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The electroretinograms (ERGs) and spectral sensitivities of the beetles Coccinella
septempunctata, Liocola brevitarsis, Cicindela specularis and Cicindela japonica were
investigated. The ERG responses from the compound eyes of all four coleopteran
species were found to be negative and monophasic.

The ERG amplitudes of C. septempunciata and L. brevitarsis were larger than
those of C. specularis and C. japonica. However, light intensity for 50% of maximal
response obtained from ¥-log I curves in the former were lower than those of the
latter for the same stimulus. .

The spectral sensitivity curves of all four species showed two peaks: one near
the UV band (360-380 nm) and the other in the green band (510-530 nm) of the
spectrum. Because the two peaks match the Dartnall nomogram, it i$ suggested
that at least two types of photoreceptors (UV and green) probably exist in the
compound eyes of all four species. A third type of photoreceptor (bétween UV
and green) existing in C. septempunctata was proven by selective monochromatic

adaptation.

The relationship between the sensitivities of compound eyes to light and the
different habitats of beetles, and the relationship between spectral types and body -

color patterns are discussed.
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Ever since behavioral observations
showed that bees are able to distinguish
many different colors (Frisch, 1914),
physiologists have been investigating the
color vision of compound eyes in insects.
Color vision depends on the spectral
properties  of photoreceptor types in
compound eyes. At present, several
methods have been used to study spectral
sensitivity in insect compound eyes to
determine receptor types. However,
obtaining spectral sensitivity curves from
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ERG recordings is regarded as the easiest
and most meaningful method (Agee ef al,
1990; Lall et al., 1985; Wu, 1989).

Beetles (Coleoptera) are the most
numerous in number and in species among
insects. Their habits and habitats are so
complicated that they have very different
appearances, body colors, and eyes across
species. However, there have been few
electrophysiological accounts concerning
the color vision of coleopteran compound
eyes. For the present study, the spectral
sensitivities of compound eyes in four
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species of beetles were investigated by
using ERG to determine spectral types of
photoreceptors. The relationship between
the sensitivities of compound eyes to
light and their habitats, and the relation-
ship between spectral types and body
color patterns will be compared and
discussed in this paper.

MATERIALS AND METHODS

Ladybird beetles, Coccinella septempunc-
tata and tumble bugs, Liocola brevitarsis
were collected in the field. The former
can be maintained for months in the
laboratory on a diet of aphids or dromne
honey bee powder, the latter for weeks
on corn fruit. Tiger beetles, Cicindela
japonica (Thunberg) and little tiger
beetles, Cicindela specularis (Chaudoir)
were collected in mountain regions and
maintained for several months on a diet
of small insects. The beetles were kept
at 22°C and reared under an L:D 12:12
photoperiod.

For experimental preparation, insects
were immobilized by cooling. Their legs
and jaws were removed, their necks were
sandwiched between two fine insect pines
on a lucite case, and their heads and
thoraxes were fixed to the lucite wall with
bee’s wax to prevent movement. A fine
tungsten wire used as a recording elec-
trode was attached to the central corneal
surface of the right compound eye for
ERG recording. Light emitted by a xenon
arc lamp (150 watt) was passed through
a monochromator and focused on the eye.
The duration of the illumination was
controlled by a shutter, with a flash
duration of 300ms and an interval be-
tween flashes of 10 sec to give a
reasonable period for preventing light
adaptation. The energy of the monochro-
“matic light was measured by radiometer.
The reference intensity (log [=0.0) cor-
responded to 4.03x10" quantra/cm?/s at

all wavelengths ranging from 300nm to
700 nm. The indifferent electrode was
placed in the animals’ thoraxes. EGR
response signals were directly coupled to
amplifiers and monitored by oscilloscope,
then recorded on thermal recording
paper.

For selective chromatic adaptation,
two separate light paths were used. The
adapting light was regulated by inter-
ference filters and focused on the eye for
over one hour; the testing stimulus was
then performed along with that used for
dark adaptation measurements. Ommati-
dia counts of compound eyes were
obtained from scanning electromicros-
copic photographs.

RESULTS

Comparison of the ERGs of four coleopteran
species

All ERG responses recorded on the
central surfaces of right compound eyes
of C. septempunciata, L. brevitarsis, C.
japomica and C. specularis were monophasic
negative waves (Fig. 1 inset). ERG
response amplitudes depended on stimulus
intensity, wavelength, and species of
beetle. The potentials of the ERGs in
response to green (530 nm) were usually
larger than those to UV in all tested
species under +the same stimulus con-
ditions. The amplitude of ERG potentials
from C. septempunctata and L. brevitarsis
were usually larger than those from C.
japonica and C. specularis in both short
and long wavelengths, even though C.
japonica have many more ommatidia on
each compound eye (Table 1).

