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Abstract

Background: Insect wings are an excessively diverse structures, which have fascinated scientist for centuries.
Coleoptera is the largest order in the insect group and the most successful animal on earth (Nature Communications
9(205):1–11, 2018). In order to adapt to the change in the environments, they developed strategies to cope up with
different factors. The most distinctive feature of beetles is that the forewings are sclerotized into elytra; from this, they
get their formal name (koleos = sheath, pteron = wing). The elytra play an important role in protecting the delicate
hindwings and the dorsal surface of the abdomen. Besides its influence on protective the hindwing during flight, the
forewings are open enough to allow the hindwings to unfold and function.

Result: The structural and mechanical properties in living organisms may improve the understanding of natural
solutions and advance the design of novel artificial materials. In this paper, the morphological and histological structure
of the wings of two species of beetles, Tribolium castaneum and Tribolium confusum, has been investigated using
scanning electron microscopy (SEM). The organic chemical function groups of the wings were detected using
Fourier-transformed infrared spectroscopy (FTIR). Both Tribolium species have considerable variations regarding the
total thickness, and width of the hemolymph space within the elytra. The elytra of both species bear conspicuous field
of trichoid sensilla from dorsal side and numerous gland openings with a pit. The michrotrichia found on the ventral
side may have an important role in wing folding. The presence of C–H stretching bands with the prevalence of
methylene bands may indicate the presence of long-chain aliphatic acids in surface waxes in T. castaneum. The height
of the spikes of the hindwings was remarkable by hydrogen-bonded O–H and N–H amide stretching vibration and
was correlated to the thickness of the wing.

Conclusion: Insect wings are a core example of histological and morphological novelty. This study illustrates the
morphological and histological structure of both the forewing and hindwing of Tribolium castaneum and Tribolium
confusum which were the most destructive pest stored products.
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Background
The microstructure of insect wings had been reported to
help improve the design and fabrication of bionic wings
(Ha, Truong, Phan, Goo, & Park, 2014; Ko, Kim, &
Hong, 2012; Muhammad et al., 2010; Tanaka,
Matsumoto, & Shimoyama, 2007). Several studies were
recently carried out on wings of Orthoptera (Wootton,
Evans, Herbert, & Smith, 2000), Lepidoptera (O’Hara
& Palazotto, 2012), Coleoptera (Sun et al., 2014; Zhang
et al., 2018), and Odonata (Appel, Heepe, Lin, & Gorb,
2015; Li et al., 2014; Rajabi et al., 2016a, 2016b).
Scientists proposed interesting novel models that make
better structure performance inspired by beetles, espe-
cially the structure of the wings which can be used in
industrial applications (Sun & Bhushan, 2012). An-
other important novel is related to the structure of
the wing of Ladybird beetle which lead to the design
of flapping wing micro air vehicle, this include small
size and ability to fold when not in use, and this lead
to the studying of the surface morphology and micro-
structure of the wings using SEM, atomic force micro-
scope (AFM), and FTIR which was reported by Xiang,
Du, & Zhen, 2016.
The elytra of Coleoptera have an ingenious structure

with superhydrophobic characteristics, a structural color-
ation and anti-adhesion characteristics (Pfau & Honomichl,
1979; Sun & Bhushan, 2012). Previous research indicated
that the shape and size of trabeculae form the internal con-
nection between dorsal and ventral surface of the elytra
which are related to species of beetles (Xiang, Qing, Endo,
& Iwamoto, 2001). Besides that, Bouchard & Gorb, 2001
reported the morphological structure of the elytra on
Tabarus montanus and detected the presence of a system
of interlocking macrostructures to attach the elytra with
the body. Noh, Muthukrishnan, Kramer, and Arakan
(2016, 2017) reported the morphological and morphogen-
esis of the dorsal and ventral surface of the elytron of the
red flour beetle Tribolium castanaeum. Also, Linz, Hu,
Sitvarin, and Tomoyasu (2016) reported that there are little
researches that demonstrated the significance function of
the elytra of beetles and applying four stresses on the red
flour beetle Tribolium castanaeum: physical damage to
hindwings, predation, desiccation, and cold shock to show
the importance of elytra. Zohry, 2017 reported the mor-
phological structure of different stages of Tribolium confu-
sum using scanning electron microscopy (SEM). Barbara &
Piotr, 2017 reported that insect wing has two-layer mem-
brane strengthened by longitudinal vein, cross vein, and
supported by extracellular cuticle.
However, El-Kifl (1953) focused on the morphological

