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Abstract

In the current study, the external morphology and microstructure of the compound eyes of the scarab beetle Anomala
corpulenta Motschulsky (Coleoptera: Rutelinae) were examined, and the regulatory mechanisms of light absorption were
preliminarily identified. According to observations using electron microscopy and optical microscopes, the thickness of
cornea of the compound eye was >50 pm, which is thicker than found in most insect species (<10 um) and likely to provide
protection to the eye when the insect is moving through the soil. The compound eyes of A. corpulenta are superposition
eyes with a ‘clear-zone’, which is characterized by the migration of secondary iris and membrane pigment granules upon
light/dark adaptation, the migration of basement membrane pigment particles from the proximal to distal ends of the eye,
and the migration of secondary iris pigment granules into the clear-zone under light adaptation, which prevents light from
being received during daytime. By contrast, the screening pigment granules were collectively clustered in distal interomma-
tidial spaces around the cone and there was a basement membrane distribution of pigment granules in the proximal part of

the eye, which would enable the eye to react to weak light levels.
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Introduction

In insects, vision is one of the most important means of acquiring
information about the external environment. It has a large role
in finding hosts, intraspecific communication, for aging, escaping
from predators, and in flight [1-4]. Therefore, understanding how
an insect sees can be important when utilizing insects in research
and for understandng their ecology. The compound eye is the
main organ of insect vision, and most studies on insect vision
have focused on the external morphology, internal microstruc-
ture, and functioning of the compound eye and the photore-
ceptors that it contains. Such information is important because it
can affect various aspects of the functional ecology of an insect.
For example, nocturnal insects, such as beetles and moths, have
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compound eyes with larger ommatidia or wider ‘clear-zones’
compared with daytime-active insects [5-7]. The shape, size, and
number of compound eyes vary substantially across insect spe-
cies, sexes, and different developmental stages. Not only can the
shape and size of the ommatidia differ between species or be-
tween sexes within the same species, but there are also regional
specializations of ommatidia within different parts of a single
compound eyes.

In recent years, there have been various studies of the compound
eyes of important insect pests, such as Helicoverpa armigera,
Ostrinia nubilalis, Leucania separata Walker, melolonthids, and
Maladera spp., and predators such as Chrysopa pallens Ramber,
and Harmonia axyridis (Pallas) [8-13]. The external shape, internal
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microstructure, light sensitivity, and imaging mechanisms of com-
pound eyes have been extensively studied from morphological,
physiological, and optical perspective. Such studies have provided
an important basis for understanding the role of the vision in,
for example, insect feeding, mate finding, and habitat selection,
as well as in terms of their use in integrated pest management
schemes.

The scarab beetle, Anomala corpulenta Motschulsky (Coleoptera:
Scarabaeoidea, Rutelinae), is a widespread and destructive pest in
China [14]. The larvae feed on the underground roots and stot-
age organs of crops, with a preference for peanuts and soybeans,
whereas the adults feed on the leaves of various species of fruit
and forest trees. Little is known about the compound eye of this
important pest species; therefore, the current study investigated
the morphology of the compound eye of A. corpulenta and the
effects of light/dark adaptation on its microstructure. Such basic
information can be used to lay the foundation not only for fur-
ther reseatch into the photosensitive mechanisms, photosensitive
behaviors, biological communication, visual electrophysiology,
and photosensitive receptor molecular biology of this species,
but also for the comprehensive management of this economically
important pest.

Material and Methods
Study insects

Anomala corpulenta used in the study were taken from a labora-
tory population that had originally been collected during the sum-
mer of 2012 in the Yuanyang Experimental Station (113.46°E;
35.08°N), Henan Academy of Agricultural Sciences, Henan Prov-
ince, China. The insects used in the experiment were I-2-week-old
adults.

External morphology of the compound eyes of A. corpu-
lenta

The heads of the experimental specimens were split and washed
in 70% ethanol. Any dirt on the surface of the compound eye
was removed with ultrasonic oscillation. The specimens were then
dehydrated in a graded series of ethanol (70% ethanol for 10 min,
80% ethanol for 10 min, 90% ethanol for 10 min, 95% ethanol
for 10 min, 100% ethanol for 10 min). The specimens were then
dried with critical point drying and fixed to a sample table and
coated with gold using a sputter coater (KYKY+ SBC-12, Ion
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sputtering instrument). The specimens were examined in a scan-
ning electron microscope (S-3400, Hitachi Ltd), operated at 2 kV.