Comparison of visual sensitivity to white
light

A 500 watt xenon arc lamp was used
as a white light source; the intensity of
the light stimulus was controlled using
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Fig. 1. A comparison of standardized stimulus response ( ¥-log I) curves of four coleopteran species.
The inset shows five ERGs recorded from C. septempunctata in response to light stimuli
with 0, 1, 2,°3, and 4 log attenuating filters.

neutral density filters. ERG responses
were recorded, and the V-log I curves
(the relationships between response am-
plitudes and stimulus intensity from the
compound eyes of the four species of
beetle) were measured. All standardized
V-log I curves for the four coleopteran
species were sigmoidal in shape (Fig. 1).
However, the C. Septempunctata and L.
brevitarsis curves were separated by the
C. japonica and C. specularis curves. The
K values (intensities for 50% of maximal
responses of V-log I curves (Eguchi and
Horikoshi, 1984)), were very different

between the two pairs about one log unit
in intensity (Table 1, Fig. 1). In other
words, the intensities causing the 50% of
maximal responses to light for C. japonica
and C. specularis were ten times more
intense than those for C. septempunciata
and L. brevitarsis.

Comparison of spectral sensitivity curves

Spectral sensitivity was measured
from the spectral efficiencies obtained by
stimulation with monochromatic flashes
of the same quantal content. In the
present experiment all spectral sensitivity

Table 1
A comparison of facets, ERG amplitudes and sensitivities to light
in the compound eyes of four coleopteran species

ERG (mV) K values
Insect Facets/eye 360 nm 530 nm (log I)
C. septempunciata 98050 10.85+0.60 12.264+0.80 —3.38+0.12
L. brevitarsis 3,500+ 80 3.05+0.60 6.96+1.40 —2.844+0.70
C. specularis 1,100+80 0.47+0.08 1.29+0.08 —1.824:0.09%
C. japonica 5,300+150 0.57+0.09 1.52+0.08 —1.62+0.68*

mean+SE (N=6); ¥ p<0.01
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Fig. 2.

A comparison of spectral sensitivity curves of dark adapted compound eyes. Dotted lines

represent nomogram curves; vertical bars represent standard errors from eleven samples.

curves calculated from the V-log I curves

of ERGs of the four coleopteran species

had two peaks: one near the UV band
(360-380 nm) and the other in the green
band (510-530 nm) of the spectrum. All
of the curves disappeared in the red band
(above 600nm) (Fig. 2). The relative
sensitivities of all UV peaks were smaller
than the green peaks. That the UV and
green peaks match the nomogram curves
(Dartnall, 1953) suggests that at least
two kinds of photoreceptors (UV and
green) exist in the compound eyes of all
four species. When compared with the
maximum peak, the relative sensitivities
in the blue band (400-420 nm) of C.
japonica, C. specularis, and L. brevitarsis
were low, not above 20% of the maximum
peak. However, the green and UV peaks
of C. septempunctata were broader than
the Dartnall nomogram (Fig. 2). Further-
more, the blue band in the curve appeared
at about 50% of the maximum peak. It
is reasonable to consider that a third
type of photoreceptor between the UV
and green peaks probably exists in the

compound eyes of C. septempunctata. In
order to prove this assumption, we per-
formed the following experiments.

A third type of photoreceptor exists in the
eyes of C. septempunctata

We tested to see whether blue photo-
receptors exist in the compound eyes of
beetles by looking at selective chromatic

~ light adaptation (selectively reducing the

sensitivities of the ERG to one of the
spectrum bands by light adapting the
eves with constant background illumina-
tions of blue or green). We also measured
the complete spectral sensitivities,
adapted to both darkness and to back-
grounds of 450nm and 550 nm. After
adaptation to selective chromatic light
for one hour (to backgrounds of blue or
green light), spectral sensitivities shifted
downward along the ordinate axis about
one log unit (Fig. 3A). The blue adapting
light made the blue area and green peak
less prominent than they were in the
dark-adapted curve (Figs. 3A, 3B). On the
other hand, the green adapting lights
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Fig. 3. Spectral sensitivity curves of the compound eyes of C. septempunctata in darkness (dotted
line) and in 450 nm (open circle line) and 550 nm (closed circle line) adapted backgrounds.
A: Sensitivity curves obtained from 450 nm and 550 nm adapted backgrounds shifted down--
ward about one log unit after exposure for one hour. B: To compare changes of relative
sensitivities affected by adaptation, the 450 nm and 550 nm adapted curves were artificially
moved up and placed overlapping with the UV peak. ’ .
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enhanced the blue area. That is, the
green adapting lights reduced the green
peak, but convexed the curve in the blue
region of the spectrum (Fig. 3A, B). We
then also tried to simultaneously test
both 360 nm and 550 nm chromatic adapt-
ation, but could not record results. These
data suggest that the eyes of C. septem-
punctata may have a third type of photo-
receptor near the blue region of the
spectrum. ’