differentiation in between Tribolium castanaeum and T.
confusum the detailed structure of elytra and membran-
ous wings of Tribolium species is not fully understood.
The aim of the present work was to explore the

morphological and histological structure of dorsal and
ventral surfaces of the fore and hindwings of Tribolium
castanaeum and T. confusum. Also, this work explores
the microstructure of the wings and their corresponding
surface chemistry of both species using Fourier Trans-
formed Infrared Spectroscopy (FTIR). Results obtained
from this work may assist other efforts of researchers to
make novel wing models which can be used in industrial
applications that make better structure performance in-
spired by beetles and investigate the natural diversity in
the properties of the wings of beetles.

Materials and methods
Insects
Insects used in this study were obtained from laboratory
colonies reared on wheat flour at the Entomology la-
boratory at a constant temperature of 27 ± 2 and 70 ± 5
R.H., Faculty of Science, Sohag University, Egypt.

Scanning electron microscopy
The elytra and hindwings were collected from 40 beetles
of Tribolium castanaeum and T. confusum in the
laboratory and fixed in 70% alcohol. The samples were
broken vertically with two fine forceps (Van de Kamp &
Greven, 2010). The pieces were prepared for examin-
ation by subjecting them to dehydration series of 90%,
95% and absolute alcohol. Specimens were then critically
point dried and coated with gold using sputter coating
for examination using scanning electron microscope
(SEM), JEOL, JSM 5300.

Light microscopy
For light microscopy studies; the pieces of elytra were
immersed in 2.5% glutaraldehyde and in 0.1 M cacody-
late buffer at 4 °C for 6 h. After washing in cacodylate
buffer, the samples were post-fixed in 1% osmium tetra-
oxide in 0.1M cacodylate buffer at 4 °C for 2 h, rinsed in
the same buffer. Dehydration in ethanol, then propylene
oxide, was used in infiltration and was embedded in
epon-araldite medium. Semi-thin sections were made
with glass knife by Richert supernova ultratome and
were stained by toluidine blue, then were examined
under a light microscope.

Fourier transformed infrared spectroscopy
The distribution of organic functional groups on the
forewing and hindwing of both T. castanaeum and T.
confusum were analyzed using Fourier transformed in-
frared spectroscopy (FTIR, Switzerland). The samples
were scanned in transmission mode using a Burker alpha
platinium ATR spectrometer. Absorption spectra were
collected in the region between 3500 and 500 Cm−1.
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Results
Scanning electron microscopy
Forewing surface
Elytra of T. castanaeum were movably articulated with
the mesothorax. The articular part of the elytron was a
root, the small process which protrudes from the basal
rim of the elytron (Fig. 1b). The maximum length and
width of the forewing of T. castanaeum were 2.4 mm
and 0.55 mm and for T. confusum were 2.37 mm and
0.79 mm respectively (Fig. 1a–d). Hexagonal structure
with numerous gland opening was seen under SEM over
the dorsal surface of the elytra. Each gland opening was
found in a pit and each with a curved trichoid sensillum.
Pits were common and randomly distributed on the sur-
face of the forewing. The external element of the sensil-
lum covers the gland opening or located next to it. Pits’
shape was nearly circular, and the diameter range from
10.91 to 14.55 μm (Fig. 2a–c) for T. confusum. Pits’ shape
was circular or nearly oval and the diameter range from
7.0 to 10.0 μm (Fig. 2d–f ). The number of pits was 28
per 184 × 184 μm2 for T. castanaeum and 33 per 184 ×
184 μm2 for T. confusum. The distance between pits
ranged from 20 to 39.47 μm and from 11.0 μm to
27.0 μm for T. confusum (Table 1). There was a rect-
angular convex in every pit at the apex of the forewing
of both T. castaneum and T. confusum; the length and
width of the rectangular convex were 9.52 μm and
7.62 μm and 9.52 μm and 4.76 μm, respectively (Fig. 2c, f
and Table 1). Microtrichia were found on the anterior

part of the ventral side of the elytron but the shape of the
microtrichia in T. castaneum was rectangular (Fig. 3a) and
for T. confusum forming cone shape (Fig. 3b). Also, close
to their posterior border, the later fields were covered by
long spines for both two species (Fig. 4a, b).