Microstructure of the compound eye of A. corpulenta

Light/dark adaptation experiments: Healthy and active adult
A. corpulenta were grouped into two groups. Light-adapted (LA)
individuals were beetles that were exposed to light for at least 2 h
in a light incubator before decapitation. Dark-adapted (DA) indi-
viduals beetles that were kept in total darkness in a darkroom for
at least 2 h before decapitation.

Internal microstructure of the compound eye of A. corpu-
lenta: After light and dark adaptation, the heads of the experi-
mental specimens wete split and fixed in Bouin's fixative for 24
h. The specimens were then washed in 70% ethanol, dehydrated
in a graded series of acetone, transparentized in a mixture of xy-
lene and 100% ethanol (1:1) for 10 min, and then in xylene for
10 min and then wax dipped in a water bath for 3.5 h. Finally,
the specimens were embedded in paraffin using a biological tissue
embedding machine (KD-BNA, Zhejiang province Jinhua Kedi
Instrument Equipment Co., Ltd.). Six um-thick sections were cut
with a KID2258 slicer (Jinhua Kedi Instrument Equipment Co.,
Ltd), The sections were then stained with hematoxylin and eosin
(H&E) and mounted with neutral gum. Sections were observed
under a fluorescence microscope (801, Nikon) and measurements
taken using a camera.

Statistical analysis

A Mann-Whitney U test was applied to determine whether dif-
ferences in anatomical parameters between male and female eyes
were statistically significant (P < 0.05). Statistical analyses were
performed using the software SPSS16.0.

Results
External morphology of the compound eye of A. corpulenta

The heart-shaped compound eyes of _A. corpulenta occupied lateral
positions on either side of the head. Male and female eyes had
approximately 4543 and 4701 ommatidia, respectively (Table 1,
Figure. 1A). The compound eye was connected to the head via a
protrusion that was covered with sensory hairs, was firm to touch,
and reached the basement membrane (Figure. 1B). The ocular
surface of the compound eye was reticulate, and ommatidia were

Table 1. Anatomical parameters of the eyes of A. corpulenta.

Parameter Unit | n male female Z P
Number of facets per eye — 3 | 4543.33£34.80a | 4701.67£70.73a | -1.508 | 0.127
Corneal thickness pm | 16 54.07%1.82a 50.64%3.50a -0.452 | 0.651
Corneal diameter pm | 8 19.58+0.40a 20.28%0.65a -0.95 | 0.345
Cone length pm | 26 56.6910.89a 52.57+2.38a -1.089 | 0.276
Cone diameter pm | 11 14.3410.13a 15.22+0.41a -1.973 | 0.053
retinula cells column length pm | 30 143.75+£6.92a 147.7917.90a -0.163 | 0.871
Rhabdom length pm | 26 94.12+1.80a 91.6914.20a -0.3 ] 0.976

Data atre expressed as mean * standard error.
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Figure 1. External morphology of A. corpulenta compound eye .
A: frontal view of the eye of A.corpulenta. B: The special structure of compound. C: The dorsal eye region of compound
eye. D: The center area of compound eye.

Figure 2. Longitudinal section of the compound eye in A. corpulenta.
A, C, D: Light adapted condition. B: Dark adapted condition. A, B: C Cornea; CC Crystalline cones; CZ Clear-zone; RCC
Retinula cell column; RH Rhabdom; BM Basement membrance. C: The arrow shows special structure. D: The arrow shows
longitudinal setions of crystalline cones. Scale bars: A and C=100 pm, B and D=50 pm.

generally diamond in shape in all areas of the eye (Figure. 1C, D).
The center of each ommatidium was slightly concave.

General organization of the compound eye of A. corpulenta

Ommatidium structure: As can be seen from the transverse
and longitudinal characteristics of the compound eye at different
depths, A. corpulenta had a classic superposition eye design that is
characteristic of most nocturnal insects. The eyes of both sexes
shared the same overall cellular organization of the ommatidi-
um. Each ommatidium featured a dioptric apparatus, a clear-zone,
cight retinula cells that form a centrally fused rhabdom, and one

basal cell (Figure. 2A—C).

