGRR2 with epicuticle. (b) Section of maize kernel of variety ACA468MGRR2
le. (d) Section of maize kernel of variety ILLINOIS CV: 1767MG without epicuticle. The



Table 1
Composition of epicuticle extract of both varieties of maize analyzed by GC-MS (relative percentage).

Kovats Index Compounds %ACA %ILLI

991.69 1,3,5-trimethylbenzene tr 0.55
1000.71 Decane 1.24 1.80
1012.71 1,4-dichlorobenzene 1.06 1.42
1030.79 1,2-dichlorobenzene 2.59 3.35
1397.73 Diphenyl ether 0.59 0.84
1402.4 Tetradecane 8.73 8.64
1448.08 2-methoxy-naphthalene tr 0.52
1600.68 Hexadecane 11.11 9.96
1740.38 2-(phenylmethylene)- octanal 1.38 1.66
1749.81 4-ethyl- tetradecane e 0.80
1757.74 Tetradecanoic acid tr 0.58
1800.59 Octadecane 9.77 9.25
1800.59 1-Octadecanol 1.12 1.15
1814.89 Heneicosane, 5-methyl- 0.61 e

1899.21 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione e 0.67
1910.65 n-Hexadecanoic acid 8.12 e

1945.03 1-Eicosanol 1.07 e

1976.70 Eicosane 7.50 7.84
1989.57 3-ethyl-5-(2-ethylbutyl)- octadecane 0.67 e

2033.34 (Z,Z)-9,12-Octadecadienoic acid 3.46 e

2038.70 Oleic Acid 3.15 e

2057.63 Octadecanoic acid 4.70 e

2080.02 Heneicosane 5.74 5.96
2158.56 1-Docosanol 1.96 1.16
2211.54 Tetracosane 3.80 e

2225.11 17-Pentatriacontene 0.15 0.95
2434.85 Heptacosane tr 4.42
2631.97 tetracontane 1.06 0.91
2675.34 Stigmasterol 1.12 1.26
2698.55 (3�a,4�a)- 4-methyl-cholesta-8,24-dien-3-ol e 0.68
2704.2 Sitosterol 1.97 2.07
2734.95 4,22-stigmastadiene-3-one e 1.14
2752.14 Simiarenol 3.44 3.76
2764.44 Stigmast-4-en-3-one tr 2.44

Alkanes 50.98 51.36
Aromatic compounds 3.65 5.85
Alcohols 4.15 2.31
Aldehydes 1.38 1.66
Fatty acid 19.43 0.58
Sterols and derivates 6.53 15.95

*Components are listed in order of elution in the db-5 column. Percentages were calculated from the peak area without correction. KI: Kovats Index: retention index
relative to homologous alkanes. tr: traces (<0.05%); “-“: Compound not present.

Fig. 2. Percentage of S. zeamais individuals that responded to kernels with or without epicuticle in two-choice olfactometer bioassay. Asterisk (*) indicates statistical difference for a
paired-sample t-test (P< 0.05).
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Table 2
Percentage of S. zeamais individuals that responded to 14 kernels with epicuticle and 28 kernels (14 with and 14 without epicuticle) in two-choice olfactometer bioassay.

Maize Variety Percentage of Insects in flask with
14 kernels with epicuticle

Percentage of Insects in flask with 14 kernels with
epicuticle þ14 kernels without epicuticle

ACA 60.86± 17.78 39.14± 17.78
ILLI 59.88± 7.86 40.13± 7.86
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discard a possible solvent effect on the choice of the insect, an
additional experiment was performed. For both varieties, no sig-
nificant differences were found between flasks (P> 0.05), indi-
cating that the repellency of the kernels without the epicuticle was
not due to the presence of a residue of solvent remains (Table 2).

The effects of different amounts of epicuticle extract on the
behavior response to S. zeamais were determined (Fig. 3). For both
maize varieties, significant differences were observed for 0.14 and
0.56mg of epicuticle extract (P< 0.05) (Fig. 3). In general, the per-
centage of insects was higher in flasks with the epicuticle extract, as
shown by the positive response index. However, at other concen-
trations, no dose-dependent response was observed (P> 0.05).
Finally, when the RIs of each variety were compared, significant
differences were obtained (P< 0.05).
Fig. 3. Response Index (RI) of S. zeamais to epicuticle extract of ACA and ILLI kernels in two
sample t-test (P < 0.05). In each variety, different letters indicate statistical difference for a

Fig. 4. Kernel damage and weight loss caused by S. zeamais expressed as a percentage. Diffe
hoc test.
3.3. Susceptibility of kernels to insect attack and progeny assay

The effect of the epicuticle of the kernels on the feeding and
development of S. zeamais is shown in Fig. 4 and Fig. 5. After twenty
days of incubation, the kernels with an epicuticle were more
damaged than the kernels without one (P¼ 0.0008) (Fig. 4), with
the former presenting 39.85± 4.59% damage, which was signi-
ficatively higher than the latter (25.65± 2.30% damage). In agree-
ment with this result, the percentage of weight loss was
significantly higher in the kernels that retained their epicuticle
with respect to those without one (P < 0.05) (6.73% and 4.13%,
respectively) (Fig. 4).