Hindwing surface
SEM images of the surface along hindwing membrane of
T. castanaeum and T. confusum indicate that the hind-
wing composed of three layers, which were referred to
as the upper surface, the medium layer, and the lower
surface (Fig. 5a–d). The upper and lower layers were
both found to be composed of numerous spikes
(Fig. 5a–d). These spikes were randomly distributed and
vertical on the surface of the membranes (Fig. 5a–d).
The distance between adjacent spikes for T. castanaeum
ranged from 6.19 to 7.62 μm and the height of the spikes
ranged from 0.9 to 1.85 μm. The number of spikes was
20 per 33 × 33 μm2. The thickness of the medium layer
for T. castanaeum was 1.11 μm (Fig. 5a, b and Table 1).
The distance between adjacent spikes for T. confusum

ranged from 4.76 to 7.14 μm, and the height of the spikes
ranged from 1.85 to 2.41 μm. The number of spikes was
23 per 33 × 33 μm2. The thickness of the medium layer for
T. confusum is 0.37 μm (Fig. 5c, d; Table 1).

Cross section of the forewing
A cross section of the forewing for both T. castanaeum
and T. confusum was divided into three parts which

a

c

b

d

Fig. 1 Scanning electron microscope (SEM) images of Tribolium elytral morphology. a dorsal view and b ventral view Tribolium castanaeum.
c dorsal view and d ventral view Tribolium confusum
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were the inner edge, the middle part, and the lateral
edge (Fig. 6). The forewing consists of two halves joined
by a series of connectors called trabeculae (Fig. 6).
Dorsal (upper) and ventral (lower) parts of an elytron
were separated by hemolymph space created by cuticular
columns, the trabeculae. The thickness of the total elytra
varied considerably across T. castanaeum and T. confusum
but also in different regions of an elytron. Further, the ven-
tral cuticle was always thinner than the dorsal one (Fig. 6).
Results showed that the thickness of the lateral edge, the
middle part, and the inner edge of T. castanaeum was
54.54 μm, 27.0 μm, and 38 μm, respectively (Table 1). The
height of the hemolymph space lateral edge, the middle
part, and the inner edge was 30.0 μm, 9 μm, and 16 μm,
respectively (Fig. 6a, c, g, e; Table 1).

The thickness of the lateral edge, the middle part, and
the inner edge of T. confusum was 53.75 μm, 22.70 μm,
and 38.0 μm, respectively. The height of the hemolymph
space lateral edge, the middle part, and the inner edge
was 18.75 μm, 4.55 μm, and 12.5 μm, respectively (Fig. 6b,
d, f, h and Table 1).
Semithin cross section on the forewing of T. castanaeum

and T. confusum shows that the height and width of the
hemolymph space was extremely variable (Fig. 7a, b).

Cross sections of the hindwing
The hindwings of both T. castanaeum and T. confusum
composed of veins and membrane (Fig. 5a–d). The thick-
ness of the membrane was approximately 1.11 μm for T.
castanaeum and 0.37 μm for T. confusum (Fig. 5a–d;

a

c

e

b

d

f

Fig. 2 Scanning electron microscope (SEM) images of elytral microstructure, dorsal surface of a–c Tribolium castanaeum and d–f Tribolium confusum
showing the opening of gland (head arrow) and trichoid sensilla
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Table 1). Cross section of vein looks like a tubular struc-
ture (Fig. 5a–d).

Fourier transformed infrared spectroscopy
FTIR spectrum of the wings of T. castanaeum
The spectra from each forewing and hindwing were
largely similar, containing three major band groups
(Fig. 8a, c). The first group at 3301–3251 cm−1

corresponds to O–H, N–H stretching vibration. The
second band group present at 2920–2850 cm− 1 rep-
resents alkyl hydrocarbons. And finally, the third
band group at 1743–1705 cm− 1 corresponds to ester
and amide carbonyl groups. The spectra of the two
wings were dominated by amide I and amide II
absorption bands.

An ester carbonyl stretching band presents at
(1742–1743 cm−1) in the two wings recorded spectra.
The C–H stretching region (2920–2850 cm−1) represents
the symmetric (Vs) and anti-symmetric (Vs) stretching
vibrations of CH2 and CH3 functional groups.