Dioptric apparatus: The dioptric apparatus comprised mainly
the cornea and crystalline cone. Corneal ommatidia were located
in the outermost layer, composed of multilayer disk fibers and
with a convex lens that had an inner convex edge (Figures. 2,3).
The corneal thickness near the center of the eye was 54.07 and
50.64 um in males and females, respectively, although the differ-
ence was not statistical significant (Table 1). A transverse section
of the cornea shows its almost hexagonal shape, with a diameter
of 19.58 and 20.28 um in males and females, respectively.
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Figure 3. Transverse section of the conca and crystalline cone cell of the compound eye in A. corpulenta.
A: The conca. B: The crystalline cone cell. The arrow shows the crystalline cone, The line shows pigment cells. Scale bars:
A =20 um, B =10pm.
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The conical cone refraction device (Figures. 2D, 3B) was located
below the cornea. Cones were 56.69 and 52.57-pm long in males
and females, respectively. The cone was circular in cross-section,
with a diameter of 14.34 and 15.22 pm in males and females,
respectively (Table 1). There wetre no statistically significant dif-
ferences between the sexes in terms of cone length or diameter.
Two divisions or four divisions situation can be appeared in cones
(Figure. 3B). Pigment particles increased in number from the dis-
tal to the proximal end of the cone.

Photoreceptors:

Retinula cell column: The tetinula cell body close to the crystal-
line cone in the distal part of the rhabdom was gathered into a
bundle with ommatidia, forming the retinula cell column. It meas-
ured 143.75 um in males, which was not significantly shorter than
in females (147.79 um) (Table 1). There were eight retinula cells
within each ommatidium. The longitudinal and transverse planes
were visible, and each retinula cell column had six retinula cells,
with cyclic aggregates to the round of cone parts. From a trans-
verse angle, each retinula cell was surrounded by seven adjacent
retinula cells, forming a hexagonal structure. The distal nucleus
cross-section measured the most, followed by the middle and ba-
sal cross-sections (Figure. 4A—C). Pigment granules were distrib-
uted in the retinula cells (Figure. 4D).

Rhabdom: The rhabdom is a long structure comprising many
small slender rod groups, located in the center of the lesser omen-
tum, and is the main photosensitive area. The rhabdomere is a
light-sensing device characterized by retinula cells and the inner
wall of the rhabdomere, which comprises microtubules arranged
in rows. Its long axis was perpendicular to the long axis of the
thabdom [15].

Rhabdoms were 94.12 um and 91.69 um long in male and female
eyes, respectively, but the difference was not statistically signifi-
cant (Table 1). The rhabdom appeared purple under H&E stain-
ing. Cross-sections along the length of the rhabdomere showed
that its shape varied along its length. For example, the distal end
of the thabdomere was an irregular polygon in shape (Figure.
5A), larger than the other parts of the thabdomere and lacked
any microtubules around it. The central retinula cell bodies were
filled with microvilli, but given the latge amount of microtubules
present, this section of the rhabdomere was slightly smaller than
the distal end (Figure. 5B). The section area of rhabdomere was

the smallest, although each retinula cell body was occupied by
microvilli, the number of tracheole was more than in the proximal
rhabdomere (Figure. 5C).

Basement membrane: A basement membrane occurred at the
bottom of each ommatidium, and had a palisade structure. Ac-
cording to previous research, the basement membrane provides
mechanical support to the fixed ommatidium in addition to sepa-
rate ommatidium from the internal optic lobe. Several axon bun-
dles were grouped into larger bundles reaching through the base-
ment membrane and into the optic ganglion. A serried tracheole
also extended from the omentum through the basement mem-
brane. Dense, dark-staining pigment granules were distributed in
both sides of the basement membrane, with a diffusion of pig-
ment particles between the membrane and the lower segment of
the rhabdom (Figure. 6).

Unique structure: In addition to the commonly found struc-
tures within insect compound eyes (cornea, crystalline cone, reti-
nula cells, retinal rods, basement membrane and the tracheole), A.
corpulenta also had a triangular pyramid structure in the back of
the compound eye connected to the head capsule. The structure
reached deep into the basement membrane (Figure. 1E).

Sensoric changes to LA and DA:

The migration of pigment granules: The compound eyes of
A. corpulenta showed pronounced pigment translocation upon LA
and DA. In LA eyes, the pigment granules from the basement
membrane invaded the thabdom from the proximal to distal re-
gion. In DA eyes, the membrane pigment diffused from the distal
to proximal region of the rhabdom, becoming evenly distributed
in its proximal region (Figure. 7). No obvious movement of pig-
ment granules was found within the primary pigment cells under
different light and dark conditions.