The number of offspring of S. zeamais was also significantly
different between kernels with or without epicuticle. When
-choice olfactometer bioassay. Asterisk (*) indicates statistical difference for a paired-
n LSD Fisher Post hoc test (P< 0.05).

rent letters indicate statistical differences for ANOVA (P< 0.05) with an LSD Fisher Post



Fig. 5. Offspring of S. zeamais exposed to two varieties of kernels with or without epicuticles. Different letters indicate statistical difference for ANOVA (P< 0.05) with an LSD Fisher
Post hoc test.
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S. zeamaiswas found in an environment made up of kernels with an
epicuticle, the number of emergent insects (32.5± 7.93 insects) was
significantly higher (4-fold) than that of emergent insects in ker-
nels without epicuticle (7.56± 2.39 insects) (P< 0.05) (Fig. 5).
4. Discussion

In phytophagous insects, such as Sitophilus spp, the search for
food has been reported to involve two complementary stages: the
reaction of insects to the volatile organic compounds (VOCs)
emitted by the food source, and the testing of surface by the insects
through the gustatory and tactile receptors (Chapman, 2003;
Kostromytska et al., 2018; Ukeh et al., 2010). This would allow to
suggest that the epicuticle may participate in these complementary
search stages. The results obtained in the present study are in
agreement with this hypothesis, because maize kernels without
epicuticle were less preferred and consequently less damaged by
S.zeamais.

In our investigation, the volatile attraction stage was demon-
strated by the attraction response shown by the insects exposed to
the epicuticle extracts of maize kernels. The epicuticle was found to
be enriched in alkanes, fatty acid, alcohols, sterols and aldehydes,
and to our knowledge, there are no previous reports on the
chemical composition of maize cuticle kernels. However, Niewiada
et al. (2005) proposed that individual compounds such as those
found in the present work, may be involved in the recognition of
kernels by insects. In addition, maize cuticle compounds such as
Heneicosane, Eicosane, Oleic Acid, Octadecadienoic Acid have been
reported to be attractive for a wide variety of insects such as Cal-
losobruchus maculatus (Fabricius), Diabrotica virgifera virgifera
(LeConte), and Aedes aegypti (Adhikary et al., 2014; Hibbard et al.,
1994; Mendki et al., 2000).

Our findings have demonstrated that kernels without the
epicuticle were less damaged than kernels with this feature.
Tipping et al. (1988) reported that the resistance of kernels is
associated with the surface relief, as there were fewer egg plugs
observed in kernels with smooth surfaces. This is in agreement
with the decrease in the thickness of the epicuticle after the
extractive process used in our investigation, associating this
decrease of the epicuticle with a possible disappearance of clusters
of waxes and, thus, the roughness of the grain surface. Thus, the
results presented here suggest that washing the epicuticle with
organic solvent decreased the roughness of the kernel, thereby
rendering it less attractive to the insect. Nevertheless, the second
stage of recognition implies that testing the surface bymeans of the
gustatory and tactile receptors may be complemented by the
presence of phagostimulating compounds, such as Sitosterol, Stig-
masterol, Octadecanoic Acid, Heptacosane (Doss et al., 1982; Doss
and Shanks, 1984; Harada, 1985; Lawrance, 2016), which were
found in the maize kernel cuticle. This suggests that the attractive
effect of the maize cuticle might be related to the joint action of the
cuticular relief and the chemical composition.

Another biological factor that affects plants is the capacity of the
insect to produce offspring. The results found in our study
demonstrated that insects exposed to kernels without an epicuticle
had fewer offspring than those exposed to kernels with one. This is
in agreement with Nawrot et al. (2010), who observed that the
reproduction rate of the insect S. granarius was significantly lower
in washed grains of wheat than in the respective controls. More-
over, Howard (2001) reported that the parasitoid Pteromalus cere-
alellae (Boucek) could sense the cuticle hydrocarbons of the insect
Sitotroga cerealella (Olivier) and thus detect the oviposition sites.
Hence, the fewer offspring found in insects exposed to kernels
without an epicuticle may be explained by a reduction in oviposi-
tion stimulant compounds, such as hydrocarbons, during the
cuticle washing (Niewiada et al., 2005). In the present work, some
compounds found in the kernel maize cuticle, such as Friedelinol,
Heptacosane, 1-Docosanol, Tetracosane, Oleic Acid, have been previ-
ously reported to act as markers of oviposition (Braccini et al., 2015;
Oshima et al., 1973; Trabalon and Assi-Bessekon, 2008; Wegener
et al., 2001). Furthermore, Tipping et al. (1988) demonstrated that
grain relief can also affect the oviposition of the insect S. zeamais.
Taking the above results together, it can be hypothesized that the
reproduction of the insect is regulated by both the relief and the
chemical composition of the epicuticle of the maize kernels.

Moreover, it should be noted that the response of the insect for
all measured parameters did not present a difference between the
two varieties despite their differences in chemical composition.
5. Conclusion

In conclusion, the epicuticle of maize kernels, the composition
and the relief, have a primordial role in the interaction with
S. zeamais, by participating in the recognition and attraction to the
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food source and regulating its reproduction. According to our
knowledge, this work is the first investigation to report on the
epicuticle components of the maize kernels and their effects on the
behavior and reproduction of S. zeamais. This study contributes to a
better understanding of the participation of the epicuticle in the
kernel-insect interaction to find an integral solution to the problem
of infestation in the silos.
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