FTIR spectrum of the wings of T. confusum
The two main components of the T. confusum forewing
were chitin and glycoprotein from FITR spectrum
(Fig. 8b, d). Two high wave number spectral regions at
(3466–3339 cm−1) and (at approximately 3267 cm−1)
represent hydrogen-bonded O–H and N–H amidic
stretching vibration, respectively. The relatively sharp
bands corresponding to the C–H stretching vibrations
were record at 2922 cm−1 and 2853 cm−1. The bands at

a

b

Fig. 3 Scanning electron microscope (SEM) images of microtrichia on the ventral surface of elytron of Tribolium castanaeum (a) and Tribolium
confusum (b)
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approximately (1652 cm−1 and 1623 cm−1 are an (N–C=O)
stretching vibration of the amide band which is present
in chitin. The bands at 1151.38 cm−1, 1113 cm−1, and
951 cm−1 are C–N, C–O stretching vibration, and Cl–C
bending vibration, respectively, which confirm the chi-
tin structure. In addition, the bands of 1542 cm−1 and
1525 cm−1 indicate amino acid amide stretching vibrations
which composed of different structures. The amino acid
contains benzene ring confirmed by the presence of bands
at 3105 cm−1, 3084 cm−1, 1447 cm−1, and 1373 cm. The
coupled vibration peak that is composed of C–O, COO
and C–O–C is at band of 1249 cm−1, suggesting that
glycoproteins exist in this structure.
The two main chemical components of the T. confusum

hindwing were chitin and protein from FITR spectrum, as

shown in (Fig. 8b, d). The high wave number spectral region
represents O–H stretching vibration, which occurred at
3467 cm−1 and 3407 cm− 1 while bands at 3298 cm−1 and
3265 cm−1 represent N–H amidic stretching vibration. The
relatively sharp and dense bands corresponding to the C–H
stretching vibration were recorded at 2919 cm−1 and 2849
cm−1. The bands at approximately 1655 cm− and 1628 cm− 1

(N–C=O) stretching vibration of the amide band which
present in chitin. The bands at 1153 cm−1 and 1065 cm−1

were C–O–C stretching vibration. The weak band approxi-
mately 873 cm−1 was a bending vibration of Cl–C.

Discussion
Over the total dorsal surface of the elytra of both T. cas-
tanaeum and T. confusum, numerous gland openings

a

b

Fig. 4 Scanning electron microscope (SEM) images of spines on the ventral surface of elytron of Tribolium castanaeum (a) and Tribolium confusum (b)
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were seen under SEM. Each gland opening was found in
a pit and each with a curved trichoid sensillum. These
results run parallel with other studies that reported the
presence of glands distributed among sensilla of the cu-
ticle in both male and female that they could play a role in
mutual attraction of both sexes (Babier, Ferran, Le Lannic,
& Allo, 1992; Faustini, Burkholder, & Laub, 1981; Francke,
Levinson, Jen, & Levinson, 1979; Levinson et al., 1978;
Levinson, Levinson, & France, 1981).
The present study showed the presence of a special

structure called microtrichia on the ventral surface of
the elytra of both T. castaneum T. confusum. The mech-
anical function of microtrichial fields is usually to fix
one part of the body to another or to attach an organism
to different substrates (Gorb, 1999; Hepburn, 1985;
Richards & Richard, 1979). Also, the flying beetle closed
their elytra to the body using locking devices, and these
structures are supported by microtrichial fields in the
inner surface of elytra and adjacent parts of the pter-
othorax (Gorb, 1999).
Elytra of beetles are lightweight and have multifunc-

tional structures (Van de Kamp & Greven, 2010;
Neville, 1993; De Souza & Alexander, 1997). They play
a vital role like a composite material with a high resistance
to bending and pressure, and to protect the hindwings
and the body, and produce significant aerodynamic forces
in those beetles which fly with their elytra expanded
laterally.

The light-weight construction of elytra may be due to
reducing their overall dorsal and ventral cuticle thick-
ness, and the increasing of the hemolymph space. This
was reported during this study for the elytra of T. confu-
sum which is not flying and exhibits relatively small
hemolymph spaces compared with the flying species T.
castanaeum. These results agree with that reported by
Van de Kamp and Greven (2010) for three species which
are flightless and exhibit relatively small hemolymph spaces
(Pterosticbus niger, Trigonopterous nasutus, Sitophilus
granarius) and five species, which can fly having relatively
large hemolymph space (Cetonia aurata, Anoplotrupes
stercorosus, Tenebrio molitor, Ceutorbyncbus pallidactylus,
Phyllobius betulinus).
Pits were common and randomly distributed on the sur-

face of the elytra for both T. castanaeum and T. confusum.
The dermal gland present on the elytra secretes a sub-
stance which may play an important role in hydrophobic
characteristics. Similar explanation was also made by Sun
& Bhushan, 2012. SEM of the elytron surface of Coccinella
septempunctata, showed many shallow oval pits and exist-
ence of several hollow holes in the middle of the lateral
and inner edges, which decrease weight and provide
mechanical support (Xiang, Du, & Zhen, 2016).
The presence of spikes with different diameter (10–15 um)

and different heights (8–10 μm) on the hindwing, have
been suggested to be important for contributing to its
hydrophobic characteristics (Xiang, Du, & Zhen, 2016).