The migration of secondary iris pigment particles: Second-
ary iris pigment particle invasion of the ‘clear-zone’ in the distal
region of the retinula cell column from the crystalline cone region
occurred under LA conditions (Figure. 8B). In eyes from DA in-
sects, secondary iris pigment particles remained in the crystalline
cone (Figure. 8A), resulting in a ‘clear-zone’ without pigment par-
ticles and a wider proximal taper compared with LA eyes, allowing
more light to enter the eye.
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Figure 4. The retinula cell of the compound eye in A. corpulenta.
A: Transverse section of the distal end of retinal cell column. The arrow shows retinula cell column. B: Transverse section
of the middle of retinal cell column. The arrow shows retinula cell column. D: Transverse section of the proximal end of
retinal cell column. The arrow shows retinula cell column. D: The retinula cell nucleus. The arrow shows retinula cell nu-

cleus. Scale bars: A, B, C and D = 10 pm.

Figure 5. The rhabdom of the compound eye in A. corpulenta.
A: Transverse section of the distal end of rhabdom. The line shows thabdom. The arrow shows tracheole. B: Transverse
section of the middle of rthabdom. The line shows rhabdom. The arrow shows tracheole. C: Transverse section of the proxi-
mal end of thabdom. The line shows rthabdom. The arrow shows tracheole. Scale bars: A, B and C= 10 um.

The effect of sex on the microstructure of the compound
eyes: There was no significant difference in the structures of
compound eyes from males and females under LA or DA condi-
tions.

Discussion
General organization of the compound eye of A. corpulenta

The results of this study led us to conclude that the visual system
of A. corpulenta is characteristic of nocturnal insects. Anomala cor-
pulenta had morphological features characteristic of superposition
eyes, in that the compound eyes occupied lateral positions on ei-
ther side of the head and were heart shaped. Each compound eye

comprised approximately 4543 and 4701 ommatidia in males and
females, respectively. The center of each ommatidium was slightly
concave. The ommatidial shape remained approximately the same
regardless of its position in the eye. Depending on the environ-
ment that an insect inhabits, the ommatidial surface structure and
density can vary significantly. For example, the surface of om-
matidia in nocturnal insects is convex, whereas in daytime-active
insects it is slightly flat [16]. Thus, the results of the current study
are contradictory in that the ommatidia had slightly flat surfaces,
even though A. corpulenta is a nocturnal insect. Thus, further re-
search is required to clarify this result. The ommatidium of A.
corpulenta were diamond in shape, which differs from that of most
other insects [12, 13, 17]; however, the cornea was not hexagonal
in cross-section, possibly because the outer protective layer of the
cornea was thicker, preventing a hexagonal shape.
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Figure 6. The basement membrane of the compound eye in A. corpulenta.
A: Longitudinal section of the basement membrane. The line shows basement membrane. The arrow shows tracheole. B:
Transverse section of the basement membrane. The line shows basement membrane. The arrow shows tracheole. Scale
bars: A and B=10 pm.

Figure 7. Longitudinal section of the secondary iris pigment granule at basement membrane under light and dark adapted
A: Dark adapted condition. The arrow shows the clear-zone. B: Light adapted condition. The artrow shows the secondary
iris pigment granule. Scale bars: A=50 um, B=100 pm.

Figure 8. Longitudinal section of the iris granule at basement membrane under light and dark adapted.
A: Dark adapted condition. B: Light adapted condition. The arrow shows iris granule. Scale bars: A and B=50 pm.