DISCUSSION

The results of our experiments sug-
gest that the compound eyes of all four
coleopteran species consist of at least
two different types of receptors: UV and
green. That the compound eyes of C.
septempunctata have a third type of photo-
receptor was proven by selective chro-
matic light adaptation. Unfortunately,
we could not get evidence on whether or
not the third type of photoreceptor exists
in the eyes of the other three species by
the same method. They may have only
two types of photoreceptors, the same
as cockroaches (Butler, 1971), crickets
(Lall et al., 1985), and ants (Labhart, 1986);
those three insects have been shown to
have only two types of color receptors
—UYV and green —in their compound eyes.
If the other three coleopteran species
also have the third type of photoreceptor,
the number of third type cells may be
fewer than those of UV or green. There-
fore, ERG responses—which are mass
responses from all color receptor cell
types within recording range—from third
type cells may have been affected by the
other type cells, and as a result were
difficult to test by selective chromatic
light adaptation. This problem will
eventually be resolved using intracellular
recording methods.

There are two types of ERG potential
waves in the compound eyes. of insects:

one is slow, monophasic, and negative,
and the other is rapid and biphasic
(Autrum, 1958). The former has been
found in butterflies and moths (Eguchi
and Horikoshi, 1984), and the Ilatter
in oriental fruit flies (Wu, 1989).  ERG
response patterns of compound eyes
in beetles belong to the monophasic and
negative type, although the biphasic type
was occasionally recorded due to electrode
position. In the present study, the
monophasic and negative ERG response
amplitudes were used as data, since:
negative ERG components correspond to
retinal receptor potentials (Autrum, 1958).

Several reports have demonstrated
that several bright, colorful butterflies
have a fourth color receptor with spectral
sensitivity in the red region of the
spectrum (Horridge et al, 1983, 1984;
Matic, 1983). Another colorful butterfly,
Papilio xuthus has been reported to have
a pentachromatic color vision system
with spectral wavelengths of 360nm
(UV), 400 nm (violet), 460 nm (blue), 520
nm (green), and 600nm (red) (Arikawa
et al, 1987). Those authors posited that
the compound eyes of insects with bright,
colorful appearances may have more kinds
of color receptors than those with mono-
chromatic appearances. Cicindela japonica
have brighter color patterns on their bodies
in comparison to C. specularis. The upper
surface of elytra-on the former is green
and dark blue, interspersed with coppery
red transverse bands and some mid-area
white spots. The latter is gray with
several small white spots on its elytra
margins. However, these two species of
beetle have the same set of receptor
types (UV and green). On the other
hand, C. septempunctata has a plainer color
pattern (an orange-yellow back with
seven black spots), yet it has three types
of photoreceptors in each compound eye.
Based on these results, the color vision
system of colorful beetles may be very
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different from that of colorful butterflies.
Hence, color receptors type in coleopteran
visual systems is independent of body
appearance.

Due to differences in habit and
habitat, beetle eyes vary in size and shape.
C. japonica have pairs of large, protruding
compound eyes with several thousand
ommaditia each; they are usually found
on bare ground in mountain regions or
dry riverbeds, and are abundant in
sunshine. In summer they can be found
on bare ground from about 9:00 a.m.
until they disappear at around 6:00 p.m.;
moreover, their time of greatest activity
appears to be from 1:00 to 2:00 p.m.
(Hori, 1982). On the other hand, C.
septempunctata, which prey on aphids and
mites that are found under plant leaves,
are always found attached to plants and
generally inactive in the shadows of
leaves even in daytime. Their eyes are
small and flat, with only a few hundred
facets on each compound eye. Therefore,
these habit and habitat differences may
be related to their differences in ERG
response amplitudes and visual sensitivity
to light (K values of V-log I curves).

In conclusion, our results indicate
that although these beetles have very
different body color patterns they have
identical sets of photoreceptors with
“maximum sensitivity to UV and gréen.
However, differences in visual sensitivity
to light are related to differences in
habits and habitats.
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