a b

c d

Fig. 5 Scanning electron microscope (SEM) images of cross section of hindwing of a, b Tribolium castanaeum and c, d Tribolium confusum
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In our study, the chemical function groups in the fore-
wing and hindwing of T. castaneum were O–H, N–H
stretching vibration, alkyl hydrocarbons, and ester and
amide carbonyl group. Amide I and amide II were due
to C=O band stretching coupled to N–H banding and
C–N stretching coupled to N–H banding. The presence

of amide group can be attributed to the chitin and pro-
tein components of the wings, as they represent the
major structural components that make up the bulk of
the studying insect.
The presence of C–H stretching bands with the

prevalence of methylene bands was an indication of

a b

c

e

g h

d

f

Fig. 6 Scanning electron microscope (SEM) images of cross section of elytron of (a, c, e, g) Tribolium castanaeum; (a) whole cross section, (c)
lateral edge, (e) inner edge, (g) middle part; (b, d, f, h) Tribolium confusum; (b) whole cross section, (d) lateral edge, (f) inner edge, (h) middle
part, showing dorsal (upper) and ventral (lower) parts of elytrons were separated by haemolymph space created by trabeculae, the thickness of
the elytrons are different among two species
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the presence of long-chain aliphatic acids in surface
waxes.
The chemical components of the hindwing of T.

confusum suggest that chitin exists in this structure.
The strong peaks at 1544 cm−1 and 1517 cm−1 were
caused by an amino acid, amide stretching vibration.

The amino acid that contained benzene ring shows
bands between 1451 cm−1 and 1373 cm−1 were found
in the structure. The coupled vibration peak that is
composed of C–O, COO, and C–O–C was in a band
at 1241 cm−1 and caused by the coupled vibration of
chitin and protein. In sum, most of the hindwing was

a

b

Fig. 7 Semi cross section of forewing of Tribolium sp. (a) Tribolium confusum (b) Tribolium castanaeum, showing thickness of exocuticle,
endocuticle & the height of the haemolymph space
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a

b

c

d

Fig. 8 IR absorbance spectra of the wings of a, c Tribolium castanaeum—a elytron, c hindwing; b, d Tribolium confusum—b elytron, d hindwing
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composed of chitin and contains small amount of
other protein.
All samples contained protein/chitin components. But

the presence of ester carbonyl stretching vibration bands at
(1742–1743 cm−1) in the two wings recorded spectra of T.
castanaeum. The C–H stretching region (2920–2850 cm−1)
which represented the symmetric (Vs) and anti-symmetric
(Vs) stretching vibrations of CH2 and CH3 functional
groups with prevalence of methylene bands was an indica-
tion of the presence of long-chain aliphatic acids in surface
waxes in T. castanaeum. This constituent showed that
none wetting of these wings is due to the presence of
cuticular waxes in T. castanaeum; these results agree with
that reported by Nguyen et al. (2014) for dragonflies.

Conclusion
In this study, the natural diversity in the properties of
the wings of T. castanaeum and T. confusum were stud-
ied. The results included Scanning electron microscop-
ical structure of the forewing and hindwing of both T.
castanaeum and T. confusum. The main findings were
the presence of glandular openings, the hexagonal struc-
ture, and the rectangular convex which are like bumps
that were common and randomly distributed on the dor-
sal surface of the forewing for both T. castanaeum and
T. confusum and each with curved trichoid sensillum
that would establish the surface energy and wetting
properties. Also, there was a special structure called
microtrichia found on the ventral surface of the elytra.
The thickness of the elytra was variable among different
regions between the two Tribolium species; the surface
structure along hindwing membrane indicated that there
is a composite of three layers, which are the upper sur-
face, the medium layer, and the lower surface. The upper
and lower layers were both found to contain numerous
spikes. These spikes are randomly distributed and vertical
on the surface of the membranes where the length of
these spikes in T. confusum is nearly twice in heights as T.
castanaeum. Further investigation of chemical properties
of these insect wings may lead to a greater understanding
of the presence of cuticular waxes on both fore and hind-
wing of T. castanaeum to protect them from wetting.
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