The corneal surface of the compound eye in many insects has
special structutes that adapt it to the environment that the insect
inhabits. For example, in flies, the outer surface of the cornea has
stinging hairs [18], whereas ants have branching bristle tips [16];
in other species, the outer surface of the cornea has tiny ridges
ot papilla [19], whereas in crickets (Orthoptera, Gryllidae), it has
mechanoreceptive hairs and bell-shaped sensilla [18, 19]. The sur-
face of compound eyes in most nocturnal Lepidoptera is covered
with small round convex uniform particles, with the corneal mas-
toid in the centet, a special concave-convex structure that reduces
light reflection, enhances light absorption, and prevents the entry
of foreign matter [20]. In the current study, there was no corneal

mastoid on the surface of the compound eye of A. corpulenta, only
a protruding tissue that connected to the head capsule below the
eyes, and that was covered in short hairs. This structure is similar
to that found in Maladera orientalis Motschulsky [16]. The pro-
truding tissue might be a structure that has evolved in response
to life underground by protecting the compound eyes from soil,
sand, and other foreign particles. It was unclear whether the short
hairs wete connected to the sensory nerve, and so this requires
further research. The structure is likely to be a common feature
of the compound eyes of coleopterans, although whether it can
be used for species identification requires further investigation.

Internal microstructure
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According to the cross-sections taken of the compound eye, each
ommatidium comprised the dioptric apparatus, the retinula cell
column, retinal rods and basement membrane. In addition, 4. cor-
pulenta had a pyramid structure in the back of the compound eye,
connected to the head capsule and reaching deep into the base-
ment membrane. Anomala corpulenta has a refracting superposition
eye, which is an eye type typical of nocturnally active insects. A
‘clear zone’ between the rhabdom and cone allows light to enter
the eye and be focused on more or less a single photoreceptor in
the retina [21]. Thus, superposition eyes can collect more light
compared with apposition eyes without having to sacrifice resolv-
ing power. However, mobile primary iris pigments were not found
in this study.

Adult A. corpulenta spend most of their lives in the surface lay-
er of the soil, exposing their eyes to soil, sand, and other hard
particles. Thus, their compound eyes have evolved a thick outer
layer to protect the eye from the soil. As can be seen from the
longitudinal sections, the corneal thickness was approximately 50
pum, providing a thick protective layer over the internal structures
of the eye in A. corpulenta. A similar structural layout was reported
from M. orientalis [16] and the dung beetle Onthophagus posti-
cus [22], with corneal thicknesses of approximately 40 pm and
35 um, respectively. By contrast, the corneal thicknesses of the
lepidopteran Acentria ephemerella [23] and Acleris fimbriana [24]
were approximately 8 um and 7 um, respectively, indicating the
different adaptations of the compound eye to different habitats.
As can be seen from the cross section of the retinal cell column,
the density of the retinula cell column was larger than that of the
crystalline cone. The crystalline cone of each ommatidium was
connected by four to six retinula cells. The density of the retinula
cell column was smaller, with more space between each retinula
cell. The retinula cell column was widest in the center. The retinu-
la cells in the retinal rod were grouped into specialized microvilli
to form the rhabdom. From the cross section of the retinal cell
column, we could see a structure characterized by seven retinula
cells forming a hexagonal structure with one cell in the center and
plasmodesmata connecting each cell (Figure. 4A-C). These plas-
modesmata might have a mechanical support role or function in
photon signal transmission between cells. A similar structure has
been found in the dung beetle [22] and M. orientalis [10].

Functional adaptation of the compound eye

The compound eyes of male and female A. corpulenta underwent
similar photomechanical changes in response to LA and DA,
namely the migration of secondary pigment granules and local
mobilization of basement membrane pigment granules. This light
regulation mechanism has also been found in other insect species
with superposition eyes [12, 16]. The distribution of membrane
pigment granules was wider in retinal rods under LA compared
with DA. The function of these pigment granules might be to
absorb light that is not completely absorbed by the superior pig-
ment. Basement membrane pigment granules spread farther and
showed stronger absorbent ability with increasing light intensity,
ensuring accurate transmission of the light signal along the rhab-
dom axon. Although A. corpulenta is a nocturnal species, there was
no obvious movement of pigment granules found within the pri-
mary iris pigment cells. This result might be related to activity in a
weak light environment or poor light sensitivity.

www.scidoc.org/IJOES.php

Polarized light

As other studies have shown, beetles that respond to polarized
light have the same basic arrangement of retinula cells and micro-
villi on a longer rthabdom, a reflecting tracheal layer, and the loss
of secondary iris pigment cells [25]. Such characteristics ensure
that nocturnal insects emerge during the evening for foraging and
mating activities. The results of the current study showed that 4.
corpulenta has longer rhabdoms and retinula cells in a petal-shaped
array in the retinula cell column. The features could explain the
sensitivity of A. corpulenta adults to polarized light. However, ad-
ditional work is required to investigate this hypothesis further